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Sidewalk and Toronto:
Critical Systems Heuristics and the Smart City

Curtis McCord
University of Toronto
Faculty of Information

Christoph Becker
University of Toronto
Faculty of Information

Abstract—‘Smart cities’, urban development projects that
design computational systems and sensory technology to mon-
itor activity and regulate energy consumption and resource
distribution, are a frontier for the prospective deployment of
ICTs for sustainability. Often reduced to technological problems
of optimization, these projects have implications far beyond
narrow environmental and consumptive frames of sustainability.
Studying them requires frameworks that support us in examining
technological and environmental sustainability dimensions jointly
with social justice perspectives. This paper uses Critical Systems
Heuristics (CSH) to examine the design of Sidewalk Toronto, an
ongoing smart city development. We explore how the professed
values guiding the project are contentiously enacted, and we
argue that key stakeholders and beneficiaries in the planning pro-
cess significantly constrain the emancipatory and transformative
potential of the project by marginalizing the role of residents
in determining project purposes. This analysis contributes an
example that illustrates the relevance of critical systems thinking
in ICT4S and offers CSH as a conceptual frame that supports
critical reflection on the tensions between the visions and realities
of ‘sustainable’ ways of organizing human life.

I. INTRODUCTION

‘A neighbourhood from the internet up’ [1]
‘Google’s Guinea-Pig City’ [2]
‘Smart City, Dumb Deal’ [3]

Controversy surrounds the proposed development of the
Sidewalk Labs ‘smart city’ project in Toronto. In the world’s
most diverse city, the world’s most powerful computing busi-
ness (Google’s Alphabet) has partnered with the municipal
government, promising to build the sustainable city of the
future. This project is imagined as a prototype, a technology-
driven flagship, and a vehicle for legitimizing an ICT com-
pany’s bid to shape the future of cities worldwide.

The term ‘smart city’ is full of promises: as human activity
condenses into urban environments, urban life has become
the site for sustainable design. Since ICT have become a
foundation of dominating cultures and economies, they are
seen as a choice strategy to make cities sustainable. The
drivers of this kind of sustainable development are large-
scale collection and analysis of observational and statistical
data, and cybernetic feedback through embedded devices and
human-facing software. The term ‘smart city’ subsumes these
technologies, the logic that relates them to goals of sustain-
ability, and the aesthetic of a sustainable city.

This paper examines how the Sidewalk Toronto project’s
purposes are influenced by the goals of it’s most powerful

stakeholders, Waterfront Toronto and Sidewalk Labs. This pa-
per will argue that sustainability, and thus smart city projects,
should be considered more holistically than is possible through
the narrow lenses of technological optimization and environ-
mental sustainability. Failure to consider systems critically
can leave out considerations with important impacts for how
sustainability is pursued, and how power and decision-making
might influence that pursuit.

The paper’s argument continues the trajectories set by Mann
et al. [4], Easterbrook [5] and Becker et al. [6], namely
that Information Communication Technology for Sustainabil-
ity (ICT4S) research must take a more ambitious, critical,
and holistic approach to sustainable design than is possible
through piecemeal interventions or optimization of environ-
mental parameters [4]. Sustainability design has implications
for our economies, societies, technologies, our cooperative
work, and our individual lives[6]. Building on Easterbrook’s
critique of “computational thinking”[5], we explore the vi-
ability of systems thinking concepts by analysing Sidewalk
Toronto, a high profile sustainable smart city proposal. Unlike
Easterbrook’s focus on System Dynamics, however, our anal-
ysis uses Critical Systems Heuristics (CSH) to examine the
planning and engagement process of Sidewalk Toronto, and
to mount a boundary critique that provides insights on the
value judgments and justifications that promote and legitimate
the project’s technology choices and designs. By tracing the
concerns of those involved and those affected, we examine
how values and interests influence and constrain the purposes
and vision of Sidewalk Toronto, offering CSH as a conceptual
framework to support technology-supported transitions to just
and sustainable societies. We hope this can help the ICT4S
community to better understand how each of us can ‘shift the
maturity needle’ upwards [4].

II. BACKGROUND

A. Smart Cities in ICT4S

Smart city research in the ICT4S community has focused on
the design of specific products to affect consumption patterns
[7], [8], to provide ICT-based management and evaluation
tools [9], [10], [11], as well as to understand the new rela-
tionships between technologists and policymakers forged in
smart city projects [12], [13], even making structural critiques
about the agency of citizens herein [14].
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As the concept of the smart city becomes more popular
in the ICT4S community, care must be taken to avoid repli-
cating the weaknesses in considering technological systems
as separable from the much larger and complex systems of
social organization and reproduction within which they are
embedded. For example, Borjesson et al. argue that a narrow
technological/environmental frame for smart cities neglect the
importance of social-systemic patterns of consumption and
activity, in favour of a simplistic understanding of humans
as atomized beings who make decisions based on economic
and rational calculations [14]. Kamilaris et al. [7] and von
Heland et al.[8] discuss interventions that build upon economic
and social relations among their participants, although these
relations also act as a source of inertia.

To consider smart cities as abstract systems that can be
algorithmically optimized for sustainable energy and resource
use fails to do justice both to present and future residents and
to the ideal of sustainability. As Mann et al. argue, approaches
to sustainability in the ICT4S community must make a strident
effort to move beyond merely acknowledging the importance
of sustainability, or simply proposing product-based inter-
ventions or efficiency finding manoeuvres [4]. For us, this
means enabling ICT4S research to conceive of sustainability
holistically, without abstracting it to information and resource
management projects. Transformative sustainability requires
critical analysis and questioning of much of humanity’s habits
and practises, be they social, economic, political or technolog-
ical. Nowhere is this more apparent than in the discourse of
the smart city, a new construction of urban life according to
state of the art technologies and practises. At this intersection,
the political, economic and social dimensions of sustainability
practise are readily implicated, and researchers committed
to sustainability require tools to critically interrogate these
relationships.

B. Sidewalk Toronto

The case we analyze is the Sidewalk Toronto smart
city project being planned in the 12-acre Quayside area
of Toronto’s waterfront: a joint venture between Waterfront
Toronto (WT) and Sidewalk Labs (SL), an urban development
and technology firm and Alphabet (Google’s parent company)
subsidiary. Sidewalk Toronto is to be a pilot for future local de-
velopment, and a test-bed for smart city development globally.
In 2017, WT issued a request for proposals that situated smart
cities as a technological approach to sustainability, eliciting
a partnering firm that could use ICTs to create a “climate
positive approach [to urban design] that will lead the world in
city building practises” [15]. This RFP was answered and won
by an ambitious Vision statement by SL for an ecologically
sustainable community built on terms of cybernetic ecology
that could serve as a replicable and universalizable model for
smart city projects globally. SL’s Vision seeks to sustainability
and replicability by building a neighbourhood informated and
monitored at all levels, the “most measurable community in
the world” [1, p.22].

Excepting the foregrounding of sustainability concerns, the
principles extolled in WT’s RFP and Sidewalk’s Vision are
congruent with the “Smart City Principles” explored by Cos-
grove et al., placing the focus of human work on service
provision driven by optimization, grounded in an “informa-
tion marketplace” [12]. Beyond environmental sustainability,
Sidewalk Toronto’s ecology includes social and economic
dimensions of sustainability through its focus on “complete
communities”, and through specific products like a “public
realm management system”. The design process itself strives
for “holistic planning”, where “innovation, community prior-
ities, policy objectives, placemaking, phasing, infrastructure,
economics, market, site planning, and technical issues will
be thoughtfully merged” [1, p.59]. This public engagement
component is the front line in drawing system boundaries that
will structure the smart city and its operation.

C. Systems Thinking in ICT4S

Sidewalk Toronto is envisioned in terms of systems: a “next-
generation transit system”, a “district wide energy system”,
an “ecosystem” that supports economic agents, as well as
a collection of information systems that support relations
between residents, such as the “public realm management
system” [1]. The Vision even foresees groups of people en-
gaged in everyday life systemically: “a system of networked
neighbourhoods. . . [that] will begin to operate at a system
scale, like the internet, generating advantages that increase
with each new node” [1, pg.21]. Systems Thinking is essential
for a critique of Sidewalk Toronto because the project pursues
aims of sustainability through the systematization of everyday
life, creating a space where the activities are monitored as
informational transactions, refined into actionable intelligence,
and turned back onto the behaviours of smart city residents.
As a systems design project, Sidewalk Toronto intends to
construct a system of life from the ground up, so that it might
be replicated universally.

Easterbrook’s call for the integration of systems thinking
contexts into computational research stems from three per-
ceived weaknesses in the dominating ‘computational’ way of
thinking. First, he argues that the domain ontology of compu-
tational thinking is problematically biased by its dependence
on computational terms, techniques, metaphors, and heuris-
tics for describing the world [5, p.239-240]. Computational
thinking is most powerful when complexity can be reduced
to deterministic sets of variables and interactions, managed
hierarchically by a system and “solved” by reckoning. As
Easterbrook notes, though subfields in computer science have
developed techniques to capture what was overlooked, they
are for the most part expansions of computational thinking.
To enrich the descriptive capacities of computational thinkers,
Easterbrook proposes the use of concepts from the area of
System Dynamics, which has a close connection of ecological
thinking and uses concepts of feedback, stocks, and flows.

Second, Easterbrook argues that computational thinking
has a limited capacity to understand how systemic change
occurs. Either change is explained deterministically (in terms
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of having access to technologies or information previously
absent), or as the result of responsible individuals, who “have
agency over their social and environmental impacts, ... [and
only need] better tools to help them become more sustainable”
[5, p.240]. In thinking about smart cities, we try to avoid
technological solutionism.

Third, Easterbrook criticizes computational thinking as ill-
equipped to handle complexity critically, and as a result strug-
gles to consider “questions about how relationships of power
are created and maintained in society, and how the tools that
mediate social interactions affect these relationships. . . [and]
who has the power to create or prevent change” [5, p.241].
These questions are essential to considering how our societies
can be reorganized to be holistically sustainable. Easterbrook
here covers the key presuppositions that underpin a critical
systems approach: (1) that deciding on an account of a system
necessarily means partitioning it from the larger context in
which it is embedded, (2) that “any interesting system” will
be complex enough such that no single definitive model or
counter-factual claim can be non-probabilistically true (so
disagreement is inevitable), and (3) that the standpoint of the
observers are undeniably mediated by the ways we think, act
and learn about a situation [5, p.242].

III. CRITICAL SYSTEMS HEURISTICS

As Ulrich compellingly argues, it is not enough to try and be
holistic. Systems thinkers must also deal critically with their
own inevitable selectivity and lack of comprehensiveness, by
reflecting on their own understandings as equally partial.

As the major framework in critical systems thinking[16],
CSH is of course systemic. Some kinds of systems thinking
–including System Dynamics approaches– are just as focused
as computational thinking on description, abstraction, and
modelling. By contrast, CSH is not dependent on a ‘realist’
ontology that assumes descriptions of a system correspond to
a real (existing) arrangement in the world. CSH is concerned
with discursive acts, with decisions made by multiple par-
ties with varying goals, epistemic frameworks, and ways of
describing the world and the systems being designed. Rather
than seeking to classify the component elements of an assumed
system or provide a model of their relations, CSH focuses on
the reflexive consideration of a designed system’s purpose or
goals, and how these are justified by a ‘reference system’ of
assumptions and judgments. The central entrance point to this
reflection is the system’s purpose, which is not a thing in itself,
but deployed by someone as a matter of heuristic necessity.
Any system or plan humans design will be designed for some
purpose, to serve some interest or need, according to some
worldview [17, p.243]. Purposes are necessary to make an
endeavour intelligible.

CSH is critical. In contrast with structural accounts of
change, critical systems thinking means not only acknowledg-
ing the systemic interconnections of behavioural patterns (such
as the use of fossil fuels with the design of cities), but to see
that these patterns are not homeostatic but actively maintained
and could, therefore, be changed.

CSH is heuristic, admitting that no standpoint or theory can
ever sufficiently justify its own assumptions [17, p.287]. Any
analysis, including our own, must take its own partial stand-
point, and can neither comprehensively describe a situation,
nor subsume all possible perspectives of it. At best, CSH can
seek to reveal and problematize the normative assumptions
informing a plan, making clear the contingent nature of these
boundaries and making them the subject of deliberation. CSH
is intended to enable citizens or participants in a decision
making process to engage in critique of expert knowledge, and
to discover sources of deception or implicit strategic action
[17, p.22].

CSH aims to avoid coercion in planning by, inasmuch as
possible, eroding the boundaries between those affected by
a system and those involved in the decision making process
[17, p.248]. At stake is how those involved, as participants and
observers, can rationally justify and legitimate the boundaries
and concepts that structure systems design. Domain or tech-
nical experts may be better able to make claims or have more
power to make decisions, but they cannot justify or legitimate
these claims without recourse to assumptions about the way
the world is structured and how a system ought to be designed
to accomplish the purposes for which it is created. Only the
affected can legitimate the implications of any technology
design as far as they affect their own lived experience. On
this matter, they are the legitimate experts.

Those involved in decision making construct the boundary
judgments that constitute an intelligible social systems de-
sign. This raises questions about motivation, control, and the
expertise needed for implementation. The sorts of decisions
inevitably made to plan a system are summarized in twelve
boundary judgments derived from the intersection of four cat-
egories with three levels of concern [17, p.244ff]. These four
categories are shown in Fig.1. Application of CSH involves
moving through the twelve questions, often shifting between
“is” and “ought” modes. The former mode asks us to reflect
on how we see boundary judgments in practise. The latter
is intended to stimulate critical reflection on the adequacy
of those judgments. It might focus on what is left out, and
the moves made by the involved to constrain or preempt
boundaries for systems design.

CSH can be used: (1) to support ideal planning or critical
reflection in reflective practise or action research; (2) as
an evaluative framework applied to planning situations or
decision making processes that define and specify a system
to be designed [19]; and (3) polemically, to question experts’
claims about what is ‘objectively necessary’ and expose the
implicit boundary judgments they make. CSH is not simply
a questionnaire to be populated, however, but a system of
categories to structure a discursive, reflective, or dialectic
process. As such, its raises questions rather than answers them.
Our use of CSH to critically examine the boundary judgments
in Sidewalk Toronto is no exception. For this analysis, we
used official SL and WT documentation, public engagement
reports, and press articles. We have also participated in several
planning sessions, and have visited the affected spaces.
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Fig. 1. The CSH categories with a suggested order adapted from[18], [19]

IV. CSH AND THE SMART CITY

A. The official story

The project’s stated purpose is to create “a vibrant, climate-
positive and prosperous community. . . as a national and global
model to encourage market transformation towards climate-
positive city building” [15]. The RFP positions the initial site
(Quayside) as stepping stone for “subsequent developments
on the eastern waterfront”[15, p.6]). WT adopts the “triple
bottom line” approach that balances environmental, economic,
and “socio-cultural” purposes in the “3Ps” of people, profits,
and planet [15], [20, p.A4].

Declared beneficiaries include prospective residents in
Toronto, including “people of all income levels and at all
stages of life” who will benefit from a “future proof” life in
an inclusive “complete community”. This includes “employers
and job creators” who benefit from access to a dense cluster of
skilled labour and competing firms, as well as the businesses
who sustaining and sustained by the community. Tourists
and residents of the greater Toronto area will benefit from
the addition of significant cultural and recreational amenities
to the waterfront[1], [15]. Finally, the RFP clearly denotes
the prospective partner (SL) as a beneficiary to balance the
requirement that the partner provide $50M CAD to cover
project costs. Key benefits to SL are an “unparalleled testbed
environment” to “showcase advanced technologies, building
materials, sustainable practices and innovative business models
that demonstrate pragmatic solutions to climate positive urban
development”; “financial opportunities” from real-estate trans-
actions (even beyond Quayside); and, critically, intellectual
property (IP) [15, p.18].

To assure that the project has succeeded in its purpose to
create an environmentally and socially sustainable community
in a market friendly urban area, measures of improvement
(MoIs) are developed. These provide an important basis to
examine how parties involved in decision making understand
the system’s purposes and beneficiaries. WT’s RFP sets out
sustainability-related MoIs in their Resilience and Innovation
Framework and asks potential partners to provide key per-
formance indicators to measure and evaluate success [15]. A
collection of these can be found in the Technical appendix

to the Vision document [1, pgs.162-171]. Concerning social
sustainability, WT sets measures for community creation in
terms of “quality of life”, measured in part through minimum
shares for affordable housing (20% of units), “convenient and
efficient” transit options, as well as the provision of sufficient
social and cultural amenities and high quality design. For WT,
the purpose of building “complete communities” is realized by
meeting people’s needs for jobs, services, housing, community
infrastructure, as well as transit options.

Before the release of the major planning document, the
Master Innovation and Development Plan (MIDP), the Plan
Draft Agreement (PDA)[21] sets out the major resources at
stake: land and real-estate property, IP, and data. It makes clear
that no transfers of real-estate to Sidewalk have been made:
WT continues to assert its role as a steward of public lands and
act as negotiating partner (under the auspices of government)
in cases where privately owned land will be acquired within
the scope of the MIDP [21, p.5]. The PDA identifies two
types of IP: “planning materials” and “products and services”,
referring to user-facing software and applications as well
as standard and data layer “enabler” technologies[21, p.41].
Importantly, data may become a source of IP in the future.
Within the ambit of “data governance”, the PDA insists on
compliance with existing laws and encourages design princi-
ples such as “personal privacy, civil society protections and
technological sovereignty” and “data governance and steward-
ship that ensures both data/information sovereignty protection
and innovation”. An expert advisory board oversees these
parts of the plan [21, p.46-9]. These commitments reference
distributions of control through consent, the creation of an
independent data trust, and innovation through open archi-
tectures. The PDA establishes WT and SL as joint decision
makers about the MIDP’s structure and its approval, which
will be based on a framework developed by WT[21]. The
ultimate sign-off for the plan lies with the municipal and
provincial governments, which constitutes the administrative
decision making environment over which the decision makers
have no control.

The planning process is centered on public engagement and
what the /emphVision calls“holistic planning”. The technical
expertise of Sidewalk Members and the facilitation skills of

4



WT and contracted firms continuously collect feedback and
responses from citizens. Sidewalk Toronto thus involves an
array of experts and expertise in planning, implementation
and operational phases. As the MIDP is drafted, pieces of
the plan are presented for public comment and engagement
on specific ideas. In line with Borjensson et al.’s[14] call to
include lived experience within the planning scope of smart
cities systems, the engagement mechanisms deployed by WT
and SL have leveraged both residents and experts. Resident
Advisory Panels provide situated everyday expertise in the
form of reports [22]. In Expert Advisory panels, independent
subject matter experts contribute to planning within areas
such as information management and privacy. Additionally, a
fellowship program leverages the experiences and training of
students and other young subject matter experts to provide
a report and recommendations after visiting a number of
cities [23]. A summer camp even engaged children to provide
experiential knowledge [24].

In principle, the opportunities for residents and members
of publics to learn about and contribute to planning supports
the broad participation of a wide range of experts. Hundreds
of people attend the frequent public meetings and open
events, staffed by dozens of volunteers. Public Roundtables
feature general and breakout sessions which are recorded
and streamable[25], while charettes and design jams address
specific themes with public and expert cooperation. To ask
about a guarantor for this project in this light is to ask
what assures that our assumptions are justified? and, crucially,
what assumptions underpin the credibility of experts?, includ-
ing assumptions about the relevance of their knowledge, the
correctness of their predictions, and the legitimacy of their
perspectives. As purposeful human activity, systems design in
the view of CSH implies recourse to a guarantor: something
in which people must put their trust at the place when the
chain of justification breaks off. For example, we might trust
in WT’s mandate to act in the public interest and believe
that market-led innovation and development will guarantee the
best or most serviceable smart city. Or, we might trust in the
expertise of SL, believing that the state-of-the-art technologies
offered by one of the world’s most well-known firms is the
most effective path to sustainable urban design, and that their
careful consideration of their public engagement work will
assure public have their say.

While categories of Motivation, Control and Knowledge
refer to those involved, Legitimacy addresses those affected.
The legitimate inclusion of multiple perspectives requires
the emancipation of the affected, the ability to speak their
concerns freely, and the obligation of the involved to consider
them in good faith. This is to be made possible through
commitments to public engagement in the planning process.
For example, participants at Roundtables represent themselves;
they give their own opinions and thoughts, speaking to specific
questions in structured and facilitated venues. The resulting
material is collected, analyzed and responded to in iterated
representations of the emerging plan. However, public en-
gagement processes like this are clearly designed to establish

the democratic legitimacy of the project by ensuring that
those affected are represented. To what degree does this self-
selected participation in highly structured exercises bring forth
an honest witness to testify to the experience of those affected
by the outcomes of this process? In order to examine to what
degree those affected are free to emancipate themselves from
the project’s worldview, and to offer their own perspectives,
we turn to the conceptual framework of boundary critique and
explore how CSH supports it.

B. Boundary critique

Having used CSH to represent the stated ‘is’ situation, we
discuss selected themes that illustrate how CSH helps us to:
(1) elicit and make visible the reference system of assumptions
that underpin the project; (2) contrast it with complementary
perspectives on how things are as well as how things should
be; (3) evaluate how competing interpretations are politically
marginalized through the design of the engagement process;
(4) identify and critique central boundary judgments; and (5)
effectively structure our own critique so that its normative
implications become transparent.

1) Elicit reference system: CSH can provide a discursive
grounding for critique of the normative assumptions at play in
the planning process. The first step is the reconstruction of the
stated boundaries of the system within the CSH framework.
We have done this above through reference to, and analysis
of, official documentation and presentations. Placing these
statements of value and purpose into the relations of CSH
allows us to sketch out themes and boundaries based on our
own standpoints, such that we can explore how boundaries
are constructed, and potentially in disagreement with their
motivating principles.

CSH considers two kinds of boundary judgments. The first
kind refers to boundaries are established more or less explicitly
in the process of partitioning a system, or in deciding what
should be considered a component or relation of the system
and what is considered as environmental. The second kind
refers to the boundary judgments supporting the first. Any de-
cision about what and how to consider a system is a claim that
admits of argumentation and justification. These supporting
statements are also claims that admit of justification, going on
until justification stops with a rhetorical appeal to something
like expertise or to a view of reality. The point at which a
boundary admits of varying interpretation from complimentary
perspectives, or when the reason to accept it is left as an open
question, constitutes a “justification break-off”[26]. Revealing
these justification break-offs is essential to creating an account
of the reference system and worldview of the Involved.

In the case of Sidewalk Toronto, justification break-offs
occur in the way that control over the system is to be exercised.
Questions about the first kind of boundary judgment can be
asked about not only the planning process but the design of
the system itself: who controls different aspects of the system-
will it be existing government authorities? Citizens? Sidewalk?
Markets? Answering these questions in any manner prompts
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a second order boundary question: why should the smart city
be administered in this way?

2) Contrast complementary perspectives: Critical reflection
on the boundaries set out in an official storyline need not
occur in a vacuum. We draw from the mainstream criticisms of
Sidewalk in the press that speak to specific parts of the official
story, and that often clearly reference the boundary judgments
stabilized within the CSH framework. These complimentary
perspectives offer avenues for critical reflection, suggest alter-
native ways of interpreting the situation, and provide support
and direction for suspicions that arise from a perception of
marginalization or coercion within the official boundaries.

Take for example the commitment to ‘complete commu-
nities’. Its key pillar is a mixed-income distribution in the
Quayside, to be assured and measured through the provision
of “affordable housing”. The operationalization of affordabil-
ity suggests how complete, mixed-income communities in
Quayside are to be understood. At first glance, Sidewalk
Lab’s commitment to affordable housing seems to exceed the
legal minimum set by municipal policy. Following a Sidewalk
Fellows report, as well as criticism by community organization
ACORN, they expanded the plan to include 40% affordable
housing[23], [27], [28].

However, this commitment does not address the affordable
housing crisis in Toronto, it merely sets the floor based on the
existing need[29]. Crucially, WT and SL have operationalized
affordability using the definition of the City of Toronto, which
defines affordable housing as housing provided at a cost
below the market rate. Housing advocates and the Canadian
Mortgage and Housing Corporation generally consider afford-
ability as a relation between income and rent expenditure, i.e.
less than 30% [30], [31]. More than one third of Toronto’s
residents cannot afford housing at current market rates. The
market-based definition of affordable housing has changed
the presumed beneficiaries of affordable housing in Sidewalk
Toronto; now half of the affordable units are intended for low
income residents, while the other is earmarked for “middle
income” residents [28]. The remaining 60% of units are for
rental or sale at market rate, benefiting the affluent. This
prioritization of the real-estate market at the expense of lower
and middle income families and other renters demonstrates not
only the worldview of involved parties, but the stakes of smart
city development.

3) Evaluate discourse and marginalization: CSH can also
allow reflection on where and how concerns about boundary
judgments are marginalized. The specific boundaries drawn
through the design, architecture, management, and governance
of ICTs remain underdeveloped, but as CSH can focus equally
well on process as on product, some of these boundaries
are already tangible. The case of the Civic Data Trust
(CDT) demonstrates how boundaries are drawn based on the
worldview of the Involved, which focuses on innovation and
resource allocation through markets, frustrating the honest
consideration of smart city residents as beneficiaries.

Much criticism of Sidewalk Toronto has focused on the
tensions between developing smart cities to serve local publics

versus the need to build them with a profit-oriented “business
model” that allows SL to accrue value through the operation of
the smart city. In part, discussion has focused on how the key
resource of data generated in Quayside should be considered
as a social product or public good, how the data is treated and
made accessible, and to whom it belongs [32], [33], [34].

To address these concerns, decisionmakers announced a
plan to create a “Civic Data Trust” (CDT), a “third party public
organization” to govern a repository of Quayside Data [28],
[23]. The CDT is intended to balance the goals of spurning in-
novation and protecting privacy, and to “[safeguard] the public
interest”. Itis meant to do so by committing to open standards
in architecture and application programming interfaces (APIs),
and by requiring data collection and sharing be minimal, done
with ‘meaningful consent’, and in accordance with existing
laws. The governing body of the CDT balances the market
value of this data with commitments to the people who are at
once the source of this data, and its presumed beneficiaries.

The proposal of the CDT was met with criticism. Former
Privacy Commissioner for Ontario and global privacy expert
Ann Cavoukian resigned from the aforementioned expert
panel, citing unacceptable weaknesses in the fact that it did not
require anonymization at the point of collection and merely
encouraged services collecting data to adhere to strong pri-
vacy principles [35]. While Cavoukian’s resignation addressed
concerns about privacy and social norms, it did not touch on
the deeper issues of ownership and control. In the case of the
CDT, this means elaborating on how governance decisions are
made about authorization and licensing for data use, guiding
principles, and compliance– and by whom. These concerns
are well spoken to by digital rights activist Bianca Wylie,
who criticizes the way that value-laden concepts are deployed
in the engagement process but do not lead to a more honest
discussion about ownership and control over the direction and
legal framework of constructs like the CDT[36].

Decisions of ownership and control over technological in-
frastructure in the smart city draw boundaries with enormous
social and economic impacts within these systems. The CDT
would control the infrastructure of data storage and use,
produced by the sensors that collect that data and the technical
standards that structure access. The former head of Blackberry
maker RIM summarized the problem of private ownership
of the low level data infrastructure: because it enshrines
Sidewalk’s ownership of IP based on the collection of public
data, it inevitably “creates a systemic market advantage from
which companies can inexorably expand” [37]. Basillie argues
that the ownership structure makes SL the major intended
beneficiary of Quayside data, to say nothing of their relation-
ship with Alphabet, whose major competencies and source of
value are the exploitation of data. Wylie builds on concerns
about this kind of “platform capitalism” in her critique of SL’s
ownership over the low level, built infrastructure, the data-
layer infrastructure of storage and collection, as well as the
access-layer that allows use of the data [38]. Technological
development making use of these layers could effectively be
controlled by the strategic interest of Sidewalk Labs, poten-
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tially leading to the exclusion of local firms and community
technologists from key development opportunities [32].

SL has drawn their boundaries of control of resources very
broadly. Tenuous agreements set out in the PDA protect the
IP interests of Alphabet and Sidewalk, but do not provide
much detail on how contracts for services might be decided
in the future. Alphabet already controls applicable services
such as Coord (for managing transit and road-based assets)
and has proposed numerous application level products for
pilot at Quayside [39], [1]. With control over the smart city
architecture and their role as decision maker, SL appears
positioned to place their own subsidiaries into market niches
that they themselves would create, maintain, ad control.

Control over the low-level technical and physical infras-
tructure by a single dominating firm allows a standards-level
monopoly to shape the environment and market within which
technology development and service innovation occurs. What
role will those affected, the citizens and residents of Smart
Cities, play in the decision making and governance of these
new ways of life? Civic engagement and community building
are alluded to in Sidewalk Toronto materials; Sidewalk says
that its smart city will make volunteering easier, or that its
data-layers will be a great resource for civic tech and social
entrepreneurialism. However, these civic activities are situated
within the boundaries of information systems controlled by
Sidewalk. Examples include ‘Intersection’, a product that pro-
vides internet access and “enables a vast array of neighbour-
hood experiences, including amenity reservation and digital
feedback channels”[1, p.19] and a “Neighbourhood Assistant
Tool” that could “enable Quayside residents to form new
neighbourhood groups, crowd-source community needs, and
access a peer-to-peer marketplace. . . another portal through
which residents communicate feedback to officials, addressing
the need for digital tools that gauge community well-being”
[1, p.33].

By juxtaposing official and critical discourses of the project,
CSH allows us to see how opposing views are addressed,
reconciled, and marginalized by the Involved. Specifically,
we have tried to show how the Vision for Sidewalk Toronto
posits the company’s role as a facilitator of civic engagement
and democratic decision making, but not as the site or object
of governance. Public engagement exercises seem to address
governance issues, but in reality they obscure them. A CDT
is just an act of trust if it does not have a governance
structure that allows the civic body that it describes to exercise
control over its data in decision making. While the proposed
information systems seem to encourage civic engagement,
their design also specifies what counts as valid engagement,
suggesting that these concessions are a form of what Cardullo
and Kitchin (via Arnstein) call “placation”, where citizens are
given the chance to change or challenge plans, but where their
involvement is subordinated to the larger objectives of of those
Involved[40].

4) Identify boundary judgments: The examples of afford-
able housing and the CDT illustrate some of the central
motivations and boundary judgments that appear to be guiding

the planning process. Tensions between resource collection
and control are tied to boundary judgments around what
constitutes the environment of smart city developments. For
entities like WT and SL, the market is the ultimate envi-
ronmental constraint. This is apparent, on one hand, by the
way WT positions itself as a partner that seeks to leverage
relationships with the private sector [41]. Their role as a
steward of public lands working for complete communities is
feasible only insofar as they attract capital investment, which
is only possible if their partners can see a return on that
investment [15]. On the other hand, SL must look at smart city
development as a way of maintaining competitive advantage,
protecting its assets by maintaining control and authority in
smart city governance.

CSH has allowed us to stabilize an ‘official’ story for the
smart city planning process, and to leverage some existing,
but marginalized, criticisms of that process to provide greater
nuance to our perception of boundary judgments. We use the
official narrative as a source of evidence for the way that these
boundaries are constructed and maintained, and in some cases,
how they serve to brush aside criticisms by giving the sense
that they have been addressed, while still maintaining the same
strategic boundaries.

5) Structure critique: Table IV-B5 briefly summarizes key
standpoints, concepts, and questions that arose during our
analysis of official and critical perspectives. In the spirit of
CSH, it should be seen as heuristic device rather than a result:
not the outcome of CSH’s application, but a mid-point that
both helps to settle our reflections and points to more questions
and avenues for critique. More iterations and versions of such
tables can be produced individually or cooperatively. The table
here represents a period of research and analysis, it serves as
a summary of our thoughts at the time, as a provocation to
further reflection and analysis within the categories of CSH.

V. DISCUSSION

A. Reflections and Limitations

As our tabular application of CSH (IV-B5) demonstrates, the
authors’ standpoint and the requirements of the format have
acted to select and constrain the perspective of this partial
engagement with the Sidewalk Toronto planning process. Our
account here is not comprehensively holistic in terms of
description. The reproduction of urban life relies on global
and local systems well beyond our scope here. As a document
of process, the CSH table passes over many considerations and
commitments to matters of environmental, social, economic,
and individual justice.

In application, CST and CSH research could anticipate
these limitations and address them with a systematic expan-
sion of methods. We have collected mainstream press and
official documentation, and attended events when possible.
It would be desirable to sweep in a more diverse array of
collaborators, participants, and publics into the creation of
CSH documentation[53]. In matters of public concern, CSH is
always one voice among many. As Systemic Intervention [54]
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TABLE I
CSH MAP EXAMPLE

Category Stated is Selected Concepts Relevant
for Critique

Critical Standpoints

1. Who is/ought to be the
intended beneficiary of Side-
walk Toronto?

Create “a vibrant, climate-positive and prosper-
ous [mixed-income] community. . . [a] model to
encourage market transformation towards climate-
positive city building” by adopting a “triple bot-
tom line” approach that balances environmental,
economic, and “socio-cultural” purposes of peo-
ple, profits, and planet [15].

• Complete communities
• Transformative Sustainabil-

ity
• Sustainability and commu-

nity within a market

• Actual purpose observable in behavior [42]
• Manifests in beneficiaries, actions, measures
• Examine how control, knowledge, legitimation

are handled to infer purpose
• Deviations: consider e.g. affordable housing

2. What is/ought to be the
purpose of the Sidewalk
Toronto?

Residents ‘of all income levels’ get ‘complete
communities’ where they can live, work, and play
in well-connected beautified space.
The project partner gets an ‘unparalleled testbed
environment’ to ‘showcase advanced technolo-
gies’ and ‘financial opportunities’ from develop-
ment.
Employers get access to skilled labour, an emerg-
ing industry cluster, and local commercial oppor-
tunities.
Visitors get access to public space and amenities.

• Affordable housing defs
• Privacy by Design
• Value creation from smart

city data
• Viability of local firms

• Residents as data source for surveillance capi-
talism

• ‘Affordable housing’ is (re)defined so that it
becomes unaffordable for most

• The interests of Sidewalk compete with those of
other intended beneficiaries

3. What is/ought to be the
measure of the improvement
of Sidewalk Toronto?

Under developement, described in terms of:
• Social goals met through thresholds for afford-

able housing and amenities
• Environmental goals met through coherence with

WT Resilience and Innovation Framework for
Sustainability and LEED certification[43], [44]

• Economic goals met through investment returns
– economic output, government revenue, “full-
time employment years”, private sector invest-
ment

• Sustainability indicators[45]
• Definitions of affordable

housing
• Tradeoffs or conflicts be-

tween the 3Ps
• Transactionalization of rela-

tions

• Environmental sustainability as a service
• affordable housing for the middle class

4. Who is/ought to be the
decision maker in control
of the resources for Sidewalk
Toronto?

PDA establishes WT and SL [21], under auspices
of government • Boundaries around gover-

nance
• ‘Public Interest’ as a con-

tested concept

• CDT governance left outside boundaries, pro-
posed information systems enclose civic engage-
ment in decision making.

• Role of public engagement gives WT, SL the
initiative in communication and final calls.

5. What resources are/ought
to be under the control of
Sidewalk Toronto?

• Data: Civic Data trust (CDT)
• IP: set out in MIDP
• Property: largely left up to the market

• CDT governance
• Platform Capitalism [46]

Criticism by Ann Cavoukian around IP points to
discretionary power of SL around publicly pro-
duced data[35], and ownership of the standards
layer positions SL for bottom level control [37]

6. What is/ought to be out-
side the control of the deci-
sion maker, the environment?

• Markets, investor capital, competitive advantage
• Public opinion

Public/Private Partnerships
and the enclosure of civic
engagement

Community is not based on consumption of the
same services but based on interdependence and
complex relationships among members

7. Who is/ought to be the ex-
perts providing the relevant
knowledge and skills ?

• Public Participation
• SL and WT experts

• “Tokenistic” engagement
[40]

• Feedback as user testing
• Utopian aesthetics in Vision

and promotional material[2]

Technical/professional administration vs situated
knowledge

8. What are the relevant
knowledges and skills
(expertise) necessary for
the operation of Sidewalk
Toronto?

Data science and ICT: “the only urban innova-
tion company built expressly to bridge the divide
. . . between urbanists and technologists. . . No one
else has envisioned the integration of technology
into the physical environment that will give rise
to an urban innovation platform. . . ”[1, p.16]

• Publics[47], [48] as the ob-
ject of data collection

• Everyday expertise, situated
knowledges

• “Confusion over what codesign means”[49].
• Public engagements seen not as a source of ex-

pertise, but as SL leveraging public engagements
as a source of knowledge for their own experts,
to ‘inform’ MIDP [50].

9. What guarantees the
successful implementation of
Sidewalk Toronto?

• Government, WT as steward
• Sidewalk Labs /Alphabet

• Technological Solutionism
• Faith in markets

• Democracy as Guarantor

10. Who is/ought to be con-
sidered a witness representing
the interests of those affected
by, but not involved with Side-
walk Toronto?

• Public Engagement Process, including panels,
Roundtables, and workshops

• Appeals to Indigenous Planning in resident’s
panel and Roundtables [51], [28]

• Curated publics
Atomization and aggregation poses public as in-
dividuals to provide affective feedback and to
components rather than the system. Focus on
values provides rhetorical initiative to WT and SL.
No apparent inclusion or reference beyond land
acknowledgement

11. What are/ought to be the
opportunities for the interests
of those affected free them-
selves from (emancipation)
the worldview of Sidewalk
Toronto?

Holistic Planning, where “innovation, community
priorities, policy objectives, placemaking, phasing,
infrastructure, economics, market, site planning,
and technical issues will be thoughtfully merged.”
[1, p.59]

• Highly structured process
• Feedback as representa-

tion/engagement

Preconfigured engagement, based on identified ar-
eas, and offering no potential for emancipation

12. What space is/ought avail-
able for reconciling different
worldviews regarding Side-
walk Toronto among those af-
fected but not involved?

Private entities, market transformation, in the
“most measurable community in the world”[1] • Politics as management

• Computational thinking [5]
• City as computer [52]

Appealing to the ‘reality’ of neoliberal dominance,
the balance of the 3Ps tilting to profit, which is
always the most bottom line.
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or other action research, applying CSH could help maintain
space for critical reflection and diversity of perspective.

B. Measured Management

“Sidewalk expects Quayside to become the most measurable
community in the world” [1, pg.22]. Ambitions to environmen-
tal sustainability in Sidewalk Toronto rest on the belief that
through measurement and systematization of urban activities
such as energy use and transit, control and coordination can
be improved to lessen waste and environmental impact. Smart
City technology enables pursuit of this goal through sensory
and management systems that might track and analyze trends,
more efficiently consuming resources. In the case of a smart
city like Sidewalk, these resources might include stocks for
heating, waste and recycling capacity, and for maintaining
the physical spaces sought after for conducting economic and
social activity, including dwelling, commercial, and public
spaces like parks. If discrete or aggregated measurements can
be sought, monitored, and managed, that data stands in as
a resource. As a representational layer on top of the city’s
(not to mention its associates) material activities, smart city
systems want to manage that data. Value creation promised
through increased convenience, efficiency, sustainability, etc.,
are delivered only if the presumed requisite data is available,
and on who has access to it. Even after construction, capital
resources and labour are required needed to maintain these
infrastructures and to put their results to use.

Ambitions in the Vision extend beyond environmental sus-
tainability, to “promoting activity, healthy eating, relaxation,
and connection to the environment. . . [through] capturing a
variety of data and facilitating residents’ and others’ uses of
that data through existing and new applications”, as well as
to the business of neighbourhood politics [1, pg.171]. From
this perspective, ecological sustainability intersects with other
aspects of sustainability as resource consumption and use is
related with activities, lifestyles, exchanges (etc.), and with
supporting infrastructures, computational and otherwise. How-
ever, mere measurement is insufficient for management: “to
understand what makes the urban environment work well, and
detect when it is under-performing, it is necessary to perform
longitudinal analysis, and be able to distinguish normal states
from anomalous ones” [1, pg.72].

Achieving normal, “livable” space requires evaluation, and
a value-based framework that is implied, but, we think,
unspecific. Sidewalk’s commitment to Quayside suggests an
ongoing endeavour, actively managed at different time scales
with successive interventions by, for example, “facility man-
agers” [1, pg.74]. Commercially, efficiency and convenience
can perform as MoIs– a decrease in travel time or noise
complaints, increases in overall air quality, successful user
transactions, etc. Proposed innovation platforms or information
marketplaces articulate the resident/citizens of a smart city
primarily as the beneficiaries of services, or consumers of
resources. Just who delivers these services and manages the
resources? Would municipal or public actors be replaced by a
market where returns were sought through treating residents

and citizens as a resource or product [40]? Politically, objects
like the CDT or smart city MoIs could be a site for citizen
control. A democratic approach to smart city design would
make citizen involvement in the creation of these standards a
part of the planning process, open for debate and driven by
the values of residents. Already within the context of smart
city technologies, Balestrini et al., have used the concept of
a “city commons” to guide participatory design of a sensor
network[55]. So far, however, Sidewalk Toronto’s planning
process represents publics without including them.

VI. CONCLUSIONS

‘Cities have the capability of providing something
for everybody, only because, and only when, they
are created by everybody.’ [56]

The ongoing SL project in Toronto is a major smart city de-
velopment, the deployment of technologically advanced urban
infrastructures built from scratch to achieve their designers’
ambitious goals. Sustainability is a key value used to motivate
the project. As this paper argued, however, sustainability
in smart city projects must be considered more holistically
than is possible through the narrow lenses of technological
optimization and ecological sustainability[6].

Basing our analysis on CST, we have showed how the
project’s purpose is framed by the rationalities and goals of
its most powerful stakeholders. We used CSH for a boundary
critique that traces the concerns of the numerous voices, and
to examine and critically reflect on how values and interests
influence and constrain the project’s purposes and vision. This
situates CSH, and CST more broadly, as a powerful tool for the
holistic consideration of sustainability in smart city projects
and large scale transitions to sustainable societies.

This is not a call to disregard the technical expertise offered
by Sidewalk or any other firm. If we are to truly transform our
societies to be sustainable and prosperous, we must critically
reflect on the role and purpose of technologies in our everyday
lives. What becomes clear through critical analysis is that
technical decisions in the smart city are, as much as ever,
political decisions about relations between people, organiza-
tions, and power. Governance of smart cities is tied to design
and architecture choices, both in regards to the sustainability
of any underlying infrastructure of smart cities, but also to
the intersection of this new datafied layer and everyday life,
through the systems and interfaces constructed to create and
manage that resource.

A key challenge for the ICT4s community is to ensure that
these types of boundaries do not go unnoticed in smart city
research. This will mean continuing to critically reflect on
the role of technological choices in instantiating social and
political relationships and assessing their potential as environ-
mentally sustainable technologies. Critical systems thinking
can assist in just that type of work. As a heuristic tool, CSH
does not need to supplant or dominate research in order to
be effective. Beyond this evaluative role, as framework for
interventionary practise or self-reflection in technology design
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it can help practitioners and technologists to more effectively
probe the normative implications of their work.
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Abstract— Agbogbloshie is a scrap metal yard in Ghana that 
has achieved international notoriety for the improper manner in 
which electronic waste (e-waste) is processed. However, little is 
known about the reasons why this situation has not changed over 
the years. This paper focuses on the workers dismantling e-waste 
in Agbogbloshie; in particular, mobile phones and computers. By 
taking a Complex Adaptive Systems (CAS) approach to e-waste 
management in Ghana, I investigate the dismantling activity and 
the environmental and social hazards associated with it. Data 
have been collected through on-site interviews and observations. 
The analysis shows a dismantling process that is able to adapt to 
changing circumstances; the role of market prices in regulating 
the input of devices and output of components; and the organiza-
tion of activities through diverse groups. The migration of work-
ers from rural and urban areas functions as a kind of feedback 
loop into the system. Applying CAS as an analytical tool provides 
detailed insights and improved knowledge related to the charac-
teristics and behaviours of the workers dismantling e-waste in 
Agbogbloshie, as well as their relations with other agents in the 
system. On a wider perspective, it enables a better understanding 
of the complexity in e-waste management systems. 

Index Terms— E-waste management system; manual 
dismantling; recycling; sustainability; waste electrical and 
electronic equipment. 

I. INTRODUCTION 

In 2008, more than one billion personal computers (PC) 
were in use worldwide [1]. Only 7 years later, in 2015, this 
number had doubled, showing more than two billion operation-
al PC’s [1]. For mobile phones, the lifespan does not exceed an 
average of two years [2]. These are only two examples that 
demonstrate our strong and growing consumption of electron-
ics. High levels of production and consumption have a direct 
impact on electronic waste (e-waste) generated, this latter 
pointed out by Hilty [3] as an emerging risk for society.  

In 2016, 44.7 million tonnes (Mt) of e-waste were generat-
ed worldwide, corresponding to 6.1 kg per capita [4]. From 
this, 0.7 Mt corresponds to lamps, 3.9 Mt to Small IT (e.g. mo-
bile phones, printers, desktop PCs), 6.6 Mt to screens and mon-
itors (e.g. cathode ray tube monitors, flat display panel moni-
tors), 7.6 Mt to temperature exchange equipment (e.g. fridges, 
air conditioners), 9.1 Mt to large equipment (e.g. dishwashers, 

washing machines), and 16.8 Mt to small equipment (e.g. 
headphones, cameras, speakers). For this same period, the 
United States and Canada produced about 20 kg of e-waste per 
capita, and Norway 28.5 kg – the highest quantity per capita in 
Europe. Although e-waste involves a multitude of devices, this 
paper focuses on mobile phones and computers. 

Not surprisingly, the highest amounts of electronics are 
consumed in high-income countries, but many of these end up 
in emerging economies as second-hand goods [5]–[7]. When 
no longer used, these electronics stay in the country, shifting 
the e-waste problem to countries that do not have the capacity 
to properly recycle such devices [8]. Schluep et al. [9] dis-
cussed some of the challenges of e-waste recycling in emerging 
economies already in the first ICT4S Conference. 

Agbogbloshie is a scrap metal yard – located in Accra, 
Ghana – that has achieved international notoriety for the man-
ner in which e-waste is processed [5], [7], [10], [11]. The site is 
considered as one of the most polluted urban environments in 
the world due to the present informal processing practices and 
the lack of governmental regulation [5], [10].  

Workers processing e-waste in Agbogbloshie are exposed 
to toxic gases and other dangerous species on a regular basis, 
which is reflected on their poor health status [7], [12]. The ac-
tivity also affects the people living nearby, and furthermore, 
results in severe environmental impacts [13]–[15].    

In this paper, I apply Complex Adaptive Systems (CAS) as 
an analytical tool to explore the complexity of informal e-waste 
processing. I address the following research question: How can 
CAS help in understanding the processing of e-waste in 
Agbogbloshie?  

In CAS, a system consists of many agents that adapt or 
learn through interacting with others in the system [16]. This 
study focuses on agents dismantling e-waste in Agbogbloshie, 
and their interactions and interdependencies with other agents 
in the e-waste management system in Ghana.   

Section two brings a short overview of research addressing 
CAS, and its applicability as an analytical tool to waste man-
agement. Sections three and four describe, respectively, the 
methods used and the organization of activities in Agbog-
bloshie. Section five presents detailed results of investigations 



into the informal processing of e-waste, with a focus on the 
dismantling activity. In section six, different CAS properties 
identified in this system are discussed. The last section con-
cludes with some remarks on CAS as an analytical tool to un-
derstand the informal processing of e-waste in Agbogbloshie. 

II. COMPLEX ADAPTIVE SYSTEMS 

CAS analyse the interactions and interdependencies of var-
ious agents in a system, as well as the changes that occur due to 
such interactions [17]. In order to address sustainability in and 
by ICT, it is indispensable to explore the multitude of agents 
involved in each of the life cycle phases of such technologies 
(e.g. design, production, consumption, recycling).  

This paper relies on the definitions adapted from Cohen and 
Axelrod [18]: An agent is an individual with the ability to in-
teract and respond to events happening in its environment. En-
tities that lack qualities of agents – instead, being objects that 
are used by the latter – are defined as artifacts. Different types 
of agents form a population of agents when using similar strat-
egies. The system is composed, thus, of “one or more popula-
tions of agents [...], all the strategies of all the agents [...], along 
with the relevant artifacts and environmental factors” [18, p. 6]. 

A. CAS Properties 

A CAS has particular characteristics and properties that dif-
ferentiate it from other systems [19]. In this section, I address 
some of these, which are later applied to the case study in the 
discussion section. 

One of the main properties of a CAS is a high level of ad-
aptation, which strengthens the system’s resilience when a per-
turbation occurs. Usually, a large number of agents in the sys-
tem interact and adapt over time to improve performance, 
learning from experience [16].  

Another property of a CAS is its non-linearity. Since the re-
lations among its agents are non-linear, the outcomes are to 
some extent unpredictable. This gives CAS the potential for 
chaotic behaviour and randomness [20]. 

The property of emergence means that the system’s out-
come is the result of combined agents’ behaviour. Such an out-
come cannot be achieved from the isolated behaviour of agents 
in the system [21]. Therefore, “the emergent properties of sys-
tems are lost when the system is broken down into parts and 
parts removed from the system lose the emergent properties 
they previously possessed” [20, p. 49]. A form of emergent 
behaviour is self-organization, in which new structures are de-
veloped without a central control [19], [20], [22].  

An important feature of a CAS is that it can have both neg-
ative and positive feedback loops. In the negative feedback 
loop, the state of one type of agents affects the other in the op-
posite direction, keeping the system within its original bounda-
ries. On the opposite, the positive feedback loop stimulates 
change by providing a source of instability, driving the system 
outside of its normal parameters. “The notion that equilibrium 
was the norm to which a system would return if there were a 
small deviation, via the mechanism of a negative feedback 
loop, is challenged by the discovery of positive feedback loops 
that drive a system forward beyond equilibrium” [23, p. 454]. 

The positive feedback loop, thus, enables a CAS to be in a state 
of change. 

B. CAS in waste management research 

Waste Management Systems (WMS) are highly complex 
systems that are often in a state of change. These systems re-
ceive information from the environment they operate, under a 
high level of unpredictability, and adapt accordingly. As a re-
sult, such adaptation leads to changes in the environment.  

The application of CAS in waste management research has 
resulted in a better understanding of the complexity of WMS. 
Specifically, on improved knowledge of the characteristics and 
behaviours of the agents involved in these systems, and impacts 
in their environment. 

Seadon [24] presents the study of waste management in 
New Zealand – including waste generation, collection, and 
disposal – as a CAS. “A WMS and its environment interact and 
create dynamic, emergent properties through quasi-equilibrium 
and state change, non-linear changes and non-random futures. 
The environment in which the WMS operates gives feedback to 
the system and changes the system” [24, p. 1645]. By exploring 
a series of links between the components of the system, the 
author justifies the application of an integrated approach to 
move towards more sustainable societies.  

Ikhlayel [25] addresses the lack of integrative thinking in 
modern societies and applies such to e-waste management sys-
tems. Based on field trips to Vietnam and Jordan, the author 
proposes an integrated approach to improve e-waste manage-
ment in developing countries. Both the composition of e-waste 
– with its associated environmental impacts – and the nature of 
e-waste management form the rationale for employing the pro-
posed approach.     

Agent-Based Modelling (ABM) is used in order to under-
stand and model a CAS, through the identification of agents 
and their interactions in the system. In this regard, Bollinger et 
al. [26] apply an ABM of material flows connected to the pro-
duction, consumption, and recycling of mobile phones. In their 
analysis, they focus on the interaction among agents trading 
metals. The authors conclude that the implementation of com-
bined interventions shows more potential to promote a shift to 
closed-loop flow systems than single interventions. 

III. RESEARCH DESIGN AND CONTEXT 

This paper is part of a larger research project that analyses 
e-waste management systems in different countries. The pro-
ject explores the multitude of agents and processes involved, as 
well as their interconnections, in each of the studied systems.  

The e-waste management in Ghana is understood as a CAS 
that involves several types of agents. These include producers 
of electronics with take-back systems; government; Non-
Governmental Organizations (NGOs); consumers of electron-
ics at the disposal stage; and companies with intermediate pro-
cessing. Other types of agents in this CAS – here understood as 
a population of agents for having similar strategies – include 
the ones in Agbogbloshie: the scavengers collecting e-waste; 
the workers dismantling e-waste; the workers burning cables; 
the “middlemen” intermediating the scrap from Agbogbloshie 



to the recycling facilities; and the board members of the Great-
er Accra Scrap Dealers Association (GASDA).  

From the multitude of agents involved in the e-waste man-
agement system in Ghana, this paper brings a detailed study of 
one type of agents: the workers dismantling electronics in 
Agbogbloshie. The focus on their activity enables to establish 
connections with other agents in the system and to understand 
the informal processing of e-waste from a CAS perspective. 

Data were collected in a continuous two-week period in 
September of 2017 and included visits to several points of in-
terest and organizations, both in the capital (Accra) and adja-
cent cities. Data were collected through a mixed methods ap-
proach that combined observations, interviews, photography 
and videos on the e-waste management in Ghana. For this pa-
per, the focus is on the data collected about the activity of dis-
mantling e-waste in Agbogbloshie, particularly mobile phones 
and computers. 

I visited the Agbogbloshie site seven times during the stay 
and engaged in conversations with 10-15 workers. The conver-
sations were conducted while observing their activities. Data 
collection was strengthened through observation on the e-waste 
processing performed by various workers on the site. 

Semi-structured interviews were conducted with organiza-
tions connected to e-waste management in Ghana. This paper 
brings data collected through interviews with the GASDA in 
Agbogbloshie, as well as with the NGO Green Advocacy Gha-
na (GreenAd) in Sakumono. 

IV. THE ORGANIZATION OF ACTIVITIES 

Agbogbloshie receives high amounts of e-waste and is re-
garded as one of the most toxic sites in the world [5], [10]. Alt-
hough an open-air site with informal activity, it relies on the 
GASDA to organize the workers allowed on site, the activities 
performed, and the access of visitors. Interviews – translated 
from Ashanti – with the chairman of the association and main 
members of the board were conducted to receive permission to 
visit the site and to collect data. 

According to information obtained through the interviews, 
the GASDA was registered with only 11 members in 1979, 
which has later grown to 3000-4000 members. Everyone work-
ing in Agbogbloshie must be a member before starting with 
their activities. The work is hierarchically divided, based on 
experience: the highest positions often belong to the ones 
working on the site for longer. The ones with the highest posi-
tions coordinate around 10-20 newer members and teach them 
how to dismantle different devices.   

New members usually start at the GASDA by burning the 
cables [27] or as scavengers [15]. The scavengers go around 
the neighbourhood – and sometimes beyond the city – to col-
lect metal scrap. In order to buy it, the novices are pre-financed 
by their leaders. The e-waste processing in Agbogbloshie is 
male-dominated [28], and women are found in the area selling 
water and food, often accompanied by children.  

Adjacent to Agbogbloshie is Old Fadama: a large urban 
slum, separated from the scrap yard by a few hundred meters, 
with the Abose-Okai Road and the Odaw River. Both work as 
an extended community, with workers in Agbogbloshie often 

living at Old Fadama and markets such as the onion and the 
yam market located in between. The slum grew in the 1990s 
due to waves of migration, with refugees coming from the 
north of the country due to a combination of intertribal con-
flicts and decline in agricultural opportunities [29].  

GreenAd is an environmental NGO that conducts research 
and initiatives on e-waste management in the country. In an 
interview, the NGO explained that workers have increasingly 
regarded Agbogbloshie as a possibility to increase their in-
come. For this reason, the area has received rural and urban 
migration from different parts of Ghana. In addition, some 
come from neighbouring countries, particularly Nigeria, with a 
similar purpose.   

V. THE DISMANTLING OF ELECTRONICS 

The activity for dismantling electronics in Agbogbloshie 
happens most often in groups spread across the scrap yard. I 
have conducted visits to one of the biggest groups – denoted as 
big group in the following – dismantling various types of elec-
tronics on the site, with around 15 workers. A small group that 
focuses on mobile phones, and an individual worker who dis-
mantles mainly laptops, have further complemented data col-
lection. 

The activity of dismantling, and especially the prior scav-
enging, demands time. The leader of the big group mentioned 
that, during the first years of activity, there was not a large 
number of electronics to work with. As a result, their income 
had to be complemented with other activities. With the passing 
years and a growing amount of e-waste arriving in Agbog-
bloshie, their whole livelihoods started depending on the dis-
mantling of electronics. In the case of the small group, the 
number of devices is considerably less, and they complement 
their income by selling clothes in the same place where the 
dismantling is performed. 

The big group dismantles various types of electronics, 
mainly mobile phones, desktops, and laptops. Each member of 
the group scavenges the electronics during the afternoon and 
dismantles them in the next morning. There is no clear division 
of work: they all scavenge, and they all dismantle the various 
types of devices they have each collected. Working hours vary 
depending on the amount gathered but mostly comprehend 
long journeys. In the case of the small group, workers disman-
tle electronics that they have most frequently bought from the 
scavengers in advance. 

 Workers in Agbogbloshie have direct contact with the 
ground, often muddy due to rain. The working environment is 
very precarious, which reflects in ergonomic problems. Work-
ers often turn computer towers into benches to have a place to 
sit while dismantling electronics (see Fig. 1) or work in a 
crouching position for long periods of time. 

The workers do not use any Personal Protective Equipment 
(PPE) in their activity, even though dealing with devices that 
release toxic substances. During an interview, the chairman of 
the GASDA highlighted that NGOs often come to provide 
workers with PPE and information, but that the workers most 
often do not follow advices, and do not use the PPE provided. 



 
 

 
 

 
Fig. 1. Dismantling of electronics 

The tools used to dismantle electronics are simple, such as 
scissors, pliers, screwdrivers, hammers, and cold chisels (see 
Fig. 1). Scissors are mainly used to separate cables from other 
components. The other tools are used interchangeably, depend-
ing on the design of the electronics and the availability of tools. 

For the processing of cables, workers look mainly for cop-
per. After the separation, cables are put together in a separate 
pile to be further assessed: This most often includes an open-air 
burning process, performed in an area away from the disman-
tling.  

For mobile phones, different models demand different 
tools: devices that have screws are dismantled with screwdriv-
ers; while the ones with glue are dismantled with hammers. 
Screws make it possible to better separate the components, but 
the workers in Agbogbloshie prefer the glued mobile phones 
because it takes less time to open them. Pliers and the cold 
chisels are mainly used to assist in separating the components 
of various electronics, including laptops and desktops. 

Printed Circuit Boards (PCBs) contain precious metals, re-
sulting in a high value if gathered in large amounts. Therefore, 
workers in Agbogbloshie look mainly for these components 
when dismantling electronics. This strategy is known as cherry 
picking [6], in which only a few components are targeted 
throughout the process. 

The PCBs have different market prices depending on the 
electronics (e.g. computers, mobile phones). For this reason, 
they are stored separately, according to type. After a considera-
ble amount is gathered, the PCBs are sold per kilo to middle-
men. Following, they are sent abroad for further processing, 
because Ghana does not have the infrastructure to properly 
extract and separate the related metals. 

The working environment in Agbogbloshie is mostly open-
air. The big group has a shipping container to store the PCBs 
after dismantling the devices (see Fig. 2), and a simple roof to 
protect themselves from rain and direct sun. The small group 
works open-air – at the border of the Odaw River – and stores 
the PCBs on rice sacks. The individual worker has a small con-
tainer, which he uses both for storing the materials, and as a 
working place. 

The workers dismantling electronics often dispose of other 
components with inferior value. For instance, it is common to 
see computer chassis spread out over the area of Agbogbloshie 
(see Fig. 3). Eventually, some components are picked up by 
scavengers to be locally recycled. Others, of insignificant value 
for the workers, remain in the scrap yard. Components are tar-
geted based on their profitability and on market demand – if 
workers do not have a buyer for the specific component, this is 
thrown away. 

 

 
Fig. 2. Storage of PCBs   



 
Fig. 3. Disposing of computer chassis 

The mobile phone batteries have most often a different 
route than the rest of the devices: These often recirculate sever-
al times in second-hand markets in the city. As a result, the 
majority of mobile phones that reach Agbogbloshie no longer 
have batteries, and workers dismantling the devices do not have 
regular buyers for the batteries. Thus, the few mobile phone 
batteries that get to Agbogbloshie are usually thrown away in 
the scrap yard. These can later be picked up by scavengers to 
be resold in second-hand markets. Otherwise, they remain in 
the area, falling out of the recycling system. 

The lack of proper tools and PPE – combined with an im-
proper working environment – leads to a series of health risks. 
The chairman of the GASDA explained that work injuries are 
common in Agbogbloshie: he gave the example of a worker 
who, when dismantling a device, lost vision on one eye due to a 
sharp piece of iron. As one of the workers in Agbogbloshie 
pointed out, the constant loud noises also have effects on their 
wellbeing:  

“Sometimes, because of the hammer, at the end of the day, 
we have a headache.” 

The workers have also mentioned other incidences: for in-
stance, injuries arising from falling tools or materials. Accord-
ing to the workers, these incidences are mostly due to a lack of 
attention and hence, usually happen after long hours of work. 
The use of improper tools for the activity is also a concern, as it 
poses challenges – and often makes it unfeasible – to properly 
dismantle certain components of electronics. 

Health hazards arising from the processing of e-waste in 
Agbogbloshie go further than the localized and individual is-
sues discussed above, as GreenAd explains:  

“In 2010, we did a health survey of the people there to see 
what they've been exposing themselves to […]. We saw that in 
their blood there's a high level of led, cadmium, arsenic. 
There's cancer growing, they're not safe. They get the led from 
the [car] batteries they work on, they break it apart and they 
pour the acid out, they use their bare hand to break it up, to 
load up trucks, and from the cars they just pour the oil out.” 

Workers dismantling fridges, air conditioners, and car bat-
teries work in the same environment as the ones dismantling 
mobile phones and computers. With such a multitude of devic-
es handled in the same area, the complexity of hazards is high. 
Workers dismantling mobile phones and computers in Agbog-
bloshie are thus exposed to the direct risks of their activity, in 
addition to the indirect risks of other activities conducted in the 
scrap yard. 

VI. DISCUSSION 

Above, I presented results from my investigations related to 
the dismantling of electronics in the scrap metal site of Agbog-
bloshie, Ghana. In this section, I connect my main results to the 
CAS properties of adaptation, non-linearity, and emergence. 
Further, I discuss the migration of workers from urban and ru-
ral areas to Agbogbloshie as a feedback loop. The properties, as 
well as the related examples that emerged from this study, have 
strong interconnections. The examples are discussed according 
to a specific CAS property, even though they could be some-
times connected to more than one. 

It is worth to highlight that the analysis is based on data col-
lected in a period of 2 weeks in Ghana. Even though Agbog-
bloshie was visited several times, the time framework repre-
sents a limitation. The analysis of one type of agents in this 
CAS is not meant to be taken as exhaustive and further data 
collection (e.g. ethnographic research) is suggested to comple-
ment this study. 

A. Adaptation 

In CAS, equilibrium is rare and temporary. Therefore, the 
agents in the system must constantly innovate to be able to 
adapt to new scenarios and changing circumstances. Here, ad-
aptation can be connected to the design of electronics and the 
associated dismantling processes. 

In section five, it was shown that design plays an important 
role in the manual dismantling of electronics: the various kinds 
of devices and models demand a constant adaptation of the 
workers to the changing circumstances. 

In the case of mobile phones, I observed that devices were 
dismantled in different ways depending on their design. For 
devices that had screws – prevailing in older devices – workers 
used a screwdriver to assess and separate the PCB from the rest 
of the device. In more recent models, however, many internal 
components are assembled with glue. For these types of 
phones, the dismantling is done by using a hammer rather than 
a screwdriver, which is considerably faster and depicts one 
example of adaptation in the system. 

I did not observe the dismantling process of any modular 
phone during my investigations in Agbogbloshie. However, 
one aspect to question in this regard is whether modular de-
signed phones would entail a new level of adaptation from the 
agents, to maintain themselves in this system. 

Adaptation is strongly connected to other CAS properties, 
which are discussed in the following. For instance, workers 
adapt their processes depending on the components that have 
the most value, which leads to non-linear behaviour in the sys-
tem. 



B. Non-linearity 

The relations among agents in a CAS are often non-linear. 
This makes it difficult to predict how the system – as well as its 
individual agents – will react to changing circumstances, exter-
nal and internal ones. As will be shown below, the sum of 
agents in Agbogbloshie can react in non-linear – and hence, 
unpredictable – ways to changing circumstances, such as varia-
tions in market prices. Such prices act as a regulator in the sys-
tem: for the input of devices, for the processes performed, and 
for the output of components. 

Concerning the number of devices entering Agbogbloshie, 
there has been a steady increase over the years, which also has 
its effects in the area itself. In the first years of e-waste activi-
ties in Agbogbloshie, workers had to rely on other activities to 
complement their income. However, with the increase of e-
waste in the area, the big group now relies on the dismantling 
activity as its single way of subsistence. It is thus possible to 
establish a strong relationship between the intensity of e-waste 
processing in Agbogbloshie and the number of electronics dis-
carded in the area.  

Market prices affect which processes are actually per-
formed in Agbogbloshie. For instance, PCBs are stored accord-
ing to different kinds because they vary in price. In turn, the 
workers’ income in Agbogbloshie is dependent on the number 
of devices dismantled and on the prices obtained for the target-
ed PCBs. Thus, the workers’ income, as well as the material 
flow, are directly interlinked with the market prices. This re-
sults in a non-linear behaviour. The lack of regulations also 
leads to such behaviour: For instance, the cherry picking prac-
tices are common, in which the PCBs are targeted due to their 
high value on the market. 

Another example that adds non-linearity to this complex 
system is related to the components and materials leaving 
Agbogbloshie. Mobile phone batteries, for instance, usually 
recirculate in second-hand markets and indeed, the vast majori-
ty of mobile phones arriving in Agbogbloshie no longer con-
tains the batteries. As a result, the common practices for the 
dismantling of mobile phones do not involve the extraction and 
monetization of the batteries, since the workers do not have 
regular buyers for them. Thus, whenever a mobile phone ar-
rives with a battery, it is often simply discarded on the site and 
falls out of the system. This exhibits another potential chaotic 
behaviour in the CAS. The connection with the market is clear: 
if there are no defined buyers, the components remain in the 
scrap yard.  

Computer chassis are another example that illustrates how 
the market prices act as a regulator in the CAS. Computer chas-
sis have low prices in comparison with PCBs and thus, often 
remain in the scrap yard because of the lack of buyers. This 
leads to uncontrolled accumulation of materials in the system, 
which adds an additional component of unpredictability to the 
system, as there are no defined input/output pathways for these 
materials. 

The discussed examples demonstrate clearly that market 
prices act as a regulator in the dismantling of electronics in 
Agbogbloshie, both for the input of devices and the output of 
components and materials. The amount of electronics arriving 

at the site directly affects the behaviour of agents in the system. 
The buyers interested in specific components determine what 
goes out of Agbogbloshie via “semi-controlled” pathways. 
Everything in between (e.g. the accumulation of materials that 
is not of interest for the market) adds unpredictability to the 
system, which may lead to further instability and chaos. 

C. Emergence 

The outcome of a CAS is the result of the combined agents’ 
behaviour, resulting in its emergent property. In Agbogbloshie, 
this became clear in the way each activity is organized, and its 
connection to other activities in the e-waste management sys-
tem. 

The activity of dismantling electronics does not happen in 
isolation. Instead, workers organize themselves mostly through 
groups to conduct their work, such as the mentioned big group 
and small group. In addition, the GASDA represents a kind of 
self-organization mechanism in the system, because workers 
need to be members of it in order to be able to work in Agbog-
bloshie.  

Activities within the same group often do not have a clear 
division of tasks: all workers can scavenge and dismantle the 
several kinds of electronics they find. Therefore, there is no 
real control of the activities performed, and the workers dis-
mantling e-waste are in a constant state of self-organization and 
emergence. 

A further aspect of emergence in the system is represented 
by the way the agents that dismantle e-waste interact with other 
agents. Since the activity does not happen in isolation, the 
workers performing the dismantling interact with other agents 
that are directly related to their work (e.g. consumers of elec-
tronics at the disposal stage, companies performing further pro-
cessing). These, in turn, interact with agents that are directly 
related to them, creating a chain in this CAS. Thus, the e-waste 
management system emerges and is maintained by the connec-
tion among several agents, and their respective activities.   

D. Feedback loops  

A CAS exhibits two kinds of feedback loops: negative and 
positive ones. A negative feedback loop refers to a mechanism 
that corresponds to a certain deviation in the system to bring it 
back to, or towards, its equilibrium. A positive feedback loop, 
on the opposite, denotes a disturbance that drives the system 
beyond the initial state of equilibrium [23]. 

Defining an initial state of equilibrium for the e-waste man-
agement system in Ghana is difficult, and it is hard to assess 
whether the system has ever been in such a state. However, on 
first order, one could define a state of equilibrium by requiring 
that the number of materials and agents in the system were 
constant. More specifically, for a given time, the amount of e-
waste entering the system would have to be equivalent to the 
amount of materials leaving it (either as recycled materials or 
as components forwarded to be recycled outside of the system). 
In addition, the amount of agents would have to remain con-
stant, which means that the number of agents coming into the 
system would have to be the same as the number of agents that 
leave the system. 



By applying this simplified definition of an equilibrium 
state to my investigations on the e-waste dismantling in 
Agbogbloshie, it becomes clear that the system is currently not 
in equilibrium. This is valid for both the flow of materials and 
the number of agents involved.  

The flow of materials in Agbogbloshie is an example of a 
positive feedback loop. This can be seen, for instance, by the 
fact that the most profitable components (PCBs) are primarily 
targeted, while others are often inappropriately disposed of as 
waste. This drives the system away from a state of equilibrium 
since certain materials tend to accumulate in the system. 

The amount of agents entering Agbogbloshie is another ex-
ample of a positive feedback loop, which is manifested by an 
increasing population density in the area, through waves of 
rural and urban migration. Such growth in the number of work-
ers drive the system beyond its normal operating parameters 
and represents a source of instability.    

In this regard, it is worth to highlight that the concept of 
equilibrium is solely stating that the parameters (here agents) 
that determine the state of a system are interacting in such way, 
that the system remains in the same state over time. Equilibri-
um does not mean that a system is not imposing negative im-
pacts on itself or on connected systems. As such, it is possible 
to have a system that is in equilibrium, yet generating signifi-
cant environmental and social impacts. Nonetheless, a state of 
equilibrium is usually preferable to a state of non-equilibrium, 
since such systems are easier to be managed and improved be-
cause the outcomes are to some extent more predictable. 

VII. CONCLUDING REMARKS 

The e-waste management in Ghana is a system with a varie-
ty of agents involved. These adapt according to the circum-
stances and interact with one another in complex ways. In this 
paper, I have focused on one of the involved activities, namely 
the dismantling of electronics. Based on empirical data collect-
ed in Agbogbloshie, I showed that the system faces a series of 
challenges that go beyond technical ones. 

The activity of dismantling e-waste in Agbogbloshie is as-
sociated with severe environmental and social hazards. Work-
ers are faced with very poor working conditions: lack of ergo-
nomics, proper tools, and PPE have been evidenced. In addi-
tion, they have direct contact with dangerous chemicals on a 
daily basis, which imposes serious health risks. The improper 
processing of e-waste results in the release of toxins and pollu-
tants, and causes significant environmental hazards in the air, 
soil, and water streams. 

In addition, the collected data gives insights into the con-
nection of the e-waste management system in the end-of-life 
phase with respect to other product life cycle phases. For in-
stance, it was shown that the design of devices directly influ-
ences the way electronics are dismantled. This demands from 
the agents the ability to adapt to changing circumstances. 

Market prices for devices and components play an im-
portant role in regulating activities in Agbogbloshie. As such, 
market prices are connected to the non-linearity property in this 
system: both related to the input of devices and to the output of 
materials and components.  

Further, the e-waste processing in Agbogbloshie is directly 
connected to the consumption phase, since the amount of elec-
tronics consumed has a direct impact on the number of devices 
that enter Agbogbloshie. This, in turn, impacts the intensity of 
the dismantling activities. In the same line, the recycling phase 
is also affected by the market prices: the interest of buyers in 
specific components for material recovery impacts on the out-
put of materials from the scrap yard. 

The organization of activities through diverse groups repre-
sents a property of emergence in this CAS. The flow of materi-
als, as well as the migration of workers from rural and urban 
areas to Agbogbloshie, functions as a kind of positive feedback 
loop, driving the system beyond equilibrium.  

Based on these findings, I argue that it is of crucial im-
portance to further explore the complex behaviour of agents in 
Agbogbloshie – as well as the interactions and interdependen-
cies among them – in order to improve the e-waste manage-
ment in Ghana.  

E-waste management varies considerably, depending on a 
multitude of aspects – such as economy, environmental aware-
ness, consumption patterns, etc. – and cannot be fully under-
stood by focusing on only one aspect. The CAS theory consid-
ers the diversity of activities and behaviours of agents in a sys-
tem, as well as their interconnections. It is, therefore, a power-
ful tool to target different settings such as the one of this study. 

The application of the theory of CAS as an analytical tool 
has revealed unprecedented and detailed insights into the char-
acteristics and behaviours of workers dismantling e-waste in 
Agbogbloshie. In addition, it has resulted in improved 
knowledge of their relations with other agents in the system.  

My findings show that the dismantling of electronics in 
Agbogbloshie is part of a complex system, with agents interact-
ing in a variety of ways. This system has several properties 
associated with CAS, such as adaptation, non-linearity, and 
emergence. Understanding these properties – and their connec-
tions – is indispensable when aiming for improvements in the 
system. 

The challenges of e-waste management in Ghana have deep 
roots on social injustices and underlying causes. Nevertheless, 
the CAS theory has enabled me to explore the present scenario 
and brought further knowledge on why the situation has not 
improved over the years. 

I argue that the aim of an e-waste management system 
should be to achieve a sustainable equilibrium: one in which 
the input of devices is equivalent to the output of recycled ma-
terials, with minimum socio-environmental impact. Neverthe-
less, my findings indicate that the system in Ghana is not in 
equilibrium: Instead, it is in a state of constant adaptation to the 
changing circumstances.  

In order to move towards a sustainable equilibrium in such 
a system, efforts should first tackle its most unstable and chaot-
ic components. In Agbogbloshie, one of the most pressing is-
sues identified was, that the workers dismantling electronics 
primarily focus on the most valuable materials, while the least 
valuable are often ignored. The application of CAS has helped 
to identify some of the crucial issues related to the processing 
of e-waste in Agbogbloshie. Furthermore, it has enabled to 



explore the complexities among agents involved in the e-waste 
management system in Ghana. These results will be useful for 
future investigations and should be helpful to find solutions 
that lead to a more sustainable and balanced environment, 
which will ultimately improve the socio-environmental and 
socio-economic circumstances in Agbogbloshie. 
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Abstract—Millennials and post-millennials often grow up dis-
connected from food preparation despite the indicator of self-
preparing meals being the strongest single indicator for long-
term health. Up to now, our higher education system had
struggled with implementing projects that help students overcome
this disconnection and thereby teach them holistic approaches
spanning multiple disciplines, which could also benefit their
future careers. We conducted a multidisciplinary pilot between
computer science and hospitality management within a senior
design project class and service learning capstone class on
food sustainability that implemented two versions of a resilient
smart garden to compare their yield to hand-watered growing
boxes. In this paper, we report on the set-up, discuss lessons
learned from the pilot, and project future scenarios leveraging
the sustainability transformation mindset principles that support
transitioning towards teaching sustainable livelihood with the
support of ICT.

I. INTRODUCTION

Millennials and post millennials often grow up disconnected
from food sourcing and preparation despite the indicator of
self-preparing meals being the strongest single indicator for
long-term health [19] and food sourcing having a significant
impact on fruit and vegetable intake [22], [14], [13], [23],
[32]. Up to now, our higher education system had struggled
with implementing projects that help students overcome this
disconnection and thereby teach them holistic approaches
spanning multiple disciplines, which could also benefit their
future careers. Growing food can help students connect to
where food comes from while impacting their health and the
health of the environment. However being able to grow quality

food requires proper gardening techniques, In this study we
focus on teaching students adequate watering practices for
home gardening. Caetano et al. [4] (p. 566) state, “too little
water will retard plant growth and reduce quality, while too
much will leach fertilizers and reduce aeration”. Adequate
watering dictates the quality of the harvest, which is why we
try to facilitate it by an automation that protects the user from
overwatering (wasting resources) and protects the plants from
drought.

To reduce an individual’s outdoor water usage, researchers
and practitioners have developed automated watering sys-
tems [4], [9]. However, there have been no scalable, affordable,
or easily replicated solutions for people at home who lack
technological skills. There are larger scale approaches for
trying to grow food in the desert that need more public
engagement though, so exposing students to this topic in a
drought-prone region is beneficial [17].

Therefore, the purpose of this project is to engage millen-
nials in growing food and thereby using this fresh whole food
at home as well as to address the issue of food security on
campus. The long-term goal of the project is to address food
security issues related to lack of access and utilization. In the
CSU system, one in five students do not have steady food
access, creating barriers to the ability to learn [5]. Access
barriers are a result of a lack affordability and/or ability to find
markets with fresh produce. Barriers to utilization come from
lack of knowledge, skills and/or time to source and prepare
whole food [10]. The immediate outcome of this project
provided fresh nutrient dense whole food to the campus food
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bank as well as introducing students to the taste and possible
use of unfamiliar foods. In the long term, the successful
implementation of the a resilient home gardening system
would address these issues on a larger scale by providing an
easy home gardening system to grow your on produce. An 11
episode cooking intervention, produced by the second author
of this paper, can accompany the garden system to help address
utilization. The 11 episode cooking show addresses barriers of
knowledge, time and skills in short 15 minutes episodes.1

The contribution of the paper at hand is that, based on a
preliminary prototype reported on in [29], we conducted a
multidisciplinary pilot between computer science and hospi-
tality management within a senior design project class and
service learning capstone class on food sustainability that
implemented two versions of a resilient smart garden to
compare their yield to hand-watered growing boxes.

Our Resilient Smart Garden helps to ensure vegetable plants
are not over or under watered. The aim is to find the water bal-
ance to grow the perfect vegetable. It also takes the mandatory
watering out of the users hands and automates watering based
on the moisture of the soil. The Smart Garden takes moisture
and temperature readings to decide if the garden needs more
water. These readings are stored in a database that is accessible
online and can be accessed through PC or mobile smart phone.
The data can be used to further research on the best watering
method that fits for different kinds of plants.

The impact of our work is that the set-up, discuss lessons
learned from the pilot, and project future scenarios leveraging
the sustainability transformation mindset principles can sup-
port transitioning towards teaching sustainable livelihood with
the support of information and communication technology
(ICT).

II. BACKGROUND

A more in-depth treatment of related work for this project
is reported on in detail in [29], and therefore we report only
on the most relevant research closest to our work and forming
the baseline for it.

A. Food Foundations

Food security encompasses the ability of individuals, house-
holds and communities to acquire food that is healthy, sustain-
able, affordable, appropriate and accessible [39].

The pillars for food security indicate how well the system
is taking care of its constituents by assuring food, as a public
good, is accessible, available and utilizable by all citizens
equally. Food insecurity, a household-level economic and
social condition of limited or uncertain access to adequate food
(United States Department of Agriculture) [36], is a global and
national issue. According to the World Health Organization,
Food security is built on four pillars:

1) Food availability: sufficient quantities of food available
on a consistent basis.

2) Food access: having sufficient resources to obtain ap-
propriate foods for a nutritious diet

1http://libbyskitchen.blogspot.com, https://youtu.be/CASHB82Z6B4

3) Food utilization: appropriate use based on knowledge of
basic nutrition and care, as well as adequate water and
sanitation

4) Food stability: must be present “at all times” in terms
of availability, access and utilization.

Food security is a complex sustainable development issue,
linked to health through nutrition or malnutrition, but also
to sustainable economic development, environment, and trade.
Approximately 1 in 9 people on earth are food insecure. In
the United States this equates to 49 million Americans living
in food insecure households [38].

A study by Barthel and Isandahl (2012) found lessons
learned from different historical and cultural contexts (the
Classic Maya civilization and Byzantine Constantinople) sup-
port that urban gardens, agriculture, and water management
contribute to long-term food security for people living in
cities [2].

B. Related work

There are a few commercial-off-the-shelf “COTS” systems
that are available in the market to help gardeners grow plants.
The search led to identifying Edyn Smart Garden System [7]
and GreenIQ Smart Garden Hub [9]. Both tools facilitate
the gardening and irrigation but are not targeted towards
educational use.

There are also a few electronic DIY projects are more
accessible with easily programmable single board micro-
controllers. Daniels [6] offers instructions to make an outdoor
automatic garden watering device using an Arduino UNO that
measures the soil moisture levels and is powered by a 12 V
battery. Aqib [1] presents an advanced automatic watering
garden tutorial that will store moisture, temperature, humidity,
heat index, pressure, and value status into a database. The
controller is powered by a 12 V battery and communicates
with a server locally using an Ethernet Shield. Hamza [11]
provides information on making a temperature data logger
using a hardware clock. The data is stored locally on a se-
cure digital card and does not communicate with a server.
Iseman [12] demonstrates an automatic watering garden using
DIY moisture sensors. Two nails are attached to a wire and
connected to the micro-controller to detect the soil moisture
level by putting a low current through the soil via one nail and
detecting the resistance via the other. The more water in the
soil, the less resistance — and vice versa. The temperature,
humidity, and moisture data is sent through a serial port,
but not stored into a database. The micro controller must be
connected to a computer to display the data.

The Guarduino project [37] in India is most similar in design
to the Resilient Smart Garden. The Guarduino uses a variety
of analog and digital sensors including light, temperature,
and homemade moisture sensors that are all connected to
an Arduino. Similar to ours, one of the goals for this project
was to help with production of food by optimizing the amount
of water delivered to plants when resources are scarce.

All of these projects have similar approaches to implement-
ing an automatically watering garden. Our Resilient Smart
Garden shares some characteristics to minimize water usage
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while maintaining a sustainable environment for the plants.
The main difference is that we perform the moisture sensing
on a plant-specific basis.

C. Previous work

In [29], an extension of the results presented at the LIMITS
workshop 2018 [30], the Resilient Smart Garden project is
set up for the first time in an indoor lab, which allowed for
more controlled variables but also turned it into an artificial
environment with little natural light, thereby artificially tam-
pering with a few variables. Previous iterations of the garden
had shown that it is feasible to water completely automated,
but we didn’t have a comparative study that would show
whether it yielded more or less than a traditionally hand-
watered vegetable garden.

Multidisciplinary research is highly valued by all funding
agencies in theory, and in practice there are many hurdles
that need to be conquered. However, the learning experience
for both sides has been insightful and merits the effort.
Multidisciplinary capstone projects are an easy introduction
to conducting multi- and/or interdisciplinary research but,
because of the higher number of involved people, require even
more organizational overhead. We saw that overhead but still
thought it was a good opportunity to try out the concept and
then decide whether this should be made possible for students
on a wider base or only in special cases.

Our long-term vision is to integrate this with permaculture
principles, where a garden built of plant guilds can foster
human independence from extraneous materials and promises
to deliver the highest harvest yield while making keeping the
grounds sustained [20].

D. Transformation Mindset Tool

Last but not least, we applied the transformation mindset
tool proposed by Samuel Mann in 2017 [16] to further
analyze the opportunity for contributing to ICT4S. Mann et
al. developed a Transformation Mindset [16] as a means to
guide practitioners in becoming a sustainable practitioner as
part of their professional framework of practice and defined
the “Transformation Mindset as a way of thinking that leads to
transformational acts resulting in socioecological restoration”.
At ICT4S 2018, he brought a DIY kit for the tool that he
distributed to conference participants and the first author of
this paper took it back to California and used it with her
students.

III. RESEARCH DESIGN AND METHODS

In the iteration presented in this paper, we added a multidis-
ciplinary research component and teamed up with a hospitality
management professor and her students to set up a comparative
experiment to see whether the automated watering planters
relying on the Arduino board constructions could keep up
with the hand-watered planters by the hospitality management
service learning team.

A. Senior design project course

The senior design project course is a capstone course over
two semesters where students are in teams of three to six
and develop a product from scratch. In the first semester,
we usually follow a more traditional process of requirements
specification, design specification, test specification and im-
plementation. In the second semester we move to an agile
model with several iterations. That way students are exposed to
both common paradigms. In the second semester, students are
allowed to work largely self-directed based on their previous
experience from the first semester. They report back weekly
and we hold reflective meetings to enhance their own analysis
skills and learn from how the project unfolds [18].

B. Service learning course in hospitality management

Students enrolled in a general education capstone course
called “Exploring a Sustainable Food System” are required
to complete 20 hours of service in the community. In this
course, students address food justice in the community. The
Resilient Smart Gardens was one of the projects the students
could choose to encourage home gardening as a means to
increase food access in communities. Three student leaders
were identified and trained to organize the daily watering,
maintenance and data collection of the project. The student
leaders then trained, scheduled and managed the volunteers
while reporting and consulting regularly with the Supervisor
of the project.

C. Experiment set-up

The comparative experiment was set up to find out whether
two planters using two different implementations of the re-
silient smart garden idea could achieve as much harvest as the
two hand-watered comparison planters. To be able to harvest
after only two months, we planted two specific types of kale
and romaine lettuce. It was run using a special soil developed
for needing less water.

In the time line for the semester, the roles, tasks, and
milestones were the following:

• Roles: Supervisor for the computer science students was
Birgit Penzenstadler, supervisor for the hospitality man-
agement students was Libby Gustin, supporting domain
expert for the gardening with the special soil was Chris-
tian Anca.

• Tasks: The computer science students got their implemen-
tations ready to deploy in the garden, the garden expert
delivered the special soil and seedlings2, all teams planted
and put the systems in place, the hospitality management
students watered their planters and took readings of all
water meters (see instructions in Fig. 1, 2), the computer
science students monitored their systems, and we jointly
harvested at the end of the semester.

• Milestones: Planting and deployment on October 10th,
harvest on December 7th.

2The semester was too short too pull the plants from seed and get all the
way to harvest.
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Fig. 1. Protocol A for the hand-watered planters

Fig. 2. Protocol B for the automatedly watered planters

The evaluation compares the amount of harvest across the
planters. Furthermore, we qualitatively explore the lessons
learned.

IV. IMPLEMENTATION AND RESULTS: LEAKS AND
VEGGIES

This section describes the steps we took — application of
the transformation mindset, implementation and deployment,
growing and monitoring, and harvest and results.

A. Application of the Transformation Mindset

As Mann et al. [16] explain: “The mindset can be considered
with a device recognisable to those familiar with software
engineering’s Agile Manifesto — a list of values and attributes
arranged so that each is defined in part by an opposing
value [8]. The agile manifesto structure finishes with ‘that is,
while we value the items on the right, we value those on the
left more’. These things on the right then are not inherently
wrong — we could find people attempting sustainability doing
those things, but we argue that the things on the left are better.”
The Transformation Mindset can be used to consider different
development initiatives.

Students analyzed the application of the Transformation
Mindset principles before they went about the detailed de-
sign and the implementation. We also revisited the principles
afterwards during the reflection phase.

• Socioecological restoration over economic justification:
The resilient smart garden is a low-key, hands-on version
of growing food, useful for communities.

• Transformative system change over small steps to keep
business as usual: The idea of growing their own food
instead of choosing what to buy gives students more
agency.

• Holistic perspectives over narrow focus: The multidisci-
plinary project helps broaden the students’ horizon.

• Equity and diversity over homogeneity: This is also one
of the principles of companion planting in permacul-
ture [20].

• Respectful, collaborative responsibility over selfish oth-
ering: Taking care of fellow students by donating to the
food bank was appreciated.

• Action in the face of fear over paralysis or wilful igno-
rance: Growing food is empowering.

• Values change over behaviour modifications: The project
gave students new perspectives.

• Empowering engagement over imposed solutions: Stu-
dents can choose to grow (at least part of) their own
food.

• Living positive futures over bleak predictions: Students
perceive the opportunity as positive in the face of food
deserts in the local drought-prone climate.

• Humility and desire to learn over fixed knowledge sets:
All setbacks in the project could jointly be overcome.

B. Implementation and Deployment

The computer science students had initial prototypes from
the end of the first semester of their senior design project.
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Fig. 3. Arduino monitoring system: schematic diagram on the left, and with encasement ready to be deployed on the right

However, taking those prototypes out in the wild required more
effort as it turned out they didn’t run stable yet. Furthermore,
challenges were to connect them to a wireless module for data
transmission as well as getting them connected to solar power.
In addition, the databases needed to be set up and connected.
All of this took them several weeks at the beginning of the
semester after the initial two weeks of getting everything back
up and running after the summer break and designing their
individual sprint plan for the semester. Figure 3 shows one of
the two prototypes before deployment “in the wild”.

In the mean time, the supervisors prepared the remaining
time line, purchased required hardware, and organized the
delivery with the domain expert. The hospitality management
students were briefed according to the protocols in Fig. 1 for
the hand-watered boxes and Fig. 2 for the automatedly watered
boxes.

Despite the challenges, we managed to deploy everything on
October 10th with a few software updates over the following
few days, see Fig. 4 for a close-up of box B2, and Fig. 5 for
a closer look at box B1 with all other three boxes lined up
behind and the sign asking to not tamper with out watering
system in the front.

C. Growing and Monitoring

We started monitoring the systems and found a few glitches.
It turned out that one of the systems was overwatering due to a
not well fitting hose connector, see Fig. 7, so a puddle gathered
next to the planter, see Fig. 6, that was pointed out to us by
the service learning student volunteers. We fixed that, but this
prototype (planter B2, Fig. 4) continued to slightly overwater
despite the team repeatedly reducing the watering time. We

Fig. 4. Set-up of the garden experiment with sensors and automated watering

received several emails from the student union sustainability
representative over the course of the experiment asking us to
make sure we are not wasting water. This box did end up using
significantly more water than the other ones.

At the end of the experiment, the B1 automatedly watered
planter used the same amount of water as the hand-watered
planter A1 that had used less water (last readings from
December 5th):

• Hand-watered box A1: 144.2 gallons
• Hand-watered box A2: 280.93 gallons
• Automatedly watered box B1: 143.33 gallons
• Automatedly watered box B2: 1022.25 gallons

While having only two boxes per type does not allow to draw
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Fig. 5. Experiment with warning signs so people don’t take off the hose

Fig. 6. Puddle due to over-watering at the start

Fig. 7. Leaky hose connector with ill-fitting thread

Fig. 8. Harvest on December 7th 2018

general conclusions, we see that there can be water wasted
using either approach and that one of the automatedly watered
boxes and one of the hand-watered boxes using almost the
exact same amount of water (0.9 gallons difference) over the
course of two months.

Box B1, which did well in terms of not overwatering, had
a different problem though caused by the exact setting in the
garden: There was a large tree overshadowing the box for a
large share of the hours the sun was shining on the garden
every day. Therefore, the plants did not grow as well.

D. Harvest and Results

We harvested all grown kale and lettuce on December 7th
and took it to one of the kitchens in the Department of Family
and Consumer Science to clean and weigh the vegetables. In
Fig. 8, box B1 is being harvested by the computer science
students. In Fig. 9, the entire team is standing in the hospitality
management kitchen behind the cleaned produce.

Box Vegetable Weight Number
A1 Kale 4.3 12
A2 Kale 5.4 9
A1 Lettuce 17.4.18 25
A2 Lettuce 17.7.8 22
B1 Kale 1.13.7 15
B2 Kale 1.8.5 10
B1 Lettuce 12.0.8 25
B2 Lettuce 10.06.3 25

TABLE I
AMOUNTS HARVESTED PER VEGETABLE PER PLANTER

The exact amounts of the harvest are listed in Table I.
Overall, the hand-watered boxes delivered more produce. The
number of lettuce heads and kale bunches is in the same
range for all boxes, which means no plants died off after
we planted the seedlings. There is a clear difference in how
well the produce grew though. Both the kale harvest and the
lettuce harvest amounted to significantly less weight in the
automatedly watered boxes. One of the reasons for the lower
amount of B1 could be that this box had less sunlight as
mentioned in the previous subsection. However, as box B2 did
not have that problem but achieved roughly the same amount
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Fig. 9. The entire team with the harvest of the four planters

of harvest, we know that this is not the only and probably
not the strongest influencing factor. Box B2 did receive too
much water and as noted by Caetano et al. [4] too much water
will leach fertilizers and reduce aeration, which could have
impacted the low yields in this box.

After each team member was allowed to take some of the
produce for personal use, we donated the remaining large part
of it to the local CSULB food bank3 for students on campus.
Bringing the fresh produce to the campus food bank was not
only rewarding to the students, it increased their awareness
of the need for healthier food options at food banks as well
as recipe suggestion and cooking skill support. As a result,
all campus garden members are donating fresh produce to the
food bank every 2-3 weeks. Hospitality Management students
are developing simple recipes to use the food, and consulting
with food bank patrons about cooking skills and utilization.

V. LESSONS LEARNED

Around the harvest day, we sent an email to all student
participants to ask for their observations and lessons learned:
What were your major insights from working on the exper-
iment? What were things you did not expect? What would
you do different if you had to do it again from scratch?
What else would you like us to know about your experience?
We collected the answers and analyzed them to improve the
project organization and management for a future replication.

A. Major insights

There were some project management insights, e.g. This
kind of project required contribution from different depart-
ments. Much like in the real world were your assigned a role
in a project, however to continue and complete the project you

3https://www.asicsulb.org/corporate/discover/beach-pantry

must collaborate and communicate with others who might not
being working on the same part of the project.

Several students would have liked to have more in-person
meetings across the disciplines, e.g. Another insight I gained
was that not meeting with people in person weakens commu-
nication.

The hospitality management students reported insights on
growing vegetables: I learned about how much water really
goes into growing vegetables! and I learned a lot about how
to water and how much watering and care it takes to have
successful growth and maintain a garden.

The computer science students reported technical accom-
plishments, e.g. My major insights on the experiment were
the extended capabilities of the Arduino and its ability to be
integrated with other technologies like the ESP 8266 WIFI
module and the SD card reader module. as well as The
understanding of the data sheets and schematics of all the
components really helped when trying to get the system to
function properly. Having the option to solder and learning
how to do so properly, allowed for easier customization of the
system in comparison to using a shield for the Arduino. The B1
team tinkered with their system in creative ways to optimize
the accuracy: Adding resistors to the sensor system helped in
the voltage drop to provide a more accurate reading, yet due
to the complexity of the current being impacted the readings
weren’t as consistent.

There were also a few technical challenges, e.g. It’s also
extremely difficult to use a board like the Arduino and try to
connect to the school’s wifi because of the networks encryption
protocols. Lastly, I learned it is very difficult to do weekly
maintenance, which is probably why a lot of companies don’t
periodically release updates on a weekly basis and more often
do so on a bi-weekly or monthly status.
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B. Unexpected Things

Trouble with the readings on the water meters was reported
by several students, e.g. There were quite a few mishaps with
the water meters. They were very finicky and created a lot
of stress for the project. and One thing I did not expect
was having to deal with the equipment not working properly.
Having a miscommunication in dealing with this was the
biggest set-back for the project by far. I also did not expect
there to be a certain required level of expertise in horticulture
going into the project.

About trying to get ready for deployment, one student
reports: Originally when trying to control the water access
using a solenoid valve, I had multiple attempts soldering
together components to control the valve to open and close
when prompted, which set back the ability to test the watering
schedule.

Furthermore, some of the sensors had problems: We did
not expect to have trouble with the data readings the sensors
provided. When testing the functionality of the sensors with the
Arduino, the readings were accurate to information provided
on the datasheets. When wiring the sensors to the WIFI
modules for the data to be passed and stored on the Arduino
wirelessly, the readings for the soil moisture and UV sensors
were very inaccurate.

The student who tried to solve the over-watering problem
of B2 explained: Some things I didn’t expect to occur was the
constant over-watering. No matter how many times I messed
around with the parameters on when to water the soil around
our planter would remain moist. Even after days where the
garden system didn’t water the soil around the planter never
fully dried. I also didn’t expect to find out that it is impossible
to connect to the school’s wifi. Online there’s all these claims
where people have attempted and been able to do it. But, after
attempting to connect using the same method others claimed
to do online it still proved to not be possible.

C. Do Different in Replication

Students would have wanted to up their gardening expertise
ahead of time, e.g. I would also research more on garden
maintenance and how to properly take care of a garden so
that we could prevent over-watering.

Also, they’d want more interaction, e.g. Cooperate more
with the other groups/departments involved. and I would
have liked to be in more contact myself with the engineering
department about the project. At the same time, several voted
for having a smaller overall team: Too many people have
led to a lack of accountability and many misdirections in
communication. and The number of people involved on the
project should stay a little more limited to ensure more
accuracy and reliability for the project.

The potential communication improvement was best
summed up by this student: If we could start again, I would
have liked to have a meeting with all of the people involved
with the project, and have had one group chat and one email
chain including everyone, always.

There were suggestions for a different technical platform:
If I had to start from scratch again I would definitely choose

the Raspberry Pi board over the Arduino Uno R3 because the
Pi board functions as a computer with a built in module that
would allow the user to log into a network as if the board
was a laptop. Also the Pi is more recommended to use if your
trying to complete a project that is as difficult as ours. Which
required multiple components and communicating with other
embedded systems. Furthermore, the garden setting could be
improved: The plot would have done best in full sun as well as
being deployed in the spring through summer. The placement
of the plants and sprinkler could have been more organized
and dispersed evenly for minimum amount of watering with
maximum crop growth.

D. Overall Experience
Student valued the project management experience (It was a

good chance for me to learn more about how to lead a project
and how to effectively deal with people and management.), the
horticulture learning experience (I also learned more about
how to take care of crops which can help me develop my
own garden eventually.), and reported that they enjoyed being
around like-minded people (It was nice to work with people
who are devoted in lessening our water usage and improving
water efficiency.).

One student pointed out the option of doing the experiment
at home to save mileage: This kind of project would be better
if the student was allowed to complete the project in one of the
group members home. The reason is because it would allow the
group to monitor the garden on a daily basis without having to
drive to school especially if they live far away. There wouldn’t
be any issues with the wifi regardless of what board the group
uses because the user has complete control of their network.

All students gave us positive feedback about the experience,
for example The experience as a whole was very rewarding.
as well as Overall, it was fun visiting that part of the campus
and communicating with the various people involved with
this project. Finally, several students expressed gratitude, for
example I really enjoyed being apart of something and seeing
it grow. Working with Claudia and Julio was great. I feel
grateful Libby trusted in us and gave us the opportunity to
help run this project.

VI. DISCUSSION OF LIMITATIONS

We seem to have run into a few classic problems of ICT4S
in student and researcher projects — timescales of production
are out of line with timescales of development; low-cost
sensing is not robust for the environment and application; data
accuracy is questionable for low-cost devices due to factory
calibration (or lack thereof); and so on. We are not the first
ones to experience these: Peter Lyle and colleagues reported
on similar ones [15] where they conducted a study using
ethnographically oriented methods of participant observation
and semi-structured interviews in a community garden in the
city of Brisbane in Australia. They confirm Odom’s [28]
findings, who points out the potential value that could be added
by improving the visibility of urban agriculture projects.

There is a reasonable argument to be made about whether
technology should even be trying to facilitate these small com-
munal agricultural efforts, as put forth, for example: “Mate,
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we don’t need a chip to tell us the soil’s dry”, by Odom [27],
and others on a more general level on when the implication
is not to design [3]. We strongly agree with those notions
and see that the strongest reason for doing this project was
to check the feasibility of having a multidisciplinary project
across campus with quite a variety of stakeholders involved.
In a next step, we would be approaching a local community
to observe and learn and see where and how we can support
by adapting technology to their needs. Granted, that is limited
by the limited success our experiment was able to contribute.

Lastly, while we were enthusiastic about applying Mann’s
Transformation Mindset Principles during the inception phase
of the project and reflected on them later on, we do see that
the implementation falls short in terms of answering the bigger
questions that inspired Mann’s work. This could be mitigated
in the future by developing an instrument that helps to tie the
results of a project back into a debrief of the experience that
includes a reflection of the Transformation Mindset Principles.

VII. FUTURE WORK

We used Mann et al.’s [16] sustainability transformation
mindset as inspiration to draw a couple of scenarios building
on what we did this semester. All of these scenarios have the
common goal of developing and designing sustainable food
systems [31].

A. Community garden replication

We are aiming for a replication in a Long Beach community
garden, where we can interact with the general public and
build further bridges between the university and parts of the
local community that are not necessary likely to interact much
with academia. While we would have wanted to replicate the
experiment this year in the garden where the first run was
conducted, the CSULB university garden will unfortunately
be taken out in its current form for a new building and the
future location is unclear at this point. We are currently in
negotiation for the future plot.

B. Companion planting design help

In a related project, we would like to further the devel-
opment of a companion planting composer software [26],
[25] for capturing native, local knowledge (“the wisdom of
the community”). Permaculture practitioners hold a lot of
knowledge and it takes a lot of time and dedication for
beginners to get to a level where they can comfortably design
their own gardens. Supporting software systems could ease
that learning curve for permaculture design.

C. Cooking app collaboration

In further future collaboration with hospitality management,
we envision a cooking class supported by app development
where cooks could capture their own recipes and have an
educational platform helping them improve their skills and get
feedback from each other. This collaboration faces the same
time management challenges as the last one, as class times are
prescribed by administration and instructors have little leeway

for arranging additional mandatory meetings. Consequently, it
will take a few strongly motivated and dedicated students to
enable an exploration of this cross-departmental development
and implementation.

VIII. CONCLUSION

In this paper, we reported on the set-up, discuss lessons
learned from the pilot, and project future scenarios leverag-
ing the sustainability transformation mindset principles that
support transitioning towards teaching sustainable livelihood
with the support of ICT. We harvested a significant amount of
kale and lettuce, despite the fact that the automatedly watered
boxes yielded less harvest than the manually watered ones.

While we consider the conducted action research successful
in terms of experience, insights and lessons learned for all
participants, we also take a critical look at the research. In
the discussion of “undesigning” [33] and critiquing techno-
solutionism [21], [34], we can ask whether we shouldn’t just
hand-water vegetables in a personal garden anyways. In our
case the potential impact for education and the opportunity for
a cross-university collaboration was the more important factor
— and a collaboration between a computer science department
and a family and consumer science department requires some
technology to be involved.

Broadening to a wider perspective, we should also ask
“What if sustainability doesn’t work out?” [35] and work
more towards resilient community building that can cope with
limited resources [24].
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Abstract— As ICT impacts dramatically on the sustainability of 

the world and of individuals, both positive and negative, there is 
an urgent need to educate Computer Science students about Sus-
tainability.  This paper assesses the experience of a project to 
introduce new University students in a Computer Science de-
partment to concepts of sustainability.  It describes the team pro-
ject approach used during the first few weeks of a student’s time 
at the University of the West of England and the standard tem-
plate for sustainable technology proposals. It reviews the learning 
from five years of the programme and engagement of over 250 
students.  

The programme has received positive student feedback and 
broadened the sustainability awareness of students.  It has be-
come an opportunity to introduce all new students in the depart-
ment to the United Nations Sustainable Development Goals.  The 
programme has shown reduced levels of student engagement in 
recent years and the paper explores some of the reasons for this.  
Overall, the programme makes a positive contribution to 
achievement of the University’s sustainability policy and supports 
the requirements of the relevant professional body and the UK 
Quality Assurance Agency.) 

Index Terms—ICT4S, Sustainability, Computer Science, 
Education for Sustainable Development, ESD, SDG 

I. INTRODUCTION  
There is an urgent global problem with the unsustainable 

burden that our economies and lifestyles place upon the planet.  
This existential crisis is at its most threatening in the form of 
climate change where the difference between an average of 1.5 
degree C warming and 2 degree C might increase “the number 
of people both exposed to climate-related risks and susceptible 
to poverty by up to several hundred million by 2050 (medium 
confidence)” [1, p. 11].  There are other planetary limits where 
we have already exceeded safe thresholds and are at risk of 
exceeding others [2].  In addition to these environmental 
threats, society also faces social and economic pressures from 
unsustainable development.  Whilst political and practical re-
sponses to these threats are frustratingly slow, there is some 
reason for hope in the form of the United Nations Sustainable 
Development Goals (SDGs), agreed by 193 countries in Sep-
tember 2015 [3].  These 17 goals set out a vision of the sustain-
able world we want by 2030.    

Information and Communication Technologies (ICT) are a 
documented contributor to unsustainable development, for in-
stance, responsible for roughly 2-4% of global Greenhouse Gas 

(GHG) emissions [4] [5].  However, ICT solutions also have 
the potential to enable GHG reductions in a variety of applica-
tions across the economy [6].   

In the United Kingdom, many students arriving at Universi-
ty for their first year of undergraduate CS courses have a low 
awareness of the impacts of ICT on sustainability – negative or 
positive [7].  These are issues that they will face very directly 
in the course of their professional careers, so there is a respon-
sibility on Computer Science (CS) departments to ensure these 
students have opportunities to engage with and learn about 
sustainability. 

This paper explores the policy and curriculum context for 
sustainability in CS courses.  It also describes the process and 
experience of introducing new CS students to sustainability in a 
project which has been running at the University of the West of 
England Bristol (UWE) for five years.  UWE has a strong 
commitment to Education for Sustainable Development [8] [9] 
[10] and the Induction project is just one of a range of interven-
tions to engage CS students with sustainability. 

II. POLICY AND CURRICULUM CONTEXT 

A. Definitions of Sustainability 
1) Sustainability: a contested word in ICT 

The very term ‘sustainability’ is a contested word in the 
ICT context.  Some uses of ‘sustainability’ in computing jour-
nals refer to ICT providing a sustainable competitive advantage 
for an organisation.  Sustainability is understood as relating to 
the provision of the required technology platforms and having 
the staff with the right skills to develop and maintain applica-
tions [11] [12].   

Increasingly papers in this field are using the term ‘sustain-
ability’ to refer to broader concepts of environmental, social 
and economic sustainability in the wider economy and ecosys-
tem. There is a need for research of this change in usage   This 
is consistent with the common usage of sustainability as a syn-
onym for sustainable development.  The most widely cited def-
inition of sustainable development is development which 
“meets the needs of the present without compromising the abil-
ity of future generations to meet their own needs” [13, Sec. 
Summary para 27]. 

 
2) Sustainable Development 

In September 2015, the 193 countries in the United Nations 
adopted the Sustainable Development Goals (SDGs) [3].  



 
Fig. 1. The United Nations Sustainable Development Goals [3] 

 

These 17 global goals are shown in figure 1.  The goals consist 
of 169 specific targets to be achieved by 2030 or earlier.  The 
17 SDGs are quite generic and it is at the level of the targets 
that practical action can be mobilised and achievement meas-
ured. 

An example of one of the goals is SDG4 “Ensure inclusive 
and equitable quality education and promote lifelong learning 
opportunities for all” [3, p. 14]  and an example of a target 
within this is SDG4.7 “By 2030, ensure that all learners acquire 
the knowledge and skills needed to promote sustainable devel-
opment, including, among others, through education for sus-
tainable development and sustainable lifestyles, human rights, 
gender equality, promotion of a culture of peace and non-
violence, global citizenship and appreciation of cultural diversi-
ty and of culture’s contribution to sustainable development” [3, 
p. 17].  This places a clear responsibility on the education sec-
tor to deliver achievement of this target through Education for 
Sustainable Development (ESD). 

3) Sustainability and the Global ICT Industry 
Significant sections of the ICT industry have recognised the 

responsibility of the industry for sustainability and the market 
opportunity for ICT solutions delivering sustainability benefits.  
The Global e-Sustainability Initiative (GeSI) [14] is a case in 
point.  Formed in 2001 it is an industry funded body which has 
campaigned to promote the benefits the ICT industry can deliv-
er towards sustainability.  Their most high-profile reports have 
been Smart 2020 [15], Smarter 2020 [16] and Smarter 2030 
[17] which describe and estimate the sustainability benefits 
from ICT implementation. 

GeSI’s website lists over 50 members and partners but the 
terms of membership make it clear that members are compa-
nies in the communication network industry.  Whilst GeSI 
states that it is a source of impartial information, it is funded by 
ICT industry members with membership fees of 30,000 USD 
per year [18]. 

The Smarter 20nn series of reports have recognised the 
GHG impact of ICT use with estimates ranging initially from 
2.7% of global emissions by 2020 [15] later reducing to 1.97% 
by 2030 [17].  However, the latest report claims that “ICT solu-
tions can help cut 9.7 times more CO2e than they emit” [17, p. 
18]. This claim is based upon the impact modelling work car-
ried out by Accenture for the report.  Their model uses a rather 

basic approach to estimating the drivers and impacts, potential-
ly with wide, but unspecified, uncertainty.  More recently, 
Bieser and Hilty, published a systematic literature review of the 
methods used in studies estimating the indirect environmental 
effects of ICT systems e.g. reduction in transportation GHG 
emissions.  They identify 15 different methods in 54 studies 
[19].  These vary in sophistication and focus.  Most of the stud-
ies focus on changes to the processes of production and fail to 
account for potential changes in consumption arising from the 
ICT implementation. Hence these studies omit a potentially 
significant driver of environmental impact and only partially 
address the agenda of SDG12 - Responsible Consumption and 
Production. 

Other global bodies have also highlighted the sustainability 
benefits that ICT can deliver [20].  Many global ICT industry 
companies have had long running campaigns on this theme 
with straplines such as IBM ‘Smarter Planet’, Philips ‘Better 
Me, Better World ’, Huawei ‘Green World’, SONY ‘Road To 
Zero’, O2 ‘Think Big’ and CISCO ‘EnergyWise’.  These or-
ganisations see the story of ICT and sustainability as a business 
opportunity and source of positive corporate reputation.  Glob-
ally, the Technology, Media and Telecommunications sector is 
amongst the top five sectors for rates of corporate responsibil-
ity (CR) reporting [21]. 

It has been left mostly to NGOs to point out the negative 
sustainability impacts of ICT including the dirty cloud cam-
paign of Greenpeace [22] and the working conditions cam-
paigns of China Labor Watch [23] and GoodElectronics [24].   
There is also an emerging body of academic analysis of the 
impact of ICT systems on the SDGs in specific sectors e.g. 
Cancer Care Informatics [25].  

The reality of ICT impacts on sustainability mean that in-
dustry employers are looking for staff with an understanding of 
sustainability.  This is consistent with reports anticipating 
growth of ‘Green Jobs’ [26]. This is an industry pull factor 
shaping expectations of sustainability content in CS courses. 

B. Teaching Sustainability 
1) Sustainability in CS Curricula – United Kingdom. 

In the United Kingdom, standards for Higher Education 
courses are set and monitored by the Quality Assurance Agen-
cy for Higher Education (QAA).  The QAA publish Subject 
Benchmark  statements for specific course domains which de-
scribe “what graduates might reasonably be expected to know, 
do and understand at the end of their studies” [27, p. 1].  So a 
key question when designing delivery of ESD in a CS course is 
what is required by the Computing Subject Benchmark State-
ment [28].   

There is very little explicit content on sustainability in the 
20 page QAA Computing Subject Benchmark Statement. It 
states that Computing graduates “create social and economic 
value by building secure, reliable and usable systems” [28, p. 
7] completely omitting any reference to environmental value.  
The document groups the skills expected of Computing gradu-
ates under three headings: computing-related cognitive skills, 
computing-related practical skills, and generic skills for em-
ployability.   



Computing-related cognitive skills include “recognise the 
professional, economic, social, environmental, moral and ethi-
cal issues involved in the sustainable exploitation of computer 
technology and be guided by the adoption of appropriate pro-
fessional, ethical and legal practices” [28, p. 10].  ‘Recognise’ 
and ‘be guided by’ are surprisingly weak statements compared 
to the ‘use’, ‘deploy’ and ‘analyse’ written in some of the other 
cognitive skills statements. 

Computing-related practical skills include “the ability to 
recognise any risks and safety aspects that may be involved in 
the deployment of computing systems” and “The ability to 
evaluate systems in terms of quality attributes and possible 
trade-offs presented within the given problem” [28, p. 10]. If 
these are well-taught, they will encompass sustainability risks 
and trade-offs. However, the phrase ‘within the given problem’ 
is troubling as many sustainability impacts occur outside of the 
narrowly defined scope of an application. 

The last item on the list of generic skills for employability 
does include the broader statement “Sustainability: recognising 
factors in environmental and societal contexts relating to the 
opportunities and challenges created by computing systems 
across a range of human activities” [28, p. 11].  Once again, 
this is a weak ‘recognising’ when other skills include ‘con-
struct’, ‘work unsupervised’ or ‘make best use of’. 

There is a later blanket statement that student learning 
should be in “the context of social, ethical, legal, professional, 
environmental and economic factors relevant to Computing” 
[28, p. 12] but this is also a fairly nebulous requirement.   

The Subject Benchmark Statement divides Computing into 
“Computer Science, Computer Engineering, Software Engi-
neering, Information Technology, and Information Systems”.  
In the page of definitions of these disciplines, only Information 
Systems contains the comment ”including societal and envi-
ronmental issues” [28, p. 8].  By implication societal and envi-
ronmental issues are not included in the other four disciplines. 

On balance the QAA requirements regarding sustainability 
are minor and weak in comparison to other content.  However, 
the statement does note that for a prescriptive body of 
knowledge reference should be made to the Association of 
Computing Machinery (ACM) curricula.  This ACM curricula 
will be reviewed for sustainability content in a subsequent sec-
tion of this paper. 

It is surprising that the Subject Benchmark Statement is 
weak on sustainability, given that the QAA together with the 
HEA had two years earlier published “Education for sustaina-
ble development: Guidance for UK higher education providers” 
[29].  The document is “intended to be relevant to educators in 
all disciplines wishing to embed or include learning about sus-

tainable development within their curricula” [29, p. 2].  The 
guidance includes a set of 38 graduate outcomes expected from 
ESD (pages 10 -12).  CS course designers should be encour-
aged to check that their programmes will give students the op-
portunities to achieve these outcomes. 

In the United Kingdom, some CS courses are also accredit-
ed towards membership of the professional body known as 
BCS, the Chartered Institute for IT.  The BCS publish a 43 
page document of Guidelines on Course Accreditation [30].  It 
complements and refers to the QAA Computing Subject 
Benchmark Standard.  The Guidelines are also weak on sus-
tainability.  There is a statement that “Programmes seeking 
accreditation must cover and assess the legal, social, ethical, 
and professional issues (LSEPIs) relating to computing” [30, p. 
16].  “Environmental and sustainability aspects” only merit 
inclusion as one bullet point in a list of ten examples of 
LSEPIs. In the whole document, of six references to ‘environ-
ment’ only this one has the ecological meaning.  The other ref-
erences are to technical computing contexts.  Somewhat more 
encouraging is that the guidance that LSEPIs "should be specif-
ically detailed in the syllabus" [30, p. 17], not left to discretion 
or optional modules. 

Academics in Higher Education cannot assume that stu-
dents will come with an awareness of sustainability from pri-
mary or secondary schooling in the UK.  UNESCO’s report on 
ESD in the UK notes that “Since the election in 2010, the gov-
ernment emphasis on sustainable development has been re-
duced, and climate change is not the strong driver it was” [31, 
p. 17].  The Environmental Association of Universities and 
Colleges was amongst many signatories of a letter calling on 
the Secretary of State for Education to “keep sustainability in 
the National Curriculum objectives” [32] in response to a con-
sultation questioning its status. A survey of first year under-
graduate Computing students showed that 54% of the respond-
ents did not believe that their subject had "any potential impact 
to any area of sustainable development - environmental, social 
or other" [7]. 

2) Sustainability in CS Curricula – Global. 
The global statement of curricula for CS is published by a 

joint task force of the ACM and IEEE. The latest version is 518 
pages [33] and once again is disappointingly light on sustaina-
bility.  The body of knowledge does contain an attribute 
“SP/Sustainability” within the Knowledge Area “SP - Social 
Issues and Professional Practice” [33, p. 203].  This merits just 
one hour of Core-Tier 1 time and one hour of Core-Tier 2 time.  
Out of a combined total of 308 hours this demonstrates very 
little regard for sustainability. 



 
Fig. 2. Programme SDG map [36, p36] 

Another global guide to which CS course designers may re-
fer is the Skills Framework for the Information Age (SFIA) 
which is now in version 7 [34].  This does have a skill SUST 
defined as "The provision of advice, assistance and leadership 
to enable the organisation to minimise negative environmental 
impact" [34, p. 46].  Note that this is defined entirely in nega-
tive terms.  There is no mention of the positive environmental 
impacts and the statement is also weak on social aspects of 
sustainability. The SUST skills are only prescribed at levels 4, 
5 and 6 so are not expected of lower level staff.  The word ‘sus-
tainability’ is used 25 times in the 134 page document but most 
uses imply the meaning of maintainability of systems. 

Overall, the United Kingdom and Global curricula for 
Computing offer little support or weight to coverage of sustain-
ability in courses offered by CS departments.  This is surprising 
given the emphasis placed on sustainability by ICT industry 
bodies and employers. 

3) Education for Sustainable Development – Institution 
Context 

Although the National and Global CS curricula offer little 
encouragement to the Department of Computer Science and 
Creative Technologies, there is strong encouragement towards 
ESD at an Institution level from UWE Bristol.  This includes a 
dedicated staff lead, a cross university knowledge exchange 
group, published ESD policies, annual reports and a parallel 
commitment from the Students' Union [8]. The institutional 
context is more fully described in Longhurst et al (2015) and 
Gough and Longhurst (2018). UWE Bristol has a stated vision 
for ESD that "By 2020, all staff and students will be familiar 
with the UN SDGs and have an awareness of their relevance to 
the individual’s own discipline." [35, p. 8]. As part of this 

commitment, all departments are mapping their programmes of 
study to identify their coverage of the UN SDGs. An SDG map 
for one of the programmes in the Department of Computer 
Science and Creative Technologies is shown in figure 2 [36, p. 
36].  UWE Bristol's five stated Graduate Attributes [37], col-
lectively describe  a sustainability literate graduate.    Therefore 
there is an emphasis on activities for students to develop these 
attributes, whether in formal teaching or extra-curricular oppor-
tunities.  

4) Teaching Approaches for ESD in CS 
Given the strong Institutional encouragement for ESD but 

weak subject curricula, it is useful to review the literature on 
ESD teaching approaches for CS.  Searches were carried out 
using the terms (sustainability AND computer science AND 
Teaching) and separately (ESD AND computer science) using 
the SUMMON library search. The terms were narrow to max-
imize relevance. SUMMON was used because it offers wide 
literature coverage and fewer spurious results than Google 
Scholar [25].   

Recognition of employability as a key driver for teaching 
sustainability to CS students was reported by Gordon et al [38] 
with a key choice whether to embed the topic across the CS 
programme or segregate it to a separate taught component. 

The segregated approach was described in the design of a 
Green Computing module at RMIT University [39] and Uni-
versity of Coventry [40].  Hamilton discusses the design of a 
teaching module specifically covering Green Computing in her 
brief paper on "Learning and Teaching Computing Sustainabil-
ity". This includes students using single board computers to 
gather data on 'Green Variables" such as "power usage for 
lighting and computers, air quality, actual paper usage" [39, p. 



338].  Payne describes a group-work activity for second year 
Computing students to recommend sustainability tips for a fic-
tional IT organisation. The approach adopted by Coventry Uni-
versity at that stage was to include sustainability as a separate 
work package rather than embedded throughout the Computing 
curriculum. It was noted that this approach experienced poor 
student engagement. 

The embedded strategy is discussed in approaches to incor-
porate Sustainable ICT topics in the Innovation and Technolo-
gy Management MSc at Bath University [41]. In this paper, 
Cayzer emphasizes an approach which focusses on students 
responding to the constraints which sustainability will place on 
their future projects such as legislative drivers and energy effi-
ciency targets, rather than debating the science of climate 
change. 

In their study of 80 ICT program students at the University 
of Zurich (UZH) and KTH Stockholm (KTH) who covered a 
sustainable development topic in their dissertation, Hilty and 
Huber found a set of five teaching themes which most motivat-
ed the students  

• “A conceptual framework of positive and negative 
impacts of ICT on SD.  

• Real-life reports on the recycling of ICT hardware, 
with a focus on informal recycling in developing 
countries. 

• Real-life reports on using ICT to reduce green-
house gas emissions, for example, by videoconfer-
encing. 

• Statistical data on the total material demand of 
modern economies.  

• Historical evidence for rebound effects" [42, p. 
651]  

Extra-mural approaches can also make a significant contri-
bution to students’ appreciation of sustainability.  This is re-
ported within the context of Bristol's year as European Green 
Capital, during which the two Universities in Bristol supported 
engagement of students with the city community through vol-
unteering, placements / internships and projects [43] 

C. Sustainable Technology Proposal Induction Project 
The Department of Computer Science and Creative Tech-

nologies (CSCT) at UWE Bristol has included sustainability 
content in its programmes for many years.  Most notably in the 
Community Action and Knowledge Exchange (CAKE) pro-
jects where final year undergraduate students work in teams to 
deliver digital technology projects for community organisations 
[44].  There are good examples of embedding sustainability 
throughout the curriculum such as using local air quality da-
tasets in coursework for data handling topics.  The department 
has mapped one of its programmes, BSc Information Technol-
ogy Management for Business, towards the SDGs and shown 
good levels of coverage across the programme [36, p. 36] as 
shown in Appendix 2.   

However, there was not a taught component which explicit-
ly introduced concepts of sustainability. So in 2013 CSCT 

made a decision to add sustainability content to the Induction 
week in order to raise the sustainability awareness amongst the 
whole cohort of new students. A Sustainable Technology Pro-
posal Induction Project was designed for its first run in Sep-
tember 2013.  It was led and delivered by Ian Brooks who was 
employed by UWE Bristol on an Environmental Innovation 
support programme.  He had previously worked on Green IT 
for IBM including as IBM’s Sustainability Leader on their IT 
outsourcing programme at Defra (UK Department for Envi-
ronment, Food and Rural Affairs). Martin Serpell, an estab-
lished Senior Lecturer in CSCT jointly authored and delivered 
the talks. 

The project included a one hour talk on the sustainability 
impacts and benefits of ICT [45] for new CS students in Induc-
tion week (w/c 16 Sep 2013) and a 20 minute version for 
Games Technology and Music Technology students.  This talk 
introduced the optional team competition and the process for 
participating. It was made clear that the competition was volun-
tary, did not have a prize and did not contribute any marks to-
wards the student’s course.  There were follow up sessions with 
individual degree programmes to encourage teams to partici-
pate and to answer questions about the competition. 

The competition was a team project for groups of four stu-
dents to identify a sustainability problem and propose a tech-
nology solution to deliver sustainability benefits.  A simple five 
slide PowerPoint template for submission of the team proposal 
was provided [46] as shown in Appendix 1.  Deadline for sub-
mission was 30 Sep 2013 using online submission through the 
Blackboard VLE.  The submissions were scored by three sus-
tainability professionals including the chair of the BCS Green 
IT Specialist Group.  The winning team were offered support 
time for development of their idea. 

This content and contact time met the Sustainability re-
quirements of the QAA Computing Subject Benchmark State-
ment, the ACM Computing Curricula and the Skills Frame-
work for the Information Age 7.  The content partially met the 
requirements of the BCS Accreditation Guidelines though not 
the requirement of the LSEPIs to be explicit in the syllabus as 
there is no module specification for this induction activity. 

36 teams submitted proposals with a combined total of 129 
students participating.  The winning team proposed a booking 
app for students to share taxis returning from the city centre to 
campus, with anticipated reductions in GHG and monetary 
savings for students. 

The winning student team were provided mentoring time 
over the course of the year and enrolled in the UWE Bristol 
Entrepreneurship support programme.  They later won a small 
start-up support grant from UWE Bristol to further develop 
their proposal. 

Given the high level of student engagement on this optional 
project and the positive informal feedback, CSCT decided to 
repeat the Sustainable Technology Proposal Induction Project 
in subsequent years. 



 
Fig. 3. Student Participation by Year 
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Fig. 4 Target of Proposal 

 

 
Fig. 5 Primary SDG of Proposal 

In 2014 and 2015 the same process was followed with the 
addition of a £100 prize of Amazon vouchers to be shared 
amongst the winning team.  Assessment was completed by one 
member of staff.  In 2014, 22 teams with a combined total of 
70 students participated.  In 2015, 13 teams with 46 students. 

In 2016 session delivery was by one member of staff only 
and with no follow up sessions taken up by individual pro-
grammes.  Content on the SDGs was added to the presentation 
and the students asked to identify the SDGs which benefitted 
from their proposal.  3 teams with 11 students submitted pro-
posals.  There was some student feedback that the deadline for 
submission was too short. 

In 2017 in response to feedback, the submission deadline 
was set as 20th October.  3 teams with a total of 8 students 
submitted proposals. 

A core set of data about the content and nature of each 
submission in each of the years was kept by the project leader 
and analysed as the basis for this research. 

D. Discussion of Five Years’ Experience 
The most striking feature in the data from the five years’ 

experience is the notable drop in the number of students partic-
ipating in later years as shown in figure 3.  There is no defini-
tive data as to the reason for this reduction and further research 
is needed to explain it.  Contributory factors are likely to in-
clude: no program-specific follow up sessions in 2016 which 
had supported the development of teams and expectation of 
participation; student perceptions of 17 SDGs as complex; and 
Introduction of a prize in 2014 altering the student motivation. 

The student proposals were categorised as to whether they 
were an improvement to the sustainability of IT, e.g. Data Cen-
tre efficiency, or improvement to sustainability delivered by IT, 
e.g. transport GHG reduction.  The analysis is shown in fig. 4. 

The proposals were also categorised by the SDG which was 
the primary beneficiary of the technology proposal. For 2016 
and 2017 this was identified by the student team.  For previous 
years the author has reviewed the proposal in the light of the 
SDGs which were agreed in September 2015.  The analysis is 
shown in figure 5.  47% of the proposals delivered benefits 
primarily relating to SDG 7 “Ensure access to affordable, relia-

ble, sustainable and modern energy for all” [3].  SDG target 7.3 
relates to energy efficiency improvement and most of the im-
provements proposed to the sustainability of IT are energy effi-
ciency improvements. 

In 2018, students from each year group were asked to pro-
vide written feedback on their experience of the Sustainable 
Technology Proposal Induction Project.  The following themes 

emerged from their responses.  
Knowledge of Sustainability and Technology.  Students 

valued the opportunity to learn and to research the topic of sus-
tainability and technology.  One student observed that the pro-
ject  “highlighted just how bad the current situation is in some 
areas, something which I feel all IT students and practitioners 
need to be aware of” [47]  

Sustainability content in the rest of the course. Students 
from 2013-16 noted that they did not identify much sustainabil-
ity content elsewhere in their course.  However, this has clearly 
been an area of improvement as a student from 2016 stated that 
sustainability was “something that was later covered in multi-
ple modules (as it is a growing area of both interest and con-
cern)” [47]  



The student feedback also highlighted a number of signifi-
cant co-benefits of the project. 

• Career development. The skills and experience 
developed in the proposal process served them 
well for establishing their early career 

• Lasting relationships. Many students observed that 
the team work and friendships built continued 
through their university time and beyond. 

• Mentoring and opportunities.  The process of re-
search and talking to staff about their ideas created 
confidence and developed opportunities for the 
students. 

• Project development. Understanding how an idea 
moves from being an idea into something “stu-
dents could work together to lead […] by them-
selves” [48]  

From a staff perspective, the process of the proposal project 
helped students become familiar with the University systems in 
the first weeks of their course and in a context where marks 
were not at stake. 

III. RECOMMENDATIONS 
For CS courses which have not yet embedded Sustainability 

content throughout their programme, an induction activity 
along the lines described above can be a strong contribution to 
achieving the Sustainability requirements of the UK and Global 
curricula. 

Whilst the one hour talk on ICT sustainability will provide 
a baseline awareness for new students, it is engagement with 
the team proposal project which provides the maximum benefit 
for the student.  To ensure the highest levels of participation, it 
is essential that staff engage with students in smaller cohort 
groups to provide a realistic opportunity for team formation.  
This inevitably requires supporting time commitment from the 
staff delivering the project. 

CS departments designing ICT Sustainability content and 
activities for their programmes should consider the UK and 
Global curricula as an absolute minimum. They should be en-
couraged to follow the QAA & HEA ESD guidance document 
[29].  They should map their programmes against the SDGs to 
ensure that they are giving their students an employability ad-
vantage.  The global ICT industry needs new employees who 
are equipped for responsible professional careers in a time of 
sustainability constraints as climate change impacts become 
increasingly damaging. 

IV. CONCLUSION 
The global ICT industry shows high awareness of the sig-

nificance of ICT for delivering sustainability benefits along 
with an acknowledgement of the contribution of ICT to climate 
change.  This is in part a market opportunity for this sector but 
does also mean that sustainability awareness enhances employ-
ability for students entering the ICT sector. 

Given this industry context, the UK and Global curricula 
for CS cover surprisingly little Sustainability both in terms of 
few references to the concepts and weakly worded require-
ments. 

Universities which have a strong commitment to Education 
for Sustainable Development, have choices to make about em-
bedding Sustainability throughout the CS syllabus or providing 
a standalone component. 

An ICT Sustainability project as described in this paper can 
make a valuable standalone contribution to raising the aware-
ness of each new CS cohort, and allow time to embed Sustain-
ability systematically throughout the course.   
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Abstract— Energy feedback through interactive technologies is 

often proposed as a major approach to reduce household energy 
consumption and carbon footprint. However, this vision is chal-
lenged by critics. This paper seeks to inform this debate through 
a case study of an advanced energy feedback device providing 
runtime and de-aggregated per-appliance feedback through a 
smartphone app. This study, based on 15 contextual interviews, 
aims to investigate how users understand and act on the various 
levels of feedback received from the device and the resulting im-
pact on user behaviour. We found that appliance detection can be 
a “moving target” that hampers the intended aims of energy 
feedback, as it reduces user understanding of the technology. The 
lack of understanding was further deepened by unrelated sup-
plementary functionality added in the package, in the form of 
smart plugs. Despite gaining a better understanding of their en-
ergy consumption, the users felt limited in terms of their ability 
to change their behaviour considerably.  

Author Keywords: Energy feedback; Home energy 
management; user behaviour; de-aggregated feedback. 

I. INTRODUCTION 
In Europe, households account for 25% of the energy-

related greenhouse gas emission [6]. Household energy con-
sumption and energy efficiency thus have high saving poten-
tial, making it an important target area for policy makers [13]. 
Currently, IoT based Home Energy Management Systems 
(HEMS) are gaining popularity by providing high resolution 
information, control, and automation possibilities to end-users 
[2]. 

According to Burgess [3], energy is so-called ‘double invis-
ible’ to households. Firstly, it is an abstract and invisible force 
and, secondly, it is a part of inconspicuous routines and habits. 
This also means that it is difficult for people to connect activi-
ties to energy consumption [11]. Before smart meters, house-
holds consumed energy within an information void [4], una-
ware of how much and when different appliances used energy.  

Energy feedback brought by (e.g.) smart meters is a key 
component for achieving behavioural change [9] and reducing 
carbon footprint [4]. Hence it is also a means to overcome en-
ergy’s ‘double invisibility’. However, the effect of real-time 
energy feedback is not as simple as cause and effect as energy 
feedback may be complex to understand and use in practice. 

In this paper we look at energy feedback from the perspec-
tive of per appliance, or de-aggregated, feedback. The paper 
addresses the per-appliance feedback based on issues found in 
previous research on energy feedback [7], [8]. The study is a 

result of a deployment of the state-of-art smart energy monitor 
Smappee in two different areas in a Scandinavian city. In total, 
25 units were installed and 15 users were interviewed for the 
purpose of this study.  

The aim of this paper is to explore how users of the de-
aggregated feedback device called Smappee act upon its ser-
vice. The goal is to address the following research questions: 

• [RQ1] Does Smappee de-aggregated feedback contrib-
ute to a better understanding of users’ energy con-
sumption?  

• [RQ2] Does Smappee de-aggregated feedback contrib-
ute to an energy behaviour shift? And if not, what are 
the main causes preventing it? 

The study found that despite improving the users’ under-
standing of their energy consumption, the impact on savings 
was limited due by the effort required from the users. The 
“moving target” aspect of appliance labelling led to users los-
ing interest. Additionally, a majority of users quoted a lack of 
time in order to fully utilize the device. 

II. RELATED WORK 
Various studies have been conducted within the area of 

smart meters and their influence on user behaviour [22]. Cur-
rently, there is little research on de-aggregated feedback, yet 
according to Hargreaves [1] users wonder about energy con-
sumption of each appliance.  In Hargreaves study, household-
ers turned appliance on and off, checked the total (aggregated) 
consumption change, and made estimations of how much vari-
ous appliances consumed. This is pressing as de-aggregated 
feedback is the only way of providing a direct link between 
actions and results [2], hence brings awareness of peoples ac-
tions. 

A determining factor for the success of feedback on behav-
ioural change is the initial motivation of the users [3], [4]. With 
low motivation, the system will typically remain unused. Kel-
sey [5] concluded that the major motivation is financial and 
that the users that are most motivated are the users who are in 
charge of the household’s electric bill. One result that is quite 
common is that it is usually the man in the household that is 
motivated and takes charge of the energy feedback system [1], 
[4], [6]. 

Users tend to lose interest in the feedback after a while [1], 
[5], [7], [8]. However, according to Kelsey [5] that could be 
avoided if the feedback constantly changes in a way that makes 
the user experience always new. Hargreaves [8] found that the 



 

 

loss of interest occurred when households had learned about 
their consumption patterns and after that they only looked at 
the feedback on special occasions. Participants in the study by 
Dam [6] used the feedback as a baseline check, usually at bed-
time, just to see that the consumption was on a normal level. 
Other studies showed that the feedback was used as a reminder 
and motivator, rather than an educational aid [7], [9]. 

Strengers [18] believes that providing electricity feedback 
to consumers in order to make them optimize their energy con-
sumption is a perspective designed for the so-called “Resource 
Man”. Instead, a better approach that works for a much larger 
segment of the society should focus on activities rather than 
KWh and designing ways to decouple energy from these activi-
ties.  

Selvefors [3] categorized hinders for adoption of real-time 
feedback into three barriers: technology, motivational and life-
style barriers. The technology barrier can be overcome if the 
feedback is presented in a pedagogical way and that the mes-
sage is clear for the user. The lifestyle barrier relates to making 
the feedback into a part of the users’ daily routine and lifestyle. 
According to Kelsey [5] if the users check the energy display 
frequently, they managed to incorporate it into their daily rou-
tines and as soon as they understood the information provided, 
they started to move towards energy savings. To make it easier 
to get the feedback into the users’ daily routine, the information 
should be accessible through a routinely used device, such as 
the smartphone, which is what Wallenborn [4] also concluded. 
Dam [6] also suggests that integration into a routinely used 
device is a good idea since the long-term use is uncertain. 
However, Selvefors [3] found that participants were reluctant 
to access the information even after such measures are taken. 

Studies by Allcott [10] and Dam [6] showed that if house-
hold owners were compared to their neighbours in similar 
households, energy consumption was reduced by 2%. Howev-
er, people that consumed less before the comparison tended to 
consume more when they were compared to their neighbours, 
which is termed the “boomerang” effect. This is because they 
saw that they were able to consume more energy in order to fit 
with the rest. 

Knowledge about energy can be seen as another type of 
barrier, a barrier that hinders the change of consumption behav-
iour supported by feedback. Dam [6] found that users, for lack 
of better knowledge, chose to set a timer on their refrigerator to 
reduce the consumption. This shows that even though the mo-
tivation for saving exists, it can still be hard to make changes 
towards energy savings.  

 
III. DE-AGGREGATED ECO-FEEDBACK IN 

SMAPPEE 
Smappee is a device with an interactive application running 

on tablets and smartphones that monitors the users’ household 
energy consumption. It provides real-time feedback of the in-
stantaneous energy consumption (often termed ‘real-time’ en-
ergy use) as well as the amount of energy that is so-called “al-
ways-on” (e.g. routers, standby devices etc.). This information 
is stored in the cloud and the user can explore total energy use 

history at a high time resolution (5 mins) of their aggregated 
total energy consumption (see Figure 1). The intention is that 
people can learn from this data. 
 

 
Figure 1 Usage history in the Smappee app 

The feature that differentiates Smappee from many other 
smart home energy monitors is the fact that it recognizes appli-
ances individually using what Smappee calls “non-intrusive 
load monitoring” (NILM). NILM employs amperometric 
clamps (one for each electricity phase) clamped around the 
electrical wires at the fuse box (Figure 2) [11].  

 
Figure 2 Smappee connected to the main fuse box for a single-phase system 
(three clamps for three phase system) [Source Smappee installation manual] 

  
Smappee determines the energy consumption of individual 

appliances by differentiating appliances based on their unique 
electrical signature (e.g. due to different nature of loads con-
duction/inductive) generated when turning an appliance on and 
off as well as the overall power values [12]. Smappee identifies 
various individual appliances, but the user has to figure out 
which physical appliance it corresponds to and label it in 
Smappee. Each appliance is initially labelled by default as a 
number. To help the users with appliance labelling Smappee 
logs the on/off events of each detected appliance and shows it 
in an event-list (see Figure 3). Such de-aggregated energy data 
provides the user with information about each appliance’s con-
sumption as well as how much energy it consumes costs per 
day, week, month or year. 

Smappee also comes with so-called “Comfort plugs” (here-
after referred to as ‘plugs’), which are controlled through the 
application. They allow users to turn the plug on or off or set 
plug activation triggers such as sunset, sunrise, or based on 



 

 

geofencing. Even if their functionality seems unrelated to the 
core energy feedback, we will show that the plugs did play a 
role in the device understanding and usage. 

 

 
Figure 3 Event list in Smappee app with some appliances labelled and others 
not labelled. 

IV. METHOD 
This study was performed in two dwelling areas (in a Scan-

dinavian city), in 9 apartments and 6 town houses. The house-
holds was provided with Smappee kits (energy monitors + 
comfort plugs, version 2017) at no cost. The energy monitors 
were installed and commissioned for the residents and the 
plugs were provided to be installed at their own discretion. As a 
follow-up to the installation, a support document with detailed 
information of the various functions was provided. Our data 
corpus consists of the Smappee accounts containing energy 
consumption, appliances data and event logs of the households 
(acquired with consent), as well as interview data performed 
with one member of each household. The users had access to 
the system for 6 months (apartments) and 1 year (houses). Ta-
ble 1 presents an overview of the interviewees background. 
Both areas have good socio-economic conditions with a posi-
tive environmental perspective. In both cases, heating is gener-
ally not included in the electricity bill (except for some sup-
plementary floor heating e.g. in bathrooms) and is primarily 
provided by central district heating.  

The aim of the interviews was to gain a deeper understand-
ing of how users understand and act upon de-aggregated energy 
feedback. The interviews lasted 45 min on average; the shortest 
lasted 30min and the longest was 1h 30min. The interviews 
were divided into two parts. The first part was a contextual 
interview where the participants were asked how they utilized 
the system and demonstrate the various features frequently 
used. The second part was  semi-structured on topics regarding 
de-aggregated energy feedback and Smappee practicalities. 
Table 1 provides and overview of the interviewees, including 
type of dwelling, age group, household members, working sta-
tus and prior energy knowledge.  The details presented are of 
the primary users of Smappee. In a majority of the cases (12 
out of 15) only one user in the household used the application, 
in 3 households there were 2 users.  

 
 

 
Table 1: Overview of the interviewees in terms of age group, dwelling type, 
working status and prior energy know-how of the interviewee 

User 
code 

Dwelling 
type 

Age 
group 

Household 
members 

Working 
status 

Prior En-
ergy 
knowledge 

1 Apartment 60-75 2 Retired Low 
2 House 40-50 4 Working High 
3 House 40-50 4 Working Low 
4 Apartment 30-40 2 Working Low 
5 Apartment 30-40 2 Working Medium 
6 House 40-50 4 Working Low 
7 Apartment 40-50 5 Working Low 
8 Apartment 30-40 4 Working Low 
9 Apartment 30-40 4 Working Medium 

10 House 40-50 4 Working High 
11 Apartment 60-75 2 Retired Medium 
12 House 40-50 3 Working Low 
13 House 60-75 2 Retired Medium 
14 Apartment 40-50 5 Working Low 
15 Apartment 50-60 2 Working High 

 
A qualitative thematic analysis of the interviews was per-

formed in several steps. First, we correlated each interview data 
with the energy use data found in the corresponding Smappee 
account. The coding was performed inductively after reviewing 
the interviews. The results were then structured to find the fol-
lowing emerging themes across our data corpus: 

• Initial impression 
• De-aggregated feedback and user’s interaction with it 
• User’s understanding of Smappee including the appli-

ances recognition 
• Smappee use patterns 
• Behaviour change 
• Socio-economic context 

 
V. RESULTS 

At the time of the interviews, all Smappee installations 
were still in working order. We will begin by describing our 
analysis themes. 

A. First Impression 
Most of the participants (14 out of 15) first impression was 

that it was exciting to see their energy consumption right away. 
They did not have any previous knowledge about how much 
they consumed in real-time, only their monthly consumption 
written on the electrical bill. Another positive impression was 
that it was accessible through the phone, which allowed them 
to see their consumption away from home.  

However, two participants had direct negative impressions 
as one wondered “is this really gonna help me?” and another 
“what should I do with this?”.  



 

 

Not surprisingly these participants did not see the use of 
Smappee in their household. Another similar participant said 
that it was confusing and hard to understand. 

Another common trajectory was that a good first impres-
sion was followed by disappointment when actually starting to 
use Smappee, For instance, one participant said that the start 
screen, where he could see his real-time consumption, gave 
him an easy and fast overview. Hence, it looked like Smappee 
had lots of possibilities and that it was working well with the 
plugs and the de-aggregated feedback. But then he got disap-
pointed and his impression of Smappee changed, as it was hard 
to label the different appliances. Other participants also ex-
pressed a need for help at this point as it was difficult to under-
stand how to use Smappee in practice. 

B. De-aggregated feedback in Smappee 
For most (10 out of 15) participants, labelling appliances in 

Smappee was a difficult process. Five participants never even 
tried to label appliance and one did not understand that 
Smappee was able to detect individual appliances. Two of the 
15 participants had labelled one appliance but said that they 
made a mistake when they did that and stopped with that activi-
ty. The rest of the participants (8 of the 15) had tried to label as 
many appliances as possible but stopped when they made a 
mistake, when it became too difficult, or when they did not 
think it was worth to continue with labelling. One participant 
said: 

“many were easy, then it got harder and harder and after a 
while I thought… why am I doing this? The information isn’t 
that interesting”. 

He continued by saying: 
“It is complicated, and it does not give you the reward for 

trying, because sometimes you make mistakes, and then you get 
into a loop: ‘What was I doing?’ and the value of it feels lim-
ited”. 

Most participants chose to label the easiest appliance first, 
which was most of the times an appliance that could be turn on 
and off with a switch and consumed a lot of energy. Generally, 
the appliances that the participants could turn on and off on 
their own were easier to label compared to the automatically 
controlled appliances such as refrigerators or thermostat-
controlled floor heating. The users who were able to label the 
refrigerator either sat next to it and heard when the compressor 
started to work, others had previous knowledge about the fridge 
electric power and the on-and-off pattern which they recog-
nized in their event list (Figure 3). 

Users who had labelled some appliances did that during the 
first couple of weeks. They said that they initially thought it 
was fun to walk around and ‘hunt’ appliances in the house. But 
they stopped doing that later on, either because they had la-
belled the ones that were obvious to them, or because they 
thought it was, in general, too hard to continue. 

Ten out of the fifteen participants had some idea of how 
Smappee detects appliances. Some did not want to tell their 
view right away since they were unsure, others had thought of 
it during their time of using Smappee. The general perception 
was that Smappee measures the electricity used and that it de-

tects the increase and decrease and if Smappee, after a while, 
measures the same type of increases and decreases it assumes 
that it is an appliance. However, most of the participants could 
not understand how Smappee differentiates between two appli-
ances with the same power.  

C. The moving target of labelling appliances 
One thing that is important to understand in order to use 

Smappee properly is that a number of “appliances” detected by 
Smappee may belong to the same physical appliance within the 
household. For example, one participant had noticed that 
Smappee detected the different stove hobs as different appli-
ances. Another participant described that a few detected appli-
ances in Smappee belonged to the washing machine, since it 
has different routines in its process of washing. That is why 
Smappee detects more appliances than there are physical appli-
ances within the household. However, most of the participants 
had not understood that. One more thing that confused the us-
ers is that an appliance can be detected as a new appliance if it 
is used in a different way. One of the participants had labelled 
his toaster long before the interview but had recently changed 
the temperature of the toaster, which made Smappee detect it as 
a new appliance, he realized that during the interview. 

One participant had seen that Smappee had detected appli-
ances and thought that they were too many, she said: “Ah there 
are so many appliances, and I don’t understand what is what. 
Then it results in that you stop, because you do not have that 
much time to engage in electricity stuff” 

When she, during the interview, looked at the information 
about some of the detected appliances she could not understand 
how she possibly could determine which physical appliances 
within the household they correspond to. She thought that there 
were too many appliances, which made her think it was too big 
of a job to label them. 

She also said that she thought that she was logged into 
someone else's account and that the appliances didn’t belong to 
her since she did not recognize the number of appliances in the 
list (see Figure 4). Two more participants, who lived in apart-
ments, thought that the list of appliances was too long, which 
made them question whether those were their appliances. One 
of them explained: “You see how many it shows? I do not have 
that many. So it probably shows many others within the build-
ing”. 

 
Figure 4 Appliances shown in Smappee before labelling 

The interviewee who had best succeeded with the labelling 
did not look at the information about the appliances more than 



 

 

once. He said that he learned roughly how much the appliance 
consumed and how much that energy cost him per month or 
year. He felt that he acquired the knowledge needed in order to 
get an overall understanding. He also felt that he had hit the 
ceiling with Smappee’s per-appliance labelling.  

 
Figure 5 De-aggregated information about one appliance 

Only one participant had an ambition to label all appliances 
within his apartment. He usually looked at the information that 
depicted in Figure 5, illustrating when the appliances were on 
during an average day and figured out what appliance it might 
be. He looked at the “appliance DNA” (figure 5) for the appli-
ances that he had labelled and started to assess whether he 
thought it was used in a reasonable way. During the interview, 
he looked at the refrigerator on and off pattern and thought that 
it was working too much which made him consider buying a 
new refrigerator. He also noticed that the timer-controlled 
lights for his aquarium were turned on for a while during the 
night, which he would adjust. 

D. Smappee and the Plugs 
The only participant who had not seen that Smappee is able 

to give de-aggregated information had not used Smappee that 
much. He thought that we, who conducted the study, were in-
terested in the data and that it was measured through the plugs 
that were given alongside of Smappee. He had placed one of 
the plugs where he ironed his clothes and connected the iron to 
the plug whenever he used it and thought that the iron’s con-
sumption was measured. 

Two users had a problem to understand the difference be-
tween the labelled appliances and the plugs. They thought that 
they could control appliances in the household once they had 
labelled them.  

One participant described that she had a problem some-
times with turning the plugs on and off and she described that 
even though she sat very close with her smartphone when she 

pressed “on” nothing happened. Her interpretation was thus 
that the smartphone sends a signal directly to the plugs to turn 
it on or off, while in reality the Smappee box is sending a radio 
signal to the plugs when it turns on/off, which is independent of 
where the smartphone is located.  

E. Smappee use patterns 
Only two of the participants used Smappee on a regular ba-

sis, the two of them used it many times a day. The others had 
used it many times a week during the first couple of weeks but 
then started to look at Smappee more rarely (cf.[1], [5], [7], 
[8]), some said that is because they learned the information 
they needed. The two that use it regularly were both retired. 
One of them described that he looks at Smappee for the same 
reasons he looks at Facebook or when he randomly looks at the 
time table of public transportation: “It is fun, little dynamic 
information to keep track, ‘Is this real?’ ‘Has something hap-
pened?’ Normally nothing has happened. You look at Face-
book and you look at Smappee.” 

Most of the participants used most frequently the main 
screen, where their real-time, high resolution consumption and 
their always-on consumption are displayed. They looked at the 
real-time consumption in order to get an overview if everything 
looks correct according to them. One of the participants noticed 
during the interview that his consumption was low at that mo-
ment and said: “Now it is fun to see that it is just the basic ap-
pliances that are on, nothing else.”. One of the participants that 
had got a routine in using Smappee looked at the real-time con-
sumption every time he went to bed, to know that everything 
was off. He looked at it during the days also, and if the con-
sumption was high he started to investigate what it was that 
consumed energy. It worked like a baseline check for him. 

 
Figure 6 Real time consumption, "always-on" readings and a de-
crease of 865W by an unlabelled appliance 

Some of the interviewees, who did not use the per appliance 
function in Smappee, made an own estimation about how much 
appliances consumed by looking at the real-time consumption’s 
increase and decrease when they used an appliance (cf [1]) (see 
Figure 6). They reported that this gave them enough knowledge 
about their appliances. They thought it was easier compared to 
labelling the appliances and get the information from that way. 

Some participants looked at their usage history and tried to 
analyse the diagram and tried to evaluate the peaks, why they 
occurred and what they might have done during that time. They 



 

 

said that for them it worked as a “receipt” for their consump-
tion. 

The plugs that are delivered with Smappee were not used 
that frequently in apartments. A common thought of the users 
who live in apartments is that they are more suited for houses 
with two floors, where one can turn things off at the other floor 
without having to walk a long distance to do that. One family, 
who lived in a house, used the plugs frequently to help with fire 
safety. Other users used it to turn off their standby consump-
tion, which they became aware of thanks to Smappee.  

F. Behavioural change 
Almost all of the participants said that they could not 

change the way they use most of their appliances since the ap-
pliances fulfil a practical use that they can’t be without. How-
ever, just under half of the participants had tried in some ways 
to change their consumption behaviour due to the feedback 
from Smappee. One of them had noticed the difference in con-
sumption between boiling water in a kettle compared to a 
saucepan. So now he only uses the kettle for that purpose. He 
had also noticed the difference in consumption between the 
different stove hobs, which made him use the one that best 
suited the size of the saucepan whereas before Smappee he 
chose one randomly. 

Another participant had seen that his “Always on” con-
sumption increased drastically when he had the floor heating in 
the bathroom on. He was not aware of how much it consumed. 
By acknowledging that, he had started to turn it off from time 
to time. But he admits that he believes that it is just a temporary 
action and that he thinks that he will continue as normal later 
on, because it doesn’t cost him that much.  

One of the users who noticed the difference in real- time 
consumption when using a certain appliance had seen that the 
dishwasher is consuming surprisingly much. That knowledge 
had made him more meticulous when using the dishwasher, 
ensuring that it is full and he does not use it half empty. He 
referred to this as: “.. or not to run an empty dishwasher just 
because the dishes smell”.  

A common thought by the participants was that Smappee 
worked as a reminder of saving energy by not having applianc-
es turned on when they did not use them. 

G. Socio-economic context  
One thing that became clear during the interviews was that 

the participants who used Smappee more often than the rest did 
so because they had more spare time. The participants who did 
not use Smappee often, or had stopped using Smappee, said 
that it was mostly because they did not have time to use it. 
Some participants expressed that it was hard for them to reduce 
their energy consumption because they lived in the household 
with others. Families with children thought it was very hard 
since the children have their consumption patterns and do not 
think it is that important to save some energy.  

One participant said during the interview when his kid was 
looking for food: “The kids kind of open the fridge and look for 
food whether it is food time or not. Daniel! close the freezer, 
you cost me money now!”. The interviews did not show any 

difference in using Smappee based on economic resources. No 
one used Smappee because they had a hard time paying their 
electrical bill and their economic resources had no impact at 
all. There was no difference between the users in the two city 
areas in this aspect either, even if the real estate price in the 
areas is at significantly different levels. 

Some participants said that they would use Smappee more 
often and analyse it more if they would live in a villa (with 
heating included e.g. with a heat pump). When one has a higher 
consumption, they thought that they would be more motivated 
to use Smappee in order to lower their consumption because 
that would have a larger impact.  

VI. DISCUSSION 
The main lesson we draw from our study is that even if us-

ers express a wish for (Hargreaves [1]) de-aggregated feed-
back, it does not add much to the user experience if it is not 
detecting appliances correctly, completely and in a short start-
up period (a few days). Any imperfection, like the “moving 
target” effect we have seen, is bound to lower the user trust in 
the technology and to add one more reason for users not to 
change their behaviour, or even to keep interest the feedback 
device. De- aggregated feedback is seen as a good thought by 
the users, but it is practically too difficult, and unless one has a 
personal curiosity (cf. the “Resource Man” [18]) the appliance 
labelling activity will be soon abandoned. The users employ the 
device in the way that they perceive as manageable and the 
way they think they get a fair exchange of information consid-
ering the effort they have to put in, which is why the total real-
time consumption was mostly used  in our case in the end, 
since it does not need any configuration. Generally, our users 
did not feel that it was worth the effort to label the appliances 
since the information was not seen as useful enough. Based on 
this result, we believe that a rough indication about how much 
appliances consume in comparison with other appliances is the 
information that users want, especially since they feel it is too 
hard to understand the de- aggregated information as it is struc-
tured now in Smappee. 

Even for users with a nearly correct appliance detection, 
per-appliance feedback did not prevent losing interest in the 
device over time. Like reported by previous studies, our in-
formants expressed that they learned the information that 
Smappee provided, which resulted in them not needing to look 
at the feedback on a regular basis. The information void that 
Carroll [9] described was thus filled. They only needed to look 
at Smappee when they felt that they did not know, roughly, 
how much they consumed in real-time, either because they had 
forgotten or because it was a special occasion (cf. [8]) 

Another lesson is that adding supplementary functionality 
to energy feedback can hamper the energy feedback effects, 
because the users may wrongly relate it to energy feedback. 
This was the case with the smart plugs delivered with the de-
vice we studied. Along with de-aggregation, the plugs created 
confusion and false expectations, which in our interpretation 
reduced expected behavioural effects of energy feedback. 

Regarding our first question, de-aggregated feedback did 
improve energy use understanding for many users. However, 



 

 

the practices that users had to recourse to are very similar to 
those found by previous energy feedback research [21]: for 
example, turning appliances on and off to achieve proper appli-
ance detection. The most common way participants used 
Smappee was as a reminder and an observer of the household 
energy consumption. They used the total real-time consump-
tion (thus no per-appliance functionality) to observe whether 
they had a high or low consumption at the moment and that 
worked as a baseline check, just as Carroll [9] and Faruqui [7] 
found. The existence of Smappee reminded some users of turn-
ing unused appliances off and the baseline check worked as a 
reminder if the users had forgot to turn something off. 

The three barriers (motivational, technical and lifestyle bar-
rier) described by Selvefors [3] have in general been confirmed 
by the interviews. The biggest barrier is the technical barrier, 
since the participants thought it was too hard to use the system, 
especially to label appliances. The motivational barrier is not 
just the initial motivation, the motivation to use Smappee be-
fore receiving it, but also a motivation to save energy in gen-
eral. Many participants thought that they could not do a signifi-
cant saving since they were having an already low consump-
tion. Instead they thought they would be able to save more if 
they would live in a villa and had a higher consumption. In 
contrast, the participants who had a slightly higher consump-
tion, thought that they used the appliances they needed and 
could not control their consumption all that much, some of 
them had children that independently increased the consump-
tion drastically. The users who were motivated to save energy, 
did that for ideological rather than financial purposes, which is 
contradictory to Kelsey [5] who concluded that financial moti-
vation was the major motivating factor.  

Most of the participants did not encounter the lifestyle bar-
rier, which involves getting a daily routine in using the feed-
back, since they stopped using Smappee because of either the 
motivational or the technical barrier. To have the feedback ac-
cessible in the smartphone was seen by the users as an ad-
vantage offered by the system, since they could see their con-
sumption wherever they were. But it was obvious during the 
interviews that the Smappee application ‘disappeared’ among 
other apps. The users who actually used the system somewhat 
regularly had the application icon on their start screen so that 
they saw it more often. Notifications sent from Smappee, as 
two participants suggested, could also work as a reminder. The 
fact that the information was accessible in the smartphone did 
not seem to help the participants, which is consistent with the 
result of Selvefors [3]. 

The socio-economic context, in general, did not have a 
large impact in this study, except that the retired had more time 
to use Smappee, which was a significant reason why they used 
Smappee more than the rest. All participants thought that they 
did not pay much for their electrical bill. If the study would 
have been made in an area with less resources, that would per-
haps result in another usage of Smappee. This is since the fi-
nancial motivation for using it would be higher and according 
to Kelsey’s [5]. 

A similar effect to the boomerang effect [10] was observed. 
Almost all participants did not know how much they consumed 

in real-time and when they saw their consumption, some users 
did not perceive it as being large. As mentioned previously, 
participants thought that they would use Smappee more often if 
they had a higher consumption, for instance if living in a villa.  

VII. CONCLUSION 
The results suggest that per-appliance feedback presents 

many of the same issues found in traditional smart meter ener-
gy feedback. Typically, here is a degree of enthusiasm in the 
beginning, with lots of attention to the device, followed by a 
gradual abandon except for a few enthusiasts who conform to 
the “resource man” archetype. In other words, adding more 
information to energy feedback does not necessarily increase 
its value for users. 

Additionally, despite gaining a better understanding of their 
energy consumption, the users felt limited in terms of their 
ability to change their behaviour considerably. This was in part 
due to the mental cost-benefit model of the users in terms of 
low amount of savings vs. the time effort required.  

Another lesson that we draw from the complex pro-
cessing/intelligence of de-aggregated feedback is that if the 
intelligence is not ‘complete’, if there are still aspects that the 
user needs to figure out by themselves, such lack of complete-
ness can also encourage the formation of an inaccurate concep-
tual model. Indeed, the Smappee device multiplicity has led to 
users incorrectly believing that they see devices from their 
neighbours. We would like to encourage designers to pay atten-
tion to emphasizing these “intelligence shortcomings” in the 
user interface. 
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Abstract— The increasing digitalization of the economy and so-

ciety is leading to a dynamic increase in the amount of data that 

is processed and stored in data centers. Some scientific studies 

assume that this growth will also lead to a significant increase in 

the energy consumption of data centers worldwide. This article 

deals with the questions of whether and to what extent the energy 

consumption of data centers have increased in the past and what 

future developments can be expected. In addition, future chal-

lenges to sustainable data center operation will be analyzed. The 

article deals in particular with the topics of improving the energy 

efficiency of IT hardware and software, the use of regenerative 

electricity for the operation of data centers, and the use of waste 

heat from data centers. 

Index Terms— Data centers, energy consumption, waste heat, 

regenerative electricity, Bitcoin mining, energy efficiency, IT 

hard- and software 

I. INTRODUCTION 

Video streaming, social media, big data, Bitcoin, artificial 

intelligence, and digitalization of business processes and pro-

duction flows – these and other trends are leading to more and 

more data being stored and processed in data centers. Data cen-

ter capacity is growing dynamically. The IT company Cisco 

assumes in its analyses that the worldwide computing capaci-

ties of data centers measured in workloads and computer in-

stances will more than double between 2016 and 2021 (2.3 

fold), the data storage capacities in the data centers will even 

grow by a factor of almost 4 to 2.6 ZB in the same period [1].  

Whether this significant growth in computing and storage 

capacity will also be accompanied by an increase in energy 

consumption can hardly be predicted from today's perspective. 

However, most available analyses assume a more or less signif-

icant increase in energy consumption [2]–[14]. Yet the range of 

forecasts is very wide. While Andrae/Edler, for example, pre-

dict a 15-fold increase in the energy consumption of data cen-

ters worldwide between 2010 and 2030 [3], Shehabi et al. 

found that the energy consumption of data centers in the USA 

has stabilized in recent years due to increasing energy efficien-

cy [4]. For more than 10 years, the authors themselves have 

been analyzing the development of the energy consumption of 

data centers with the help of a comprehensive structural model 

of data centers in Germany [9], [14]–[25]. For Germany, an 

increase of 25% in the energy consumption of data centers in 

the period from 2010 to 2017 has been calculated [27].  

Against this background, the present contribution addresses 

the following questions:  

• How did the energy consumption of data centers and 

their individual components develop in Germany be-

tween 2010 and 2017?  

• What are the results of different studies on the devel-

opment of the energy consumption of data centers in a 

global comparison?  

• Which current trends influence the energy consump-

tion of data centers?  

• How can the energy consumption of data centers de-

velop up to the year 2030? What forecasts are likely? 

• What are the particular challenges for energy-efficient 

operation of data centers in the future?  

 

The analyses and results presented in this article were pro-

duced as part of the project TEMPRO – "Total Energy Man-

agement for professional data centers." TEMPRO is supported 

through the 6th Energy Research Programme of the German 

Federal Government.   

II. METHODOLOGY 

This paper deals with the energy requirements of data cen-

ters, presenting the findings from various international studies 

and comparing them with the authors’ own calculations. The 

calculations are carried out with the help of an extensive struc-

tural model of the data center landscape in Germany which was 

developed at the Borderstep Institute and is updated annually. 

In this model data centers are defined as all enclosed spatial 

units such as server cabinets, server rooms, building parts, or 

entire buildings in which at least three physical servers are in-

stalled. The energy requirements of stand-alone servers are also 

calculated. The development of the data center capacities is 

calculated in particular on the basis of the IT equipment (serv-

ers, storage, networks) in the data centers. The various size 

classes of the data centers in Germany are described in the 

model in terms of their equipment with different server types, 

storage systems, and network infrastructures. The model also 

takes into account the age structure of the servers and the ener-

gy requirements of the different server types in different oper-

ating states. In addition, the data center infrastructures such as 



air conditioning, power supply, UPS, etc. are modeled for dif-

ferent size and redundancy classes.  

The following sources in particular were used for the calcu-

lations:  

• Study “Entwicklung des IKT-bedingten Strombedarfs 

in Deutschland“ (Development of ICT-related electrici-

ty consumption in Germany) by Fraunhofer IZM and 

Borderstep on behalf of the Federal Ministry of Eco-

nomics and Energy [26], 

• Current and publicly available results of studies on the 

development of the data center market from various 

analyses [16], [17], [28]–[35], 

• Data from the market research institute Techconsult on 

market development for servers, storage, and network 

components (eanalyzer) [36]–[38], 

• Data from the market research institutes IDC and EITO 

on market development for servers, storage, and net-

works in Germany and Europe [39], [40], 

• Scientific literature and manufacturer information on 

the development of energy consumption for servers, 

storage, and network products, and for advanced effi-

ciency technologies for data centers. 

 

A detailed description of the model has already been pro-

vided in various publications. [9], [15], [25], [26], [41]. 

III. DEVELOPMENT OF THE ENERGY CONSUMPTION OF 

DATA CENTERS IN GERMANY  

Using the structural model of data centers presented above, 

it was calculated that despite a significant improvement in the 

energy efficiency of data centers, their energy consumption in 

Germany increased by 25% between 2010 and 2017 (Figure 1). 

The increase was mainly due to an increase in the number and 

performance of IT components in the data centers. In 2017, 

around 2.37 million servers were in operation in Germany, 

18% more than in 2010. The number of data centers equipped 

with IT hardware for data storage and network technology also 

increased significantly – the number of hard disks in Germany 

more than doubled between 2010 and 2017. As a result of this 

increase, the power consumption of IT components in data cen-

ters rose from 5.8 billion kWh in 2010 to 7.9 billion kWh in 

2017. In contrast, the electricity consumption of the data center 

infrastructure rose only slightly due to the measures imple-

mented to increase energy efficiency: from 4.7 billion kWh in 

2010 to 5.3 billion kWh in 2017. The average PUE1 value of 

data centers in Germany fell from 1.98 to 1.752 between 2010 

and 2017. This corresponds to an average increase in data cen-

ter infrastructure efficiency of 13% [27].  

 

                                                         
1  The Power Usage Effectiveness (PUE) value indicates the ratio of the 

total energy consumption of a year to the annual energy consumption of 

the IT department of the data center. 

2  The stand-alone servers, which are normally operated without their own 

air conditioning, are not included in the calculation of these values. Tak-

ing stand-alone servers into account, the average PUE value in Germany 

improved from 1.82 in 2010 to 1.58 in 2017. 

 

Fig. 1.  Energy consumption of servers and data centers in Germany in the 

years 2010 to 2017 (Source: Borderstep) 

Significant further improvements in the efficiency of data 

center infrastructures can be expected in the future. Newly built 

larger data centers today often realize PUE values of 1.3 and 

lower [27], [33].3  

Growth in the data center market is driven primarily by the 

cloud market (Figure 2). Large international cloud providers in 

particular are currently building up resources in Germany and 

are thus meeting the requirements of German companies to 

enable the storage and processing of their data in Germany. 

International cloud companies often use the support of coloca-

tion providers, thereby driving the colocation market at the 

same time. The share of colocation data centers in the IT area 

of all data centers in Germany again increased significantly in 

2017 and will be 32% in 2017 [27]. 

 

 

Fig. 2.  Development of the IT area of data centers in Germany with the share 

of cloud data centers in the years 2010 to 2017 and forecast to 2020 

(Source: Borderstep)  

From a regional perspective, the greater Frankfurt area and 

thus the federal state of Hesse in particular are benefiting from 

                                                         

3  The PUE is an indicator often used to assess the energy efficiency of data 

centre infrastructures. The advantage of PUE is that it is easy to deter-

mine. However, the interdependencies between the energy demand of IT 

and the energy demand of the entire data center are very complex. If, for 

example, the energy consumption of IT is reduced, the PUE can worsen, 

even though the total energy consumption of the data center decreases 

significantly.  



the growth of the data center market. This applies in particular 

to the colocation data center segment [34]. In 2017, there was a 

total IT area of 550,000 m2 in the data centers in Hesse, 

250,000 m2 of which was in colocation data centers. As a re-

sult, the capacities in the colocation data centers – measured by 

the IT space in Hesse between 2010 and 2017 – have increased 

by 60% (Figure 3). In terms of the available IT connection re-

sources, capacities even increased by 100%. [34].  

 

Fig. 3.  Development of data center capacities (IT area in m2) in Hesse in the 

years 2010 to 2017 and forecast to 2020 (Source: Borderstep) 

Despite the dynamic development in the data center market 

in Germany, it is possible that it will become less important in 

international comparison as a data center location. Especially in 

the rapidly growing segment of hyperscale data centers, which 

are very large, significantly more capacity is being built 

worldwide, also elsewhere in Europe, for example, the Nether-

lands, Ireland and Scandinavia. [33], [34].  

Operators of hyperscale data centers shy away from Ger-

many as a business location primarily because of the high elec-

tricity costs and the sometimes lengthy approval processes. The 

increasing shortage of skilled personnel for data centers in 

Germany is also becoming an increasingly disadvantageous 

location factor [33]. Rapidly growing applications such as 

Bitcoin mining [6] cannot be operated in Germany at break-

even due to the high electricity prices.  

IV. ENERGY CONSUMPTION OF DATA CENTERS IN 

EUROPE AND WORLDWIDE 

Several scientific studies examine the energy consumption 

of data centers. In the following, the results of selected and 

well-known studies are briefly presented and compared.  

The results of a 2015 paper by Andrae/Edler [3] have 

achieved a relatively high level of attention in the discussion 

about the energy consumption of data centers [13], [14], [42]–

[44]. This is certainly due to the fact that Andrae/Edler forecast 

a strong increase in energy consumption. In the "expected" 

scenario, according to their calculations, the energy consump-

tion of data centers worldwide will increase by a factor of 15 

from approx. 200 billion kWh/a in 2010 to almost 3,000 billion 

kWh/a by 2030. Even in the "best" scenario, an increase by a 

factor of almost 6 to 1,337 billion kWh/a is calculated. In the 

"worst" scenario, the energy consumption of data centers will 

increase by a factor of 40 to 7,933 billion kWh by 2030 [3].  

At the beginning of 2019, Andrae published an update of its 

calculations and forecasts, which deviates significantly from 

the values from 2015. For the year 2030, "only" an increase in 

the energy demand of data centers worldwide to 1,929 billion 

kWh/a is expected. For the year 2018 it assumes 211 billion 

kWh/a - in contrast to 539 billion kWh/a in the estimate from 

the year 2015 [45].  

A publication by Belkhir and Elmeligi [14] also assumes a 

very significant increase in the energy requirements of data 

centers. Based on a calculation by Vereecken et al. [46], they 

assume a worldwide energy demand for data centres of 275 

billion kWh/a in 2009 and anticipate an annual growth rate of 

10% by 2020. This growth rate was determined by the market 

research company Technavio [47]. This results in an energy 

demand of 659 billion kWh/a for data centers worldwide in 

2018.  

 Malmodin/Lunden calculate worldwide energy consump-

tion of data centers to be 240 billion kWh in 2015 [44]; accord-

ing to van Heddegdem et al. no less than 270 billion kWh were 

needed in 2012 [48]. Bitterlin assumes that data centers world-

wide required 416 billion kWh of energy in 2015 [12].  

According to a Borderstep Institute estimate, worldwide 

energy consumption of server data centers increased by about 

30% to 287 billion kWh between 2010 and 2015 [9]. This in-

crease accelerated once again in the last two years. A current 

TEMPRO project estimate concludes that between 2015 and 

2017 the energy consumption of data centers worldwide in-

creased by approx. 20% to 350 billion kWh (Figure 4). Increas-

ing digitalization and the sometimes very high energy demand 

of new applications such as Bitcoin mining were identified as 

reasons for this accelerated growth in energy consumption [27]. 

Even though there is little reliable information on the energy 

consumption of Bitcoin mining to date, it can be assumed that 

the worldwide annual energy consumption of this application 

increased by more than 30 billion kWh between the beginning 

of 2017 and the end of 2018 [6], [49].  

 

 

Fig. 4.  Energy consumption of servers and data centers worldwide in the 

years 2010 to 2017 (Source: Borderstep) 

The different assessments of the development of the energy 

consumption of data centers are also reflected in regional anal-

yses. For the USA, Shehabi et al. calculated that the energy 

consumption of data centers has hardly increased since 2010; 



they calculate energy consumption of 70 billion kWh in 2014, 

compared to approx. 67 billion kWh in 2010. The small in-

crease in the USA is due to a general improvement in the ener-

gy efficiency of IT systems and infrastructure with lower PUE 

values. In addition, there has been a significant shift in compu-

ting power to particularly efficient hyperscale data centers with 

PUE values below 1.2 [4], [10].  

If one compares the development of the energy consump-

tion of the data centers in the USA calculated by Shehabi et al. 

with the development in Germany calculated by Borderstep, it 

is striking that energy consumption in Germany seems to in-

crease significantly more strongly, although the increases in the 

server inventories are comparable. The basic structure of 

Shehabi et al.'s model is comparable to that of the Borderstep 

Institute. Therefore, it was possible to carry out a detailed com-

parison of the different model parameters. The differences in 

the developments can essentially be attributed to two factors. 

On the one hand, there are hardly any hyperscale data centers 

in Germany – therefore, computing power has hardly shifted to 

this particularly efficient type of data center. Secondly, the as-

sumptions in the models differ with regard to the average de-

velopment of the maximum power consumption of a server at 

full load. While Shehabi et al. assume that maximum power 

consumption is constant [4], the Borderstep model assumes an 

increase in maximum power consumption due to a significant 

increase in the average amount of RAMs and multiprocessor 

systems. These assumptions are also confirmed for Europe by 

other studies [7], [11]. Whether the differences in the model 

assumptions are justified by the real differences in the USA and 

Europe or Germany is yet to be verified by further investiga-

tions.  

The results of various studies on the energy consumption of 

data centers in Europe are relatively similar. The Ecodesign 

Preparatory Study on Enterprise Servers and Data Equipment 

determines energy consumption of 78 billion kWh for data 

centers in Europe by 2015 [11]. Prakash et al. calculate energy 

consumption of 52 billion kWh for 2011 and forecast an in-

crease to 70 billion kWh by 2020 [7]. According to estimates 

by Borderstep, energy consumption of data centers in Western 

Europe also rose significantly between 2010 and 2017. Based 

on data on the development of workloads and server numbers 

in data centers of the IT company Cisco [30], [31], the authors 

assume that energy consumption has increased from 56 billion 

kWh in 2010 by a good 30% to 73 billion kWh in 2017 [27]. 

In summary, the various studies on the development of the 

energy consumption of data centers do not provide a uniform 

picture. While some studies, e.g. Andrae/Edler, assume a very 

strong increase, other studies assume low to moderate growth 

in the last ten years.  

However, the energy efficiency of the data center infra-

structure and thus the PUE values have improved significantly 

in recent years, and the share of IT components in the energy 

consumption of the data centers has thus increased. 

V. DISCUSSION: HOW WILL THE ENERGY 

CONSUMPTION OF DATA CENTERS DEVELOP IN THE 

FUTURE?  

As the results presented in the previous section show, there 

are great uncertainties in determining the energy consumption 

of data centers worldwide even for the current point in time. 

Forecasts beyond 2020 are even more difficult due to the un-

clear development of technologies and the extent to which data 

centers and the services they provide will be used in the future 

[4], [10]. In particular, the possible end of the efficiency ad-

vances made to date, and thus the end of Moore's Law, could 

lead to a significant increase in energy consumption in the fu-

ture. Andrae/Edler, for example, have modeled an end to 

Moore's Law in their calculations by 2022 and thus also an end 

to the significant increases in data center efficiency [3]. This is 

a major reason for the very significant increase in energy con-

sumption in their scenarios. It can be discussed if and when 

Moores Law will end. It is clear that technical development is 

approaching the physical limits of conventional CMOS silicon 

technology. The structures currently consist of only a few 

atomic layers. Leading companies such as Intel and AMD ex-

pect Moore's law to come to an end around 2023 [50]. Howev-

er, alternative materials and 3D architectures will presumably 

contribute to further increases in performance and reliability 

despite the small structures. An abrupt end to improvements in 

the energy efficiency of computing operations is unlikely.  

Assuming a continuation of Moore's Law, the Andrae/Edler 

model yields much more moderate increases. Another reason 

for the significant increases in energy consumption in the mod-

el is the assumption that the performance of data centers is de-

termined by the IT traffic between the user and the data center. 

According to Cisco forecasts, this increases by 23% annually 

[3], [51]. If the assumption of increasing data center perfor-

mance is modified in such a way that the number of workloads 

and compute instances is chosen as the measure, the calculated 

increase in energy consumption in the model would be lower. 

According to Cisco, the number of workloads and compute 

instances is currently growing at an average annual rate of 

18.6% [1].  

To illustrate the differences between the different analyses, 

figure 5 shows various forecasts of the energy consumption of 

data centers worldwide through 2030. Studies have been se-

lected which allow the presentation of the development up to 

the year 2030. Beside the investigations of Andrae/Edler [3], 

Andrae [45] and Belkhir/Elmeligi [14] a “best case” is present-

ed. This development would occur using the Andrae/Edler 

model if Moore's Law continued and moderate growth rates in 

data center performance were assumed. Furthermore, according 

to Borderstep's calculations, the trend in the development of the 

worldwide energy consumption of data centers between 2010 

and 2017 will continue through 2030. 



 

Fig. 5.  Energy consumption of servers and data centers worldwide – forecasts 

to 2030  

A comparison of the various forecasts shows that the possi-

ble future development of the energy consumption of data cen-

ters has a wide range. In the “best case” the energy consump-

tion of data centers can remain largely constant. If Moore's 

Law ends and the performance of the data centers increases 

significantly, annual energy consumption may increase to al-

most 3,000 billion kWh/a (Andrae/Edler 2015 "expected"). 

Andrae 2019 and Belkhir/Elmeligi expect an energy consump-

tion of approx. 2000 billion kWh/a for 2030. If the current de-

velopments determined by Borderstep continue, the energy 

consumption of data centers will double by 2030 compared to 

today.  

However, the analysis of the development makes one thing 

clear: energy-efficient operation of data centers will continue to 

be of great importance in the future. However, the challenges 

are changing. This will be discussed in the following section. 

VI. FUTURE CHALLENGES: ENERGY-EFFICIENT IT 

HARDWARE AND SOFTWARE, USE OF WASTE HEAT AND 

RENEWABLE ENERGIES 

As shown above, the PUE values of data centers are im-

proving continuously. As a result, the share of the data center 

infrastructure in the energy consumption of data centers is be-

coming smaller. In the future, efforts to improve the energy 

efficiency of data centers will have to focus even more on IT 

components. Further improvements to IT hardware, energy-

efficient software, and efficient software deployment models 

such as virtualization and container technology offer opportuni-

ties for optimization. Completely new technologies such as 

neuromorphic processors or the use of artificial intelligence to 

improve efficiency in data centers also offer high potential 

[18]. 

Even if all possible future improvements in the efficiency 

of IT components and infrastructure are taken into account: 

almost everywhere, the electricity used in data centers is con-

verted into heat and then released into the environment – most-

ly using additional energy for ventilation and cooling. The ex-

ample of Sweden in particular shows that it is possible to use 

the waste heat from data centers under appropriate conditions 

[52], [53]. In view of the increasing energy consumption of 

data centers, the topic of waste heat utilization will play a cen-

tral role in the future [18]. Innovative new solutions must be 

implemented here. This applies to both classic air-cooled and 

new innovative liquid-cooled IT systems. In Germany and pre-

sumably in other countries too, however, the framework condi-

tions must change in order to promote the use of waste heat in 

data centers. So far, electricity prices in Germany have been so 

high that the operation of heat pumps that can raise the waste 

heat level of data centers to a usable level is uneconomical. 

Often it is economically more favorable to burn oil or gas for 

heat generation instead of using existing waste heat.  

Another future challenge for environmentally friendly data 

center operation is the supply of electricity generated largely 

from renewable sources because the supply of continuously 

available electricity generated from hydropower or biomass is 

limited. This means that intelligent use of fluctuating wind and 

solar power in data centers is becoming increasingly important. 

Here, too, there are promising technological approaches [18], 

[54], [55].  

VII. SUMMARY AND CONCLUSION 

This paper discusses the development of the energy con-

sumption of data centers, and the results of various studies are 

presented. Although the various studies presented assume 

greater or smaller increases in energy consumption of data cen-

ters in recent years, estimates of both the absolute amount of 

energy consumed and the increases in energy consumption 

differ significantly. 

The forecasts for the development of future energy con-

sumption of data centers differ even further. The article briefly 

presents and discusses possible scenarios for the energy con-

sumption of data centers worldwide through 2030, ranging 

from keeping energy consumption constant to an increase by a 

factor of 40.   

All the uncertainty and variation of the forecasts notwith-

standing, a further significant increase in the energy consump-

tion of data centers seems likely. Improving energy efficiency 

will therefore continue to be of great importance. The focus 

here will be more on improving the energy efficiency of IT 

components in the future, as significant improvements in infra-

structure such as cooling and uninterruptible power supply 

have already been achieved in the past. Measures that do not 

directly affect the energy efficiency of data centers, such as the 

use of waste heat and operation with (fluctuating) regenerative 

energy, will also become increasingly important in the future.  

With a view to the future, it can be assumed that the focus 

of sustainable data center operation will shift from the sole 

consideration of energy requirements to other sustainability 

categories. Initial approaches, e.g. for the consideration of the 

17 Sustainable Development Goals of the UN, already exist 

today [56]. 
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Abstract—How does increasing digitalization affect the
environment? A number of studies predict that digital-
ization will ultimately reduce environmental degradation
but seem to overestimate the emission-reducing effects of
digitalization through increases in resource efficiency, while
underestimating substantial rebound effects and negative
environmental impact of the construction and maintenance
of complex digital infrastructures. Additionally, the envi-
ronmental benefits of decreasing consumption of one-time
usage goods may be outweighed by the environmental costs
of the production of ICTs and the increasing use of digital
technologies.

This paper analyzes the relationship between degrees of
countries’ level of digitalization and environmental indica-
tors by use of a panel data set of 37 economies. It is the
first paper to differentiate between emissions associated
with a country’s production and those connected to a
country’s consumption, accounting for emissions related
to exports and imports. The level of digitalization in
production is approximated by companies’ investments
in digital technologies. The chosen indicator to measure
consumers’ proclivity to digital technologies is online shop-
ping behaviour. We address the problem of changes in
unobserved heterogeneity by using the recently developed
Group Fixed Effects estimator.

Results indicate that the beneficial environmental effects
of digitalization on reducing climate gas emissions slightly
outweigh the undesired environmental effects, both in pro-
duction and consumption. Ultimately, we find that increases
in digitalization have a net positive effect on the natural
environment.

Keywords: ecological footprint, digitalization, environ-
mental throughput, industry 4.0.

I. INTRODUCTION

There is a widely-held consensus among politicians and
economists that increases in digitalization will have a
net-positive effect on the environment. The German

Department of Trade and Industry claims that digital-
ization improves an economy’s ecological sustainabil-
ity by increasing resource and energy use efficiencies
(ENERGIE, 2015). According to the Association of Ger-
man Engineers, digitalization may result in increases
in resource efficiency of up to 25% (RESSOURCENEF-
FIZIENZ, 2017). And the ’Global e-Sustainability Initia-
tive’, an international network of IT companies, argues
that digitalization has the potential to decrease global
carbon emissions by an impressive 20% (GESI and
ACCENTURE, 2015).

Looking closer at these studies reveals that such pre-
dictions are founded upon weak empirical bases. Some
publications simply postulate the likely potential of digi-
talization to decrease environmental pressures with little
subsequent quantitative analysis (FORSCHUNG, 2014;
BUNDESREGIERUNG, 2014; WISSENSCHAFT, 2013).
Others, while based on more concrete empirical cal-
culations, nevertheless overestimate positive effects and
underestimate negative ones (GESI and ACCENTURE,
2015), for a discussion see HILTY and BIESER (2017).

The scientific literature on the environmental effects of
ICT usually differentiates between effects on different
levels. Most taxonomies have in common that they
include first higher order effects (RØPKE, 2012; HORNER
et al., 2016a; POHL et al., 2019). The definition of first
order effects is similar throughout the literature. It entails
the energy, resource use and emissions associated with
the production life cycle. This entails the production, use
phase and disposal of ICT.

However, the entire environmental effects of ICT in-
volve additional mechanisms (ARVESEN et al., 2011;
HAKANSSON and FINNVEDEN, 2015). Such higher order
effects are manifold. Which effects are incorporated
into the analysis and how they are systemized varies
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throughout the literature. Some of these effects tend to
have positive and some to have negative environmental
consequences. A recent list of effects includes substi-
tution effects, optimization effects, beneficial effects,
direct rebound effects, indirect rebound effects, induction
effects, sustainable lifestyles and practices, transforma-
tional rebound effects, induction effects and systemic
transformation and structural economic change (POHL
et al., 2019). Several authors do not further categorize
these higher order effects (BÖRJESSON RIVERA et al.,
2014; POHL et al., 2019). However, there exist also
several categorizations amongst the higher order effects.
BERKHOUT and HERTIN (2004) differentiate between
indirect and systemic effects and HORNER et al. (2016a)
between application and systemic effects. Many authors
differentiate between two levels of higher order effects
(i.e., second and third order). This categorization has
first been introduced by BERKHOUT and HERTIN (2001).
HILTY and AEBISCHER (2015) see the life cycle effects
of production, use and disposal at the first order level,
referring to them as direct effects. At the second order,
so-called enabling effects include process optimization,
media substitution, and externalization of control. Me-
dia substitution means that with increased digitalization
information is distributed through new forms of media,
for example replacing books by tablets or Kindles, or re-
placing audio playback devices with streaming services.
Externalization of control captures all processes that are
out of the hands of consumers or businesses using a
specific technology, such as the need to regularly acquire
new hardware due to software update cycles. Third
order effects are labelled systemic effects and encompass
rebound effects, emerging risks and transition towards
sustainable patterns of production and consumption.

Accurately measuring the effect of digitalization on
the environment using these different classifications of
effects is a challenging task (HEIJUNGS et al., 2009;
FINKBEINER et al., 2014; MILLER and KEOLEIAN,
2015). It would be possible to investigate the life-cycle
impacts, as well as the productivity increases, on a
microeconomic scale by estimating changes in environ-
mental productivity for the production of specific goods
and services, or by measuring the energy and resources
used to produce and use ICTs. However, even this is
a difficult task (HILTY, 2015). Estimating the effect of
digitalization on labor productivity and economic growth
is even more difficult, as various other factors come
into play. Digitalization takes place within a certain
historic situation of the world economy. The fact that
economies undergo a multitude of transformations and

macroeconomic shocks parallel to digitalization makes
it even more complicated to measure each of the three
mechanisms as along with the overall effect of digi-
talization. Indeed, it is difficult to clearly separate the
environmental effects caused by digitalization from those
effects caused by other key factors, like the continuing
globalization of world trade, economic policies aimed at
climate change and environmental threats, urbanization,
and population growth, among others.

Due to these challenges in measuring the environmental
effects of digitalization directly, an alternative method
– complementary to the existing ones in the literature
– is to compare economies within the same historic
setting through a differences in differences approach.
Do economies experiencing faster digitalization increase
or decrease their environmental throughput compared to
economies with slower digitalization over the same time
period?

Nearly no studies exist on the macro level to allow for
capturing both negative and positive effects of digital-
ization on biosphere use with an explicit differentiation
between production and consumption effects. One of few
existing studies providing such evidence is SCHULTE
et al. (2016), who assess the effects of increasing ICT use
on energy consumption in production through a cross-
country panel data analysis. Our approach adds to the
existing body of knowledge by explicitly differentiating
between the environmental effects of increasing digital-
ization caused by production and consumption.

II. LITERATURE REVIEW

The life-cycle impacts of ICT use have been subject to a
number of investigations. The production and application
of ICTs themselves require a substantial input of raw
materials and energy. However, existing studies on the
natural resource costs associated with the production and
employment of ICTs are limited.

According to a recent study by MALMODIN et al. (2018),
the use of ICTs accounts for 0,5% of global material
use. However, these numbers vary highly concerning the
specific material being considered. Indeed, ICT accounts
for 80-90% of depletion of certain materials, such as
indium, gallium and germanium. Several studies have
investigated ICT’s effects on the demand for energy.
ANDRAE (2015) estimate that the use of ICTs accounted
for 8% of global energy use in 2010 and expect this share
to rise strongly in the coming years. VAN HEDDEGHEM
et al. (2014) estimate that the share of global energy
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consumption due to a certain subset of ICTs (communi-
cation networks, personal computers, and data centres)
grew from 3.9% to 4.6% in 2012 alone. These numbers
certainly show that such direct effects of ICTs must be
considered when estimating whether growing levels of
digitalization serve to increase or decrease environmental
throughput over time.

Many examples of increases in environmental produc-
tivity through increased ICT use have been observed.
More efficient movement of robots can decrease their
energy use in manufacturing.1 In one of the first studies
on the subject, LENNARTSON and BENGTSSON (2016)
find that improvements in robotic movement efficiency
are associated with a decrease in energy consumption of
up to 40%. COROAMA et al. (2012) find that replacing
in-person business meetings with virtual conferences
could decrease the carbon footprint of such meetings by
37% - 50%. Electronic invoicing can decrease energy
use compared with traditional invoicing methods and
switching to online newspapers and magazines rather
than consuming conventional print publications can have
a substantial and far-reaching positive environmental
impacts as well (MOBERG et al., 2010). Various studies
have investigated the environmental effects of online
vs. offline retailing at the micro level (HORNER et al.,
2016b; MANGIARACINA et al., 2015; LOON et al., 2015).
Which one is more efficient depends on various factors
such as population density and the specific conditions
of delivery, implying that online shopping can actually
be more environmentally harmful than traditional retail.
The same is true for media substitution regarding online
video streaming compared to renting DVDs (SHEHABI
et al., 2014).

In addition, rebound effects can also be observed. In
a nutshell, rebound effects refer to the phenomenon
where an increase in production efficiency leads to a
lowering of consumer prices. This, in turn, leads to
higher demand, resulting in an expansion of total pro-
duction. The corresponding increase in natural resource
use may overcompensate the ecological efficiency gains,
leading to a net-increase of biosphere use (BERKHOUT
et al., 2000). An overview of the literature on rebound
effects in regards to ICT usage is provided by GOSSART
(2014). If digitalization helps to increase energy and
resource productivities, the costs for energy and other
resources decrease. Economically speaking, this means
that the production function shifts downwards, a new
equilibrium of lower price and higher quantity is reached,

1Note that this refers to robot steerage, not the introduction of robots.

and consumers have more income to spend on other
goods and services. This implies that the energy and
natural resources saved through increased productivity
can be used for other productive purposes, either to
produce more of the same goods and services or to
produce additional other goods and services. Many au-
thors have found evidence for rebound effects in different
areas of the digital economy, including COROAMA et al.
(2012), MOKHTARIAN (2009), and ARNFALK et al.
(2016) for virtual meetings and video conferencing, and
BÖRJESSON RIVERA et al. (2014a) for production of
ICT hardware. Another example is in the increasing
efficiency of processing units. The so called “Koomey’s
law” states that the energy efficiency of processing units
doubles every 1.5 years (KOOMEY et al., 2011). If the
amount of processing units would stay the same, energy
use by such units would decrease along a logarithmic
pattern with a half-life of 1.5 years, quickly approaching
very low levels. But at the same time, the amount of
computations of the processing units produced and used
grows over time. The bottom line is that the growth in the
number of processing units is higher than the rate of in-
crease in productivity. This impressive growth can at least
partly be explained by technological developments. The
newer, more efficient units allow for media substitution,
resulting in more aggregate use. For example, with the
larger and more energy-intensive processing units in the
1990s, it was simply not feasible to invent a functional
smartphone.

In summary, the existing research suggests that digi-
talization has the potential to increase environmental
productivity in many economic areas. But even if this
holds true, the production and maintenance of a digital
infrastructure (first order effects) and potential rebound
and other higher order effects could outweigh the benefits
described by the first mechanism, possibly leading to
an increase in total environmental throughput after all.
Only by an aggregated analysis that takes all mechanisms
into account can we investigate whether digitalization
increases or decreases environmental throughput.

III. METHODOLOGY

A. Estimation method

This analysis relies on the recently introduced Group
Fixed Effects (GFE) estimator. It was developed by BON-
HOMME and MANRESA (2015) and has been used by
few studies so far (GRUNEWALD et al., 2017; KOPP and
DORN, 2018). Its development has been motivated by

3
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problems with conventional panel fixed-effect analysis,
which implicitly assumes unobserved heterogeneity be-
tween countries to stay constant over time. To tackle this
issue, in the first stage the GFE assembles all countries
into groups, according to the changes in the observables.
In the second stage the panel estimation is exercised,
supplemented by dummy variables for each of the groups
instead of individual country effects. The GFE also
solves the problem of low degrees of freedom in fixed-
effect panel estimations, which require a big number of
dummy variables (one dummy per section, e.g. country).
Since the GFE bundles all countries within a relatively
small number of groups (all literature reviewed that
employs the GFE estimator relies on less than ten groups
(BONHOMME and MANRESA, 2015; GRUNEWALD et al.,
2017; KOPP and DORN, 2018)), the number of covariates
decreases strongly.

Four control variables are included, following
GRUNEWALD et al. (2017) and KOPP and DORN
(2018): the share of the population living in urban areas,
as well as the shares of the GDP being generated in
the agriculture, the manufacturing, and service sectors,
respectively. This leads to the following equation to
be estimated, for both production and consumption
analyses:

lnCO2 =� lnDigi+ � lnGDP

+  lnGDP Digi+ �X

+

4X

i=1

GFEi + c+ ";

(1)

where CO2 stands for climate gas emissions and Digi

for the level of digitalization.2 GDP denotes each
country’s GDP. GDP Digi is a cross term capturing
interaction effects between GDP and the measure of
digitalization on the outcome variable.3 X is the vector
of control variables (x1; x2; x3; x4) and � the vector of
the respective coefficients (�1; �2; �3; �4). GFEi stands
for the coefficients of the GFE-groups, of which one is
omitted from the estimation due to collinearity. c is a
constant and " an error term. The dependent and the
key explaining variables are described in the following
sections.

2The identification of the digitalization effect is laid out in the next
section.

3This allows for the possibility that the effect of one of the variables
depends on the state of the other, i.e. that digitalization may affect
biosphere use in richer countries systematically different than it does
in less well-off countries.

B. Identification strategy

The effects of digitalization can be decomposed into
those effects related to the production of goods and
those related to the consumption of goods. The former
includes increased technical efficiency due to the use of
ICT in production processes, while the latter refers to
changing consumption patterns, such as the switch from
conventional analogous and offline practices to digital
and potentially online ones. To allow for a differentiation
between the effects of these two areas we approach
the question from two sides, first from the production
perspective and then from the consumption perspective.

To measure production-side effects, we measure all re-
sources that are used in one country’s industrial pro-
duction and investigate how deeply resource use in that
country is affected by the country’s level of industrial
digitalization. This level of digitalization is captured by
the total yearly investments of all firms in information
and communication technology. Environmental through-
put is proxied by each country’s CO2 emissions.

The analysis on the consumption side considers all
resources used during the production of the goods con-
sumed in one certain country (even if produced abroad)
and associates them with a measure of digitalization on
the consumer side in one country. Defining an aggregate
measure to account for all aspects of digitalization on the
consumer side is complicated, as it encompasses several
dimensions. This means, generally speaking, that new or
additional products and services are consumed that were
not previously imagined to complement or substitute
existing ones. This also includes the purchasing process
itself, which is involved in every purchasing act, and
might therefore serve as an effective proxy for the
consumers’ openness to new technology and willingness
to use them. This paper therefore proxies digitalization
on the consumption side by the share of individuals who
ordered consumer articles online during the last three
months.4 The environmental throughput caused by the
consumption of goods in a country is proxied by the
sub-index CO2 emissions of the ecological footprint. The
critical difference between the two measures of biosphere
use is that the former captures the CO2 emissions pro-
duced within the countries while the latter also accounts
for emissions imported and exported through trade.

4As this decision is controversial some critical reflections and ideas
on alternatives to this measure are provided in the “Outlook” section
IV-C.

4



IV Results, discussion, and outlook

C. Data

On the production side the key explanatory variable,
the digitalization in a country’s production, is the sum
of all investments made by all companies into ICT
infrastructure and software that is used for more than
one year. This variable is provided by the OECD (2017).
The dependent variable is CO2 emissions generated
by all production processes carried out in one country,
proxying the environmentally detrimental output caused
by production. This variable, as well as the controls, were
taken from the World Development Indicators, provided
by the World Bank. Descriptive statistics of all variables
entering the production side regression are provided in
Table (I).

TABLE I: Summary statistics of all variables entering
the production side regression.

mean sd min max
lnCO2 6.56 1.33 4.65 9.96
lnICTinvest 2.73 0.39 1.03 3.48
lnGDP 23.10 1.20 21.03 26.04
Urban 77.56 7.58 57.92 88.91
Manu 17.52 4.15 9.06 27.80
Agri 2.95 2.08 0.55 11.68
Serv 61.39 6.05 44.60 76.38

318 observations

So on the production side the following model is esti-
mated:

lnCO2P =�P ln ICTInvest + �P lnGDP

+ P lnGDP ICTInvest + �PXP

+

4X

i=1

GFEi + cP + "P ;

(2)

where subscript P indicates the production side coeffi-
cients.

On the consumption side the key explanatory variable is
the share of people who used the internet to purchase
goods or services during the last three months. The
data were provided by EuroStat, the statistics service
of the European Commission (EUROSTAT, 2018). We
generated the dependant variable based on the carbon
sub-index of the ecological footprint (EF), provided by
the Ecological Footprint Network (LIN et al., 2016).
Unlike other accounts of emissions the EF captures not
only the ones produced in one country, but also accounts
for the ecological backpack carried by all goods imported

and exported. Since the database provides the EF in the
form of “global hectares”, it was converted back to CO2

emissions, based on average sequestration capacity of
forests, which is the measure used to construct the EF in
the first place. The control variables are the same as for
the production side. Descriptive statistics of all variables
entering the consumption side regression are provided
in Table (II). The values diverge slightly from the ones
provided in table (I); because – due to different data
availabilities – the countries included in the analysis vary
slightly.

TABLE II: Summary statistics of all variables entering
the consumption side regression.

mean sd min max
lnEFP 5.77 1.36 2.43 7.88
lnOnlineShopping -1.57 0.85 -3.91 -0.33
lnGDP 22.00 1.52 18.03 24.39
Urban 72.62 12.84 49.69 97.82
Manu 13.72 4.48 4.08 24.83
Agri 2.36 1.68 0.25 9.03
Serv 62.75 7.03 42.92 78.31

177 observations

The consumption side is estimated as follows:

lnCO2C =�C lnOnlineShopping + �C lnGDP

+ C lnGDP OnlineShopping

+ �CXC

+

4X

i=1

GFEi + cC + "C ;

(3)

where subscript C indicates the consumption side coef-
ficients.

The countries entering the analysis, their descriptives
and group assignments are displayed in Table (V) in
the appendix. For the production side, the panel covers
the years 1990-2009 and for the consumption side 2008-
2014. The number of observations per group is displayed
in Table (IV) in the appendix.

IV. RESULTS, DISCUSSION, AND OUTLOOK

A. Results

Results of both regressions are displayed in table (III).
The inclusion of the interaction terms impedes a straight-
forward interpretation by simply observing the estimated
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coefficients. To facilitate an intuitive interpretation, fig-
ures (1) and (2) visualize the effect of digitalization
within the range of the GDP and digitalization levels
in the data in the form of heatmaps.

TABLE III: Regression results.
(1) (2)

VARIABLES lnCO2 lnEFP

lnICTinvest -3.835***
(0)

lnGDP ICTinvest 0.171***
(0)

lnOnlineShopping -2.055***
(6.88e-05)

lnGDP OnlineShopping 0.0826***
(0.000356)

lnGDP 1.577*** -0.190
(0.000139) (0.706)

lnGDP2 -0.0195** 0.0247**
(0.0456) (0.0331)

Urban 0.0290*** 0.00841***
(0) (0.00283)

Manu 0.00705* 0.0412***
(0.0888) (4.63e-06)

Agri 0.0669*** 0.157***
(0) (4.83e-08)

Serv -0.0231*** 0.00433
(2.88e-09) (0.549)

Assignment1 -0.438*** 0.742***
(0) (3.61e-09)

Assignment2 0.448*** 0.879***
(0) (0)

Assignment3 0.734*** 0.801***
(0) (0)

Assignment4 0.253*** 0.424***
(0) (1.64e-05)

" -21.12*** -4.855
(6.41e-06) (0.395)

Observations 318 177
R2 0.989 0.957

pval in parentheses
*** p<0.01, ** p<0.05, * p<0.1

B. Discussion

Figure (1) shows that the effects of digitalization in
production on emissions depend on the level of GDP
in a given country. In the lower quartile of the GDP
distribution, increasing levels of digitalization lead to
a reduction in environmental throughput, while for the
upper quartile the opposite is true. At the sample mean
the effect is more ambiguous.

On the consumption side (Figure 2) the effects appear
clearer: digitalization leads to a reduction in environmen-
tal throughput. However, the effect grows weaker as GDP
increases.

Fig. 1: Effects of lnICT-Investments and lnGDP on CO2 emissions
produced within the country.

The shading indicates the size of the EF of the respective measure.
The dots represent the distribution of lnICT-investments and lnGDP
of all countries in our sample.

Fig. 2: Effects of lnOnline-Shopping and lnGDP on CO2 emissions
(including imported emissions).

The shading indicates the size of the EF of the respective measure.
The dots represent the distribution of lnOnline� Shopping and
lnGDP of all countries in our sample.

For both production and consumption, the effects of
digitalization on environmental throughput appear to
be relatively small compared with the effects of GDP.
Nevertheless, the effect may still be substantial. To fully
understand the marginal effects, we differentiate the
parametrized equations with respect to their respective
measurements of digitalization, ICT investments, and
online shopping behaviour.
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Differentiating equation (1) with respect to Digi yields

@ lnCO2

@Digi
=�Digi�1 + 

1

GDPDigi
GDP

=
�+ 

Digi

(4)

On the production side, equation (4) yields -0.22 at the
sample mean. At this point in the data, an increase in ICT
investments by 10% (that is, by 1.65) would decrease
lnCO2 by 0.3664. This amounts to 5.6% of all CO2

emissions caused in production, ceteris paribus.

The computation is the same on the demand side. At
the sample mean, an increase in Online Shopping by
10% would decrease lnCO2 caused through a country’s
consumption by 3.4%, ceteris paribus.

C. Outlook

The global effects of digitalization are widespread and
far-reaching in scope, encompassing multiple industries
and sectors (HILTY et al., 2014; WILLIAMS, 2011;
BÖRJESSON RIVERA et al., 2014b). This work specif-
ically focuses upon two aspects central to digitalisation.
On the production side, we focus on the life cycle
impacts reflected through the ever-increasing use of
digital hardware, proxied by firms’ ICT investments. On
the consumption side, digitalization manifests itself in a
general proclivity and openness of consumers towards
digitalization (second and third order effects), which
can be measured effectively through online shopping
behaviour.

However, one potential caveat of this study that must be
taken into account is the potentially questionable validity
of online shopping behaviour as a proxy for consumer
openness towards digital services. To account for this
potential weakness, the next step is to expand upon the
study by testing our results for robustness by adding more
dimensions on the consumer side, in order to provide a
more complete picture of consumer-side digitalization.
This can be achieved by executing our existing analysis
with an index composed of data on more second-order
effects, including media substitution, process optimiza-
tion, and externalization of control. These can include
data on internet penetration rates, average internet speed,
share of Netflix subscriptions vs. DVD rentals, quantity
of decentralised energy systems/smart grids, sales of
Amazon Kindles, inter alia. These data would then need
to be normalized and aggregated to an index.

V. CONCLUSION

To the best of the authors’ knowledge, this paper is one of
the first to analyze the impact of increased digitalization
on environmental throughput at the macroeconomic level.
It is the first paper that differentiates between consump-
tion and production side effects. We make use of a unique
dataset linking national CO2 emissions to digitalization
in production and net CO2 levels after trading to data
on digitalization levels in consumption. To answer the
research questions, we apply the newly developed Group
Effects estimator.

The results of this study provide the first evidence of
its kind that the CO2-decreasing benefit of digitalization
might outweigh its environmental costs. Indeed, there
is evidence that the net effect of digitalization on CO2

emissions and environmental throughput are in fact pos-
itive. However, supplemental research is required to test
the robustness of these results against a wider range of
digitalization measures on the consumption side.

BIBLIOGRAPHY

ANDRAE, Anders S G (2015). “Method based on market
changes for improvement of comparative attributional
life cycle assessments”. en. In: The International Jour-
nal of Life Cycle Assessment 20.2, pp. 263–275. ISSN:
0948-3349, 1614-7502.

ARNFALK, Peter, Ulf PILEROT, Per SCHILLANDER, and
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VI. APPENDIX

TABLE IV: Observations per group.

N production N consumption
1 52 41
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3 46 35
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5 75 52
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TABLE V: Mean values of key variables.

CO2 ICTinvest assignment prod. EF OnlineShopping assignment cons. GDP
Australia 1367 18.54 4 1838 1.3e+10
Austria 289 11.32 2 391 0.36 2 5.5e+09
Belgium 399 544 0.30 2 7.1e+09
Bulgaria 197 267 0.10 5 9.0e+08
Canada 2318 16.75 2 3126 2.5e+10
Croatia 91 120 0.13 4 1.0e+09
Czechrepublic 526 728 0.17 3 3.8e+09
Denmark 232 20.51 5 306 0.57 4 4.5e+09
Estonia 82 106 0.17 1 3.6e+08
Finland 282 11.09 4 268 0.41 1 3.6e+09
France 1513 15.49 5 1963 0.39 2 3.4e+10
Greece 312 423 0.13 4 4.0e+09
Hungary 210 273 0.20 3 2.6e+09
Ireland 187 10.15 3 247 0.34 4 3.3e+09
Italy 1829 12.48 2 2359 0.11 2 3.2e+10
Japan 4973 13.27 5 6403 8.1e+10
Latvia 31 42 0.14 5 4.0e+08
Lithuania 62 79 0.11 5 6.8e+08
Luxembourg 37 49 0.51 2 7.0e+08
Malta 10 13 0.32 5 1.3e+08
Montenegro 10 13 0.04 6.8e+07
Netherlands 694 880 0.52 2 1.2e+10
Newzealand 130 20.56 4 160 1.7e+09
Norway 279 292 0.55 1 8.4e+09
Poland 1478 1948 0.20 2 8.8e+09
Portugal 201 276 0.12 3 3.5e+09
Romania 461 626 0.04 4 3.6e+09
Serbia 243 324 0.03 7.6e+08
Slovakia 168 237 0.23 2 1.7e+09
Slovenia 71 101 0.19 2 8.4e+08
Southkorea 1996 11.17 3 2641 1.2e+10
Spain 1282 13.78 4 1680 0.20 3 2.0e+10
Sweden 241 22.65 1 322 0.52 5 6.6e+09
Switzerland 163 16.66 1 229 0.62 7.2e+09
Turkey 1554 2061 0.05 4 1.6e+10
Unitedkingdom 2076 23.58 4 2669 0.63 2 3.1e+10
Unitedstates 20518 29.54 2 26680 1.8e+11

Blank spots in the table refer to non-observed values in the respective dataset.
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Abstract—A major source of global greenhouse gas emissions
is the burning of fossil fuels for the generation of electricity.
The portion of electricity generated from fossil fuel varies across
regions, and within a region with demand for electricity and the
availability of renewable energy sources. Cloud providers operate
data centres in locations around the planet. And certain kind of
server computation can tolerate migrating between data centres.

In this paper we describe the design and implementation of
a low carbon scheduling policy for the open-source Kubernetes
container orchestrator. We apply this scheduler in a form of
demand side management by migrating consumption of electric
energy to countries with the lowest carbon intensity of electricity.

The primary contributions of this text are (i) the scheduler’s
design, which provides a generic model for optimising workload
placement in regions with the lowest carbon intensity (ii) an
evaluation of its performance in a case study with a major
public cloud provider (iii) an implementation of a demand side
management solution that consumes electricity where, instead of
when, grid carbon intensity is lowest.

Index Terms—Kubernetes; green computing; DSM; Demand
Side Management; renewable energy; grid carbon intensity

I. INTRODUCTION

Cloud datacentres typically comprise tens to thousands of
interconnected servers and consumes a substantial amount of
electrical energy [1]. [2] estimates that by 2030 datacentres
will use anywhere between 3% and 13%1 of global electricity.
All major cloud computing companies acknowledge the need
to run their datacentres as efficiently as possible in order to
address economic and environmental concerns, and recognise
that ICT consumes an increasing amount of energy. As an
example for a response, Google Cloud Platform runs its
datacentres entirely on renewable energy since the end of
2017 [3], while Microsoft have announced that their global
operations have been carbon neutral since 2012 [4]. Not all
cloud providers have been able to make such an extensive
commitment; Oracle Cloud, for example, is currently 100%
carbon neutral in Europe, but not in other regions [5]. Much
of the aforementioned companies’ claims come with the caveat
that their carbon emissions are not zero, but are offset by
financial instruments which invest in future renewable energy
generation or carbon capture; these future reductions are then
netted off against the current year’s greenhouse gas emissions
[6].

As the availability of renewable energy at a particular
location is inherently variable, the electricity in the local grid
that datacentres draw from typically is generated from both

Support for this research was generously provided by Microsoft Azure
1The study’s authors acknowledge that the worst-case scenario of 13% is

‘exorbitant’, but ‘not totally unrealistic’

renewable (‘green’) energy as well as fossil fuel or nuclear
based energy sources (‘brown energy’) in order to compensate
for the intermittent nature of renewable energy generation. So-
lar photovoltaic (PV) power production primarily depends on
the amount of solar irradiation (insolation) reaching the solar
panel; however, that irradiation is not uniformly distributed
over time [7]. In addition to the rotation of the earth, weather
and intermittend clouds block the Sun’s rays and thus influence
solar power generation output.

Intermittency of availability of renewable energy sources is
one of the factors driving demand side management (DSM) in
the electric grid where consumers of electric grid alter their
energy consumption patterns. In the area of energy systems
management, demand side management (contrasts with supply
side interventions) refers to any initiatives (technical interven-
tions, pricing models and monetary incentives) that affect how
and when electricity is being required by consumers. While
much of the research on DSM focusses on domestic energy
consumption there has also been work investigating DSM by
cloud data centres.

An important form of DSM is load shifting, whereby
load on the electric grid (i.e. demand for electric energy) is
rescheduled to a time of day during which the energy demand
can be more easily met by renewable resources [8]. Fig. 1
provides a basic visualisation of the load shape objective of
Load Shifting Demand Side Management.

In this paper we describe the proof of concept design
and implementation of a low carbon scheduling policy for
the open-source Kubernetes container orchestrator that can
provide DSM for cloud data centres. The scheduler selects
compute nodes based on the real-time carbon intensity of
the electric grid in the region they are in. Real-time APIs
that report grid carbon intensity is available for an increasing
number of regions; but not exhaustively around the planet.
In order to effectively demonstrate the schedulers ability to
perform global load balancing we evaluate the scheduler based
on its ability to the metric of solar irradiation.

The text is organised as follows. In the next section we
look at existing work related to energy consumption of cloud
computing. In section III we derive the design of the scheduler
– the implementation of which is detailed in section IV. In
section V we evaluate the implementation before we conclude
in section VI.

II. BACKGROUND AND RELATED WORK

In their taxonomy of DSM techniques [9] list four main
approaches: (a) energy efficiency, (b) time of use, (c) demand
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Fig. 1. Demand Side Managment (DSM) strategy - Load Shifting. The ‘duck
curve’ of solar power generation can be observed, with energy generation
peaking in the middle of the day

[8]

response and (d) spinning reserve. Time of use refers to
scheduling energy consumption outside of peak times. De-
mand response refers to reduction of electricity demand either
via direct control of devices by the electric utility provider
or using electricty tariffs in order to create incentives for
consumers to alter their behaviour. Spinning reserve refers to
the capability of some energy consuming devices to reduce
their power consumption in response to changes to the grid
frequency that results from load in the grid. Among these four
categories, energy efficiency measures are most desirable as
they result in long term reductions of energy consumption and
thus cost.

A. Energy-efficient cloud computing

Greater datacentre energy efficiency may be achieved
through a number of different methods. Some of these, com-
piled by Zakarya and Gillam [10], are outlined on Fig.2. Some
of these methods will be further explored in relation to cloud
computing in the proceeding section. The research outlined
in this project chiefly pertains to the ‘load balancing’ and
‘renewables’ rows listed in Fig.2.

B. Green datacentres and renewable energy

Solar power generation is characterised by variability and
uncertainty. Business decisions considering where best to
install photovoltaic (PV) arrays rely on historical solar irra-
diation data, which measure the solar energy that reaches the
earth’s surface over a long-term period. This usable energy
varies according to latitude, elevation, season, and climate.
The value of more short-term, namely day-ahead, solar power
forecasting is discussed in Brancucci et al.’s 2017 paper [11],
and indicates that such forecasting can lead to a reduction in
overall solar energy generation costs. The paper discusses the
‘duck curve’, in which solar power generation is observed to
be highest during the middle of the day, and can account for
a greater share of electrical power generation; however, more

conventional power generation methods are required to meet
demand during the downward (during sunrise) and upward
(during sunset) sloping sections of the curve.

GreenSlot, proposed by Goiri et al. [12], is a scheduler
which predicts the amount of solar energy that will be available
in the near future, and schedules the workload to maximise
green energy consumption while meeting the deadlines speci-
fied by the job submitter. Greenslot, however, operates within a
datacentre rather than between distributed datacentres, as we
propose. Additionally, the system was implemented for two
specific schedulers (SLURM and the MapReduce scheduler
of Hadoop); not for Kubernetes. GreenSlot increased green
energy usage by 19-21% by delaying jobs so that they are
executed during periods of high green energy production or
low brown energy prices [13].

GreenWorks is a framework that was proposed by Li et
al. [14] for datacentres powered by hybrid renewable energy
systems. The framework considers the timing behaviours and
capacity constraints of different energy sources that are avail-
able to a singular datacentre and makes optimal decisions
based on the energy mix available at any time.

Wang et al. [15], consider a mix of green and brown
energy sources, and use the following formula to implement
a k-nearest neighbour (k-NN) based algorithm to forecast
the solar energy level generation for the next day and make
VM placement decisions accordingly.Additionally, their model
is renewable-energy aware and considers the energy cost of
datacentre cooling [15].

As highlighted by Brancucci et al. [11], Goiri et al. [13], Li
et al. [14] and Wang et al. [15], several solar power forecasting
technologies currently exist and are continuously improving,
with modelling efforts accelerating thanks to advancements in
machine learning techniques. Antonanzas et al. also consider
very short term forecasting, denoted as intra-hour or ‘now-
casting’ [7]. All these works consider scheduling with regard
to renewable energy sources, but do so with consideration to
singular datacentres rather than taking a more global view,
and deal with a mix of renewable and non-renewable energy
sources rather than variable renewable energy sources exclu-
sively [15].

The Low Carbon Scheduler on the other hand considers
carbon intensity across regions as scaling up and down of a
large number of containers can be done in a matter of seconds.
Nonetheless, these works provide an understanding of green
computing at the WSC level, knowledge of which can under-
stand the trade-offs that are to be made in a geographically
distributed scheduler.

C. Geographically distributed green datacentres

Reasoning that it is cheaper to transmit data over large dis-
tances than it is to transmit power, one of the first papers that
suggested locating data centres near renewable energy sources
was written in 2008 by Hopper and Rice [16]. As grids and
datacentres are located in multiple regions that span the globe,
each is powered by different mixes of both green and brown
energy sources. Routing more user requests to the region



Fig. 2. Current approaches to datacentres energy efficiency [10]
Technique Explanation Benefits Shortcomings
Virtualisation Dynamically provision re-

sources
Efficient energy saving Widely used, VM live mi-

gration affects network per-
formance

Server consolidation and
encapsulating application

Reduces active servers by
consolidating the workload
of multiple servers

Increases the utilisation ra-
tio of servers, reduce SLA
violation ratio

Consequences from failure
of single consolidated
server

DCP (Dynamic Capacity
Planning)

Adjust the available re-
sources tocurrent demand

More energy-efficient Involves cost of switching
resources on/off; could vio-
late customers’ SLAs

Load Balancing Balance the workload
among different servers to
level out average utilisation

Equal utilisation Challenging to implement
in a heterogeneous platform

Scheduling and VMs place-
ment

Place VMs onto a suit-
able (most energy-efficient)
servers

Server and communication
system energy-efficient

Planning and live migration
SLA violation

Live migrations Migrate VMs from over-
utilised & under-utilised to
more efficient servers

Less energy consumption Service level of running ap-
plication affected

Renewables Migrate VMs to servers op-
erated by renewable energy
sources

More energy efficient and
economical

Renewables are intermittent
& involve migrations that
cost extra energy

which is powered by cheaper production technology not only
helps to save energy, but, according to Zakarya and Gillam
[10], offer at least three further benefits: (i) renewable energy
in oversupply allows for energy to be fed back to the electricity
grid; (ii) a high supply of renewables decreases demand for
non-renewable sources from the electricity grid; (iii) lessened
reliance on renewable energy storage reduces the costs of
management and replenishment of storage mechanisms, such
as batteries, and extends the life of these mechanisms.

Rahman et al. survey geographic load balancing of data
centre workload [17]. Geographic load balancing for carbon
reduction in the past has typically used request routing to direct
demand relative to carbon intensity of electricity. Among
them, [18] propose a traffic engineering framework, while [19]
propose a conceptual model based on Simulated Annealing
optimisation. Here, we go beyond the model and propose
a solution on the level of the infrastructure orchestration
provided by Kubernetes.

Berl et al. [20] outlines how a geographically-distributed
workload allocation system could work, and proposed moving
workload between datacentres if necessary in order to improve
energy efficiency. The paper focuses not on scheduling in
accordance with low carbon electricity, but advocates allo-
cating work to cooler datacentres2. A 2014 Paper by Zhang,
Shao et al. [22] estimated that 30 to 50% of a datacentre’s
energy consumption comprises ‘cooling energy’. Oro and
Salom came to a figure of 40% in 2015 [23]. For this reason

2Facebook published some details of their datacentres in Sweden, which
highlighted their efforts to locate their datacentres in colder climes in order
to minimise datacentre cooling costs [21]

the scheduler considers local air temperature when making
placement decisions (see section IV-A).

‘Green geographic load balancing’ was also used in a
paper by Islam et al. [24]; however, this was with the aim
of rationing water consumption in datacentres rather than
reducing carbon emissions. This is especially important during
periods of drought, as experienced in California in recent
years. Their algorithm, WATCH (WATer-constrained workload
sCHeduling in data centers), dynamically dispatches workload
across geographically distributed datacentres based on water
availability. While this work does not directly relate to our
proposed scheduler, the paper nonetheless demonstrates the
feasibility of implementing a green scheduler, remembering
that ‘green’ is a term that can be applied to minimising
consumption of natural resources in addition to encouraging
renewable energy usage.

In 2012, Van Heddeghem et al. concluded that while
deploying additional datacentres can help in reducing total
carbon footprint, substantial reductions could be achieved
when datacentres with nominal capacity well below maximum
capacity redistribute workload to sites based on the availability
of renewable energy [25]. The authors take a probabilistic
approach to chosing target data centres as opposed to our use
of real-time API based on reported actual generation data.

EcoPower is a system designed to perform eco-aware
power management and load scheduling for geographically
distributed green cloud datacentres [26]. While the paper
concludes that wind-dominant, solar-complementary strategy
is superior for the integration of renewable energy sources into
cloud datacentres’ infrastructure, the Low Carbon Scheduler



Country Microsoft [29] Google [30] Amazon [31] Oracle [32]
Australia x x x
Belgium x
Brazil x x x x
Canada x x x
China x x
Denmark x
Finland x
France x x
Germany x x x x
India x x x
Ireland x x
Japan x x x
Korea x x
Malaysia x
Netherlands x x
Norway x
Singapore x
South Africa x
Sweden x
Switzerland x
Taiwan x
UAE x
UK x x x x
US-CA x x x x
US-East x x x x
US-central x x x x

provides a proof-of-concept demonstrating how to reduce
carbon intensity in cloud computing. Also, the Low Carbon
Scheduler focuses on Kubernetes workloads, which is not the
case with EcoPower. Calculating energy usage is also widely
explored in the work of Khosravi et al. [27] on geographically
distributed cloud datacentres.

Hasan et al. discuss green cloud computing from a business
cloud user’s perspective: companies may choose to specify
a requirement for green energy usage in their Service Level
Agreements (SLAs) with cloud computing providers [28]. In
the paper they extend the Cloud Service Level Agreement
(CSLA) language in order to incorporate two new threshold
parameters that ensure that more environmentally sustainable
policies are adhered to. The incentivisation of the Low Carbon
Scheduler is discussed in section IV

D. Geographically distributed cloud datacentres

The largest public Cloud providers operate data centres
around the planet. Table II-D lists the countries as of April
2019.

E. Real-time carbon intensity

Electricity in national electric grids is generated from a
variable mix of alternative sources. The carbon intensity of
the electricity provided by the grid anywhere in the world
is a measure of the amount of greenhouse gas released into
the atmosphere from the combustion of fossil fuels for the
generation of electricty. The carbon intensity is calculated as
the sum of the carbon intensity of the various energy sources
weighted by the relative production volumes per energy source
(i.e. fuel type). The dominant types of fossil fuel used for
electricity generation are gas and coal. Significant generation
sites (excluding, for example, domestic solar PV installations)

report the volume of electricity input to the grid in regular in-
tervals to the organisations operating the grid (for example the
National Grid in the UK). Increasingly, this production data is
made available in real-time via APIs. For the European Union
such an API is provided by the European Network of Trans-
mission System Operators for Electricity (www.entsoe.eu) and
for the UK this is the Balancing Mechanism Reporting Service
(www.elexon.co.uk). These APIs typically provide the retrieval
of the production volumes and thus allow to calculate the
carbon intensity in real-time [33]. Our low carbon scheduler
collects the carbon intensity from the available APIs and ranks
them to identify the region with lowest carbon intensity.

III. DESIGN

Kubernetes has been adopted and adapted for the purpose
of scheduling workload around the globe. While section III-C
outlines the design decisions made in order to enable a low
carbon scheduling policy, a brief overview of Kubernetes and
the role of scheduling within Kubernetes is provided first.

A. Kubernetes and container orchestration

Kubernetes, initially developed by Google and open-sourced
in 2015, is based on the company’s experience of running
containers internally on Google’s own WSCs using its pro-
prietary Borg system [34]. The source code for Kubernetes
was released in July 2015, and has grown to have more pull
requests and issue comments than any of the 54 million other
projects on GitHub [35]. Kubernetes was later donated to
the Cloud Native Computing Foundation, part of the Linux
Foundation.

The user provides the Kubernetes master3 with the desired
cluster configuration, typically in YAML format. Once the de-
sired state has been declared to the master, Kubernetes initiates
a reconciliation process to match the desired state of the cluster
with the current, actual, state. Once the desired cluster state
has been achieved, the Kubernetes controllers are in an active
reconciliation process, i.e. they monitor for changes made to
either the desired state (through user input) or the current state
(through node or netwok failures, for example), and ensures
that if a change is detected, the Kubernetes controllers carries
out the required operations to match the cluster’s current state
with its desired state [36].

Kubernetes can make use of GPUs4 and has also been
ported to run on ARM architecture5. Kubernetes has to a large
extent won the container orchestration war [41], [42]. This,
coupled with Kubernetes’s support for extendability and plug-
ins makes Kubernetes the most suitable for which to develop a
global scheduler and bring about the widest adoption, thereby
producing the greatest impact on carbon emission reduction.

3Through CLI/GUI/API
4Used extensively for Machine Learning and other GPU-intensive tasks

such as graphics rendering - NVIDIA have released a container for use
with GPUs [37]. Microsoft has made use of Kubernetes for running deep
learning models [38]. Kubernetes has also been used with great success for
bioinformatic analysis [39]

5Which uses substantially less power than the CPUs of traditional server
and desktop computers [40]



Term Definition
Pod The atomic unit of a Kubernetes cluster; a

group of one or more containers with shared
storage/network, and a specification for how
to run the containers nested within the pod

Master Provides the cluster’s control plane. Master
components make global decisions about the
cluster (for example, scheduling), and detect-
ing and responding to cluster events, such as
restarting stopped pods.

Fig. 3. Kubernetes architecture and basic terminology
[43]

As outlined on Fig. 3, the Kubernetes master performs a
number of roles, among them scheduling. Kubernetes allows
for schedulers to run in parallel, meaning that the scheduler
will not need to re-implement the pre-existing, and sophisti-
cated, bin-packing strategies present in Kubernetes. It need
only apply a scheduling layer to compliment the existing
capabilities proffered by Kubernetes.

B. Scheduling in Kubernetes

Kubernetes builds on work that was done at Google for
managing its internal cluster, called Borg [34], and later on
a project called Omega6 [45]. Facebook is believed to use a
similar service called Tupperware [34]. Google’s publication
of ‘Large-scale Cluster Management at Google with Borg’ [34]
proved to be seminal, and is counted as the key publication
on which Kubernetes is based. A number of features and
concepts from Borg have been brought forward to Kubernetes,
including API Servers, Pods, IP-per-Pod, Services, Labels
[34]. The Omega paper also provides a useful description
of scheduler interference [45], whereby multiple schedulers
may attempt to claim the same resource simultaneously. The
Omega paper explains that two approaches can be used to
mitigate this: a pessimistic approach which ensures that a
particular resource is only made available to one scheduler
at a time, and an optimistic approach, which detects conflicts
and undoes one or more of the conflicting claims [45]. Our
design, as it operates at a higher level of abstraction, assures
that Kubernetes continues to deal with bin-packing at the node
level, while the scheduler performs global-level scheduling
between datacentres.

The default scheduling algorithm used by Kubernetes is
succinctly explained in a README file in the source code:

There are two steps before a destination node of a
Pod is chosen. The first step is filtering all the nodes
and the second is ranking the remaining nodes to
find a best fit for the Pod. [46]

The scheduler evaluates all the nodes in the cluster based
on a number of rules, known as Predicates; these are schedul-
ing rules that filter out unqualified nodes7. Another set of

6Kubernetes is in fact claimed to be in many ways superior to Borg and
Omega [44]

7PodFitsResources, PodFitsPorts, MatchNodeSelector etc.

scheduling rules are called Priorities; these are scheduling
rules that rank the remaining nodes according to preferences8.
A scheduling policy is a particular combination of predicates
and priorities.

The scheduler specifically
• (a) looks for Pods that aren’t assigned to a node (unbound

Pods),
• (b) examines the state of the cluster (cached in memory),
• (c) picks a node that has free space and meets other

constraints
• (d) binds that Pod to a node. If multiple nodes are

assigned the same priority, a node is chosen at random
[47]

C. Extending the Kubernetes scheduler

The official Kubernetes documentation describes three pos-
sible ways of extending the default scheduler (kube-scheduler)
[48]: (i) adding these rules to the scheduler source code and
recompiling, (ii) implementing one’s own scheduler process
that runs instead of, or alongside kube-scheduler, or (iii)
implementing a scheduler extender.

D. Air temperature and solar irradiance

As described in the literature review in section II-C, the lo-
cal air temperature surrounding a datacentre affects the amount
of energy needed for cooling; air temperatureis therefore a
relevant consideration when the scheduler selects the most
suitable datacentre for workload allocation. In the scheduler’s
design, two datacentres with similarly-carbon intense grid
electricity are further ranked by temperature, with the cooler
location prioritised for the (re)allocation of the specified
workload.

E. Carbon emission model

In this subsection we describe a brief conceptual model of
the carbon emissions associated to computation and migration
of work.

Carbon emissions that result from the consumption of
electric energy can be calculated as the product of the electric
energy E and the carbon intensity of electricity I , thus E · I .
Compute work drives the consumption of electric energy
EC (energy compute in data centres and networks mainly
in three ways. Most importantly, electric energy is required
for servers during the runtime t of the computation. The
power consumption P is a function of the varying utilisation
of compute resources (e.g. CPU, memory, IO) over time.
Thus, EC =

∫
P (u(t))dt. Secondly, electric energy is also

consumed during transmission over the network of any data
(input to or results of computation), labeled EN (energy
network). This energy consumption is proportional to the
volume of data transferred [49]. Finally, there is a ramp-up
overhead from deploying the Kubernetes service in the target
location ER.

8Among the most commonly used are ImageLocalityPriority, Balance-
dResourceAllocation, LeastRequestedPriority



Carbon emissions can be reduced by migrating a Kubernetes
deployment if

ECAIA > ECBIB + ERB + ENABIAB

with ECA, ECB the compute energy in data centre A and B,
IA, IB the carbon intensities in regions of data centre A and
B, ERB the energy consumed for deploying the Kubernetes
service, ENAB the energy consumed for transporting all
required data from A to B and IAB the average carbon
intensity in the network route from A to B [50].

In this model we assume PUE is similar between data centre
A and B. Among these variables, the carbon intensities are
known to a Cloud customer via the carbon intensity APIs.
Cloud providers, i.e. data centre operators will also be able
to determine any differences between ECA and ECB , ERB .
Cloud operators would also know if PUE (power utilisation
efficiency) differs between two locations. PUE factors can
simply be added as coefficients to either side of the relation.

In our evaluation we present a concrete service for which
very little data has to be transported during migration of the
Kubernet deployment, and that thus can be optimised from
the perspective of the Cloud customer, in other words, based
on knowledge of IA and IB alone, assuming that the runtime
energy consumption for identical computation in two locations
A and B is similar, thus ECA ≈ ECB .

F. Pseudo-code

Algorithm 1 The Low Carbon Kubernetes Scheduler
Require: kubectl
Require: cloudproviderCLI

P = (x, y)
ID
greenestregion =
for all P do
get carbon intensity
for all P do

if ID = 0 then
delete

end if
sort by carbon intensity
if I[loc0] u I[loc0] then

for all P do
sortbyairtemp

end for
return topregion

else
return topregion

end if
end for

end for
wait30mins

IV. IMPLEMENTATION

In this section we describe the current implementation of
the design. At present the implementation is compatible with

the APIs of the Azure platform. The introduction of additional
public clouds is straight forward as described in IV-B.

1
The scheduler receives the carbon intensity values for all

viable datacentre regions. Once the results have been received,
the scheduler ranks the locations. By default this ranking
occurs in accordance carbon intensity and air temperature, but
can be modified, as demonstrated later.

Having determined the most suitable (i.e. ‘greenest’) dat-
acentre location, the program sends a request to the cloud
Kubernetes or IaaS management API to provision a Resource
Group at that datacentre, then verifies that this was successful.
Upon confirming the success of Resource Group creation a
request to provision a Kubernetes cluster is sent. Typically,
a new cluster takes around 10 minutes to provision and for
the credentials to be agreed upon9, and often an additional
minute or two for all of Kubernetes’s internal components to
be in a ‘Ready’ status. In order to wait for this to happen,
the scheduler polls the cluster at regular intervals10 for the
status of its components. Once the cluster is in ‘Ready’ state
the specified Deployment is executed. After all resources have
been created the Scheduler deletes the Resource Group in the
region that was just determined to be less suitable11. This
design ensures that the next cluster is fully up and deployed
before pulling down the previous cluster, ensuring that the
deployment is running continuously. It also addresses the issue
of what would happen if such a scheduler were widely used,
and if a large number of users were demanding resources from
the same datacentre: if the datacentre were overburdened with
requests, it would simply return a message to indicate that
the deployment cannot be placed, allowing the workload to
continue as normal in the previous region.

AKS (Azure Container Service) [sic] - Managed Kuber-
netes.. AKS reduces the complexity and operational overhead
of managing a Kubernetes cluster; however, this is only
currently offered in three regions 12. Also unable to scale down
to zero pods13

A. Incentivisation

In the first instance, the Low Carbon Scheduler will be
appealing organisations aiming to increase the sustainability
of their compute jobs. It could also play a role in ensuring that
such green SLAs are adhered to by allowing some companies
to opt in to a greener scheduling policy. One such proposal
for the Low Carbon Kubernetes Scheduler could be allowing
the deployer of cloud resources to declare their deployment as
‘latency-insensitive’, which would permit cloud operators to

9Using the host’s public SSH key, or a user-specified public SSH key
10in our implementation, every 20 seconds
11Deleting the cluster alone won’t necessarily remove the cluster’s child

resources. Ideally, in all areas that cannot generate renewable energy, CPU
cycles of any kind (including those made by the Kubernetes master) would
be zero. This would be unnecessarily costly and energy-inefficient.

12As of March 2018: centralus, eastus, westeurope [51]
13CLI says it must be 1 or greater [52]



schedule that workload in a manner that optimises demand-
side decarbonisation14 .

B. Extensibility

The software has been written to allow for easy extensibility.
Further metrics can be introduced to the code in order to
influence the datacentre scheduling decisions. The software’s
plugin package contains variables and suggested function
declarations that would allow practically any kind of metric
to be passed to it, similar to the way that the Kubernetes
scheduler does. It would be possible, for example, to introduce
consideration of live cloud-region pricing data posted on
AzurePrice.net. Extensibility of the scheduler is important
in order to allow new metrics to be introduced to influence
scheduling decisions. Some metrics, for example, are simply
not available to the public15, but would be useful for the
implementation of a carbon-aware scheduling policy [53].

In order to facilitate extensibility of cloud providers beyond
Azure, the source code strives to ensure that vendor-specific
commands are kept to their own packages. Azure-specific
commands are contained in the azacs16 package. Other de-
velopers may then easily add functionality to the scheduler by
introducing new packages for each cloud vendor. Additionally,
once AKS17 is supported in a greater number of regions, it
would be a trivial task to customise the source code to use
AKS instead of (or in addition to) ACS.

It would have been possible to configure the scheduler to
pull the deployment specification YAML from the running
cluster, and pass this configuration onto the next region, but
storing the file in a GitHub ‘gist’ that the scheduler is aware
of makes use of the practice in cloud computing known as
‘infrastructure as code’. This relates to managing and provi-
sioning resources using definition files, rather than physical
hardware configuration. This makes builds more reproducable
and allows for version control systems to be used to track
files and reverse a non-functioning declaration to a previous,
working state. The scheduler can be easily configured to
specify either a URL pointing to a raw YAML or JSON file,
or to specify a locally-stored deployment configuration.

V. EVALUATION

A. Carbon Ranks

We recorded the carbon intensities for the countries that
the major cloud providers operate data centres in (see II-D)
between 18.2.2019 13:00 UTC and 21.4.2019 9:00 UTC. We
then ranked all countries by the carbon intensity of their
electricity in 30 minute intervals. Among the total set of 30
minute values Switzerland had the lowest carbon intensity
(ranked first) in 0.57% of the 30 minute intervals, Norway
0.31%, France 0.11% and Sweden in 0.01%.

14Conceivably at a fractionally lower cost in order to incentivise its usage
15Such as each datacentre’s green/brown energy mix and how much energy

storage capacity is at each location
16Azure ACS (Azure Container Service)
17Azure’s managed Kubernetes service

B. The Heliotropic Scheduler

The list of least carbon intense countries only contains
countries in central Europe locations. In our evaluation of
the Kubernetes extension and its ability for globally distribut-
ing deployments we have chosen to optimise placement to
regions with the greatest degree of solar irradiance, termed
a Heliotropic Scheduler. Solar irradiance varies more widely
than carbon intensity across global regions.

This scheduler is termed ‘heliotropic’ in order to differenti-
ate it from a ‘follow-the-sun’ application management policy
as mentioned in the documentation to the cloud framework
Apache Brooklyn [54] [55] and in academic work [56]. While
‘follow-the-sun’ relates to meeting customer demand around
the world by placing staff and resources in proximity to those
locations (thereby making them available to clients at a lower
latency and at a suitable time of day), a ‘heliotropic’ policy
goes to where sunlight, and by extension solar irradiance, is
abundant.

1) Live solar irradiance data: As the scheduler reacts
to changes in insolation in near real time, a good source
of live weather data is crucial for its correct functioning.
Following a review of seven live weather APIs [57], Weath-
erbit.io was chosen as it was the sole simulatenous provider
of three metrics necessary for the Heliotropic Scheduler: air
temperature, windspeed, and live insolation data. This latter,
crucial measurement was derived from a metric called DHI,
or ‘Diffuse Horizontal Irradiance’. DHI signifies the amount
of radiation received on a horizontal surface that does not
arrive on a direct path from the sun, but has been scattered
by molecules and particles in the atmosphere [58]; it roughly
corresponds to Watts generated per square metre 18 [59]. The
veracity of the insolation data provided by Weatherbit.io could
be verified by comparison with equivalent data from other
Weather API providers.

C. BOINC

We evaluate our implementation of the Heliotropic Sched-
uler by running BOINC19 jobs on Kubernetes. BOINC (Berke-
ley Open Infrastructure for Network Computing) is a soft-
ware platform for volunteer computing that allows users
to contribute computational capacity from their home PCs
(usually when the computer is idle) towards scientific re-
search [60]. Among the most widely supported projects are
Einstein@Home, SETI@home and IBM World Community
Grid20.

While any number of programs could have been chosen or
written to carry out compute workload on the heliotropically-
scheduled cluster, BOINC was chosen, along with the IBM
Community Grid project, so that the project might contribute
to scientific research rather than perform an arbitrary ‘number-
crunching’ task of our own design. The BOINC client down-

18Subsequent investigations into the Weatherbit API revealed that additional
solar insolation metrics (DNI and GHI) were provided, but undocumented on
the Weatherbit website

19rhymes with ‘oink’
20As of January 2, 2018, 37 BOINC projects are active [61]



loads raw data, processes them and then uploads the results
back to the project servers before requesting additional work
[62]. Choosing BOINC as the cluster workload therefore offers
the advantage of there being no strong requirement for either
low latency or persistent storage.

A paper for further research regarding volunteer computing
(specifically BOINC) in the cloud, by Montes, Añel et al. [63],
demonstrates the suitability of BOINC for cloud computing
in certain circumstances21. This project’s work on BOINC
[64], including a Dockerfile and publically available image,
are available on Docker Hub22.

D. Results of evaluatory experiments
Pages 8 to 9 show empirical results of the Heliotropic

Scheduler placing workload in Microsoft Azure datacentres
across the globe. Each column of graphs shows the varying
DHI, the deployment location for the BOINC cluster over
time together with a map of the datacentre locations. The first
two tests show how the scheduler correctly identified the most
suitable region based on insolation and allocated work to those
regions as desired in the design specifications. Fig. 4 shows
that the deployment was raised in australiaeast, in accordance
with DHI, and remained there for the duration of the test.

Fig. 5 shows that the deployment was raised in westeurope,
in accordance with DHI, before scheduling itself heliotropi-
cally to eastus, and later centralus.

Fig. 6 demonstrates the scheduler’s extensibility. With a
minimal amount of configuration, the scheduler operated on
a follow-the-wind model. As wind power continues to be
generated at night, a greater number of datacentres are in
contention to be the most suitable. For this reason a number
of redeployments occur over the test’s time period. Depending
on the nature of the work, datacentre migration might include
the transfer of a significant amount of data. In this case,
reallocation thresholds can limit the number of migrations that
can occur over a period of time.

VI. CONCLUSION

We presented the design and implementation of a low
carbon scheduling policy for the open-source Kubernetes con-
tainer orchestrator. The implementation is fully functional and
could successfully migrate a Kubernetes deployment between
global regions.

For cloud customers, the current optimisation model of
the scheduler is robust of for workloads that do not require
significant data transport as part of the migration - such as
is the case with the BOINC workloads. Even though many
cloud providers are contracting for renewable energy with
their energy providers, the electricity these data centres take
from the grid is generated with release of a varying amount of
greenhouse gas emissions into the atmosphere. Our scheduler
can contribute to moving demand for more carbon intense
electricity to less carbon intense electricity.

21The paper looks at running the BOINC client on Amazon’s Cloud
Services platform (AWS), and contributes to the ClimatePrediction.net project

22Docker Hub is a centralised resource for public and private container
images

Fig. 4. Test 0 (DHI)
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[63] D. Montes, J. A. Añel, T. F. Pena, P. Uhe, and D. C. H.
Wallom, “Enabling boinc in infrastructure as a service cloud system,”
Geoscientific Model Development, vol. 10, no. 2, pp. 811–826, 2017.
[Online]. Available: https://www.geosci-model-dev.net/10/811/2017/

[64] obfuscated, “Docker hub public repository: obfuscated,” 2018. [Online].
Available: https://hub.docker.com/r/obfuscated/

http://www.sciencedirect.com/science/article/pii/S1876610215014526
http://www.sciencedirect.com/science/article/pii/S1876610215014526
http://www.sciencedirect.com/science/article/pii/S0167739X11000859
https://azure.microsoft.com/en-gb/global-infrastructure/regions/
https://azure.microsoft.com/en-gb/global-infrastructure/regions/
https://cloud.google.com/about/locations/
https://aws.amazon.com/about-aws/global-infrastructure/
https://aws.amazon.com/about-aws/global-infrastructure/
https://cloud.oracle.com/data-regions
http://arxiv.org/abs/1812.06679
http://arxiv.org/abs/1812.06679
http://research.google.com/pubs/archive/44843.pdf
http://blog.kubernetes.io/2017/07/happy-second-birthday-kubernetes.html
http://blog.kubernetes.io/2017/07/happy-second-birthday-kubernetes.html
https://github.com/kubernetes/community/blob/8decfe4/contributors/devel/controllers.md
https://github.com/kubernetes/community/blob/8decfe4/contributors/devel/controllers.md
https://github.com/NVIDIA/nvidia-container-runtime
https://www.microsoft.com/developerblog/2017/11/21/autoscaling-deep-learning-training-kubernetes/
https://www.microsoft.com/developerblog/2017/11/21/autoscaling-deep-learning-training-kubernetes/
https://github.com/luxas/kubernetes-on-arm
https://portworx.com/2017-container-adoption-survey/
https://portworx.com/2017-container-adoption-survey/
https://www.geekwire.com/2017/cloud-2017-amazon-web-services-shows-no-signs-slowing-year-kubernetes/
https://www.geekwire.com/2017/cloud-2017-amazon-web-services-shows-no-signs-slowing-year-kubernetes/
https://kubernetes.io/docs/home/
https://medium.com/s-c-a-l-e/google-systems-guru-explains-why-containers-are-the-future-of\-computing-87922af2cf95
https://medium.com/s-c-a-l-e/google-systems-guru-explains-why-containers-are-the-future-of\-computing-87922af2cf95
https://medium.com/s-c-a-l-e/google-systems-guru-explains-why-containers-are-the-future-of\-computing-87922af2cf95
http://eurosys2013.tudos.org/wp-content/uploads/2013/paper/Schwarzkopf.pdf
http://eurosys2013.tudos.org/wp-content/uploads/2013/paper/Schwarzkopf.pdf
https://github.com/kubernetes/community/blob/master/contributors/devel/scheduler_algorithm.md
https://github.com/kubernetes/community/blob/master/contributors/devel/scheduler_algorithm.md
https://blog.heptio.com/core-kubernetes-jazz-improv-over-orchestration-a7903ea92ca
https://blog.heptio.com/core-kubernetes-jazz-improv-over-orchestration-a7903ea92ca
https://github.com/kubernetes/community/blob/master/contributors/design-proposals/scheduling/scheduler_extender.md
https://github.com/kubernetes/community/blob/master/contributors/design-proposals/scheduling/scheduler_extender.md
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6957153
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6957153
https://azure.microsoft.com/en-gb/status/
https://azure.microsoft.com/en-gb/status/
https://github.com/Azure/AKS/issues/79
http://www.sciencedirect.com/journal/energy-procedia/vol/46
https://github.com/apache/brooklyn-server/tree/master/policy/src/main/java/org/apache/brooklyn/policy/followthesun
https://github.com/apache/brooklyn-server/tree/master/policy/src/main/java/org/apache/brooklyn/policy/followthesun
https://brooklyn.apache.org/learnmore/theory.html
http://www.tandfonline.com/doi/abs/10.2753/MIS0742-1222270102
https://github.com/toddmotto/public-apis#weather
https://www.nrel.gov/docs/legosti/old/4856.pdf
https://www.weatherbit.io/api/weather-current
http://boinc.berkeley.edu/
http://boinc.berkeley.edu/projects.php
http://boinc.berkeley.edu/projects.php
http://boinc.berkeley.edu/wiki/How_BOINC_works
http://boinc.berkeley.edu/wiki/How_BOINC_works
https://www.geosci-model-dev.net/10/811/2017/
https://hub.docker.com/r/obfuscated/


Equality Requirements for Software Systems: A Survey

Maryam Ali Al Hinai

Information Technology Department
Higher College of Technology

Al-Khuwair, Oman
Email: maryam.alhinai@hct.edu.om

Ruzanna Chitchyan

Department of Computer Science
University of Bristol

Bristol, UK
ORCiD: 0000-0001-6293-3445

Email: r.chitchyan@bristol.ac.uk

Abstract—In order to support social sustainability through
software systems, we must learn to engineer requirements that
foster sustainability conditions within a society. Yet, the notion of
social sustainability is very complex, encompassing equality, trust,
cultural and religious diversity support, community participation
and more. In this paper we present results of a survey-based
study on the notion of equality within a range of software users.
Do diverse users converge to some common views on equality?
Does the diversity of users itself influence these perceptions. And
can we formulate requirements statements for these perceptions?
We explore these questions through analysis of data from 155
(relatively well educated, English speaking, and technologically
literate) survey respondents.

Index Terms—Social sustainability; software; requirements
engineering; equality, survey.

I. INTRODUCTION

A society is socially sustainable if it has a sound basic
framework that supports its members cooperation at low trans-
action costs [1]. Shared values, equal rights, and community,
religious and cultural interactions are necessary components
of such a framework [1]. What this really means, is that
in a socially sustainable society individuals and groups in-
teract (e.g., trade, borrow and lend, innovate, learn, govern,
and regulate, etc.) with the maximum personal and social
benefit and minimum expenses, lost opportunities (e.g., due
to discrimination or corruption, etc.) or discomfort, i.e., with
minimum transition costs.

As software mediates more and more activities in the
modern societies, many software engineering researchers argue
that it also has a key role to play in supporting social
sustainability. Thus, some researchers [2], [3] argue that values
drive decision making in software engineering. Consequently,
these values would be embodied within software implemen-
tations and would drive the way that software operates and
structures social interactions around itself. Similarly, Becker
et al. [4] note that sustainability values should be explicitly
and intentionally engineered as requirements into software
requirements specifications, and subsequently implemented in
the resultant software systems.

Indeed, several pieces of research demonstrate how to
integrate environmental sustainability concerns into software
system, e.g., by reducing resource consumption, and fostering
reuse [5], [6], or improve technical sustainability of software

assets by increasing their longevity [7]. Yet, at present very
little work has been published on how to engineer social
sustainability through software [8]. Given that, as noted above
[1], social sustainability encompasses a large set of complex
characteristics (e.g., from cultural to religious and community
interactions, governance and trust) tackling this challenge
would require addressing a single social sustainability char-
acteristic at time. Thus, in this paper we explore the equality
characteristic of social sustainability.

The key contributions of this paper are two-fold, as it
explores:

• If there is an overall agreement across the wider software
user community on what requirements are relevant for
engineering equality through software, and

• If demographic characteristics of individuals are cor-
related with their perceptions of the relevance of the
software equality requirements.

To realise the above two contributions, the paper first
discusses related work to equality and its support through
software in section II. Then presents an overview of how a
number of equality requirements statements (which a software
system should enforce) have been identified from several
previously and independently specified software requirements
documents. Using these requirements statements, the present
research has developed a survey instrument, which has been
used for data collection and analysis that help us deliver the
said contributions. The research methodology used in this
survey design and analysis is detailed in section III. The results
are presented in section IV, with threats to validity discussed
in section V. The paper is concluded with section VI.

II. EQUALITY REQUIREMENTS

Equality is defined as the right for all members in a
society to enjoy living and getting access to services and
facilities without being discriminated because of their origin,
believes, position, or (dis-)abilities [9]. It is an internationally
advocated value that several standards and acts endeavour to
instill. For instance: (i) the ISO 26000 [10] aims at helping
organisations to install such principles as gender equality
and fair treatment; (ii) Social Accountability Standard 8000
[11] states guidelines on child labour, forced or compulsory



labour, health and safety, freedom of association and collective
bargaining, discrimination and alike; (iii) Equality Act 2010
[12] aims at reducing socioeconomic inequalities, harmonising
equality laws and tackling discrimination and harassment due
to individuals’ personal characteristics.

Equality is often considered from two seemingly contradic-
tory positions:

• one (let’s call it equal equality) taking the viewpoint that
since all members of a society should be equal, they
must all receive the same treatment and equal access to
resources [13]. If anyone is not treated equally, it raises
unfairness complaints.

• the other (which we’ll call unequal equality) interpre-
tation [13] suggests that since members of society
differ, equality means providing different treatments to
accommodate the diversities of groups and individuals.
Here, “... failing to provide different treatment is itself
unequal because of the unequal social and economic
position of different groups. . . . in this position, diversity
enhances equality by ensuring that unequals are treated
differently and unequally.”

A number of researchers take the equal equality view and
discuss equality in terms of equal resource allocation e.g.,
for equal water [14] and housing [15] resource distribution
between members of society. They stand for removing race,
age, religious [16] and gender [16], [17] discrimination, as
well as inequalities due to geographical location of society
members. The infrastructural access inequalities [18] could be
reduced by enabling equal access to electronic resources [18],
as well as improving access to community (e.g. child care)
and social (e.g. cultural events) infrastructure [15].

When ICT is concerned, Web Content Accessibility Guide-
lines (WCAG) [19] aim to ensure that web content is ac-
cessible, supports equal access and opportunity for people
with disabilities [20], older users, people in rural areas and
developing countries.

Those who advocate the unequal equality, argue that equal
distribution does not always entail fairness and it is fair, rather
than equal distribution and access to resources that is essential
for social sustainability [14]. Thus, those with greatest need
should be provided with more resources (e.g., babies should
get more milk than adults), those who invest more should get
more back [21] (e.g., if one individual works twice as hard as
the other, she should get twice as much pay), etc.

While each of the above equality-related viewpoints have
valid philosophical grounds, we, as software engineering re-
searchers, are interested in establishing if there are common re-
quirements that could be used for engineering equality through
software systems. Thus, we adopted a pragmatic approach
aimed at identifying equality requirements statements relevant
to software systems, as detailed in the following section.

III. RESEARCH METHODOLOGY

In order to elicit how the software users perceive equality
requirements for software systems, we chose to collect data
through a survey [22]. We followed survey design and analysis
guidelines devised by Kitchenham and Pfleeger [23] and Van
Selem [22].

The key objectives of this study are three-fold:

• to discern a prioritised ranking of requirements related
to equality, as perceived by the general software user
community;

• to investigate the effect of such demographic factors as
users’ expertise, education, gender and religion on their
perception of given equality requirements;

• to observe if there is an overall agreement on what
constitutes equality within the general software user com-
munity.

A. Eliciting Equality Requirements Statements

To construct a survey, we first needed to identify equality
requirements statements relevant to software systems. For this
we applied the equality requirements pattern and template pro-
posed in [24] on software systems requirements specification
documents1 which were developed previously by independent
requirements engineers from across a variety of application
domains. Most of these documents were selected as they have
been previously used as benchmarks in other requirements and
software engineering-related studies by other researchers. The
documents are sourced from reputable research or software
practitioner organisations, are written in English and well
structured.

A number of recurring equality-related requirements state-
ments were identified. These are general statements that are
applicable to different software system. This was done to
avoid users’ familiarity problem with a specific software
system or domain. It is worth noting that we do not claim
that the statements listed in Table I are the complete and
full requirements for the realisation of equality concern; this
simply is a relevant sub-set obtained through application of the
equality value patterns method [24] to a set of requirements
documents.

These requirements statements were combined with a few
additional statements, that do not directly relate to equality
(as presented in Table I and discussed in section III-B) and
were used for a survey-based study to observe the perceptions
of the software users on equality and relevance of equality
requirements.

B. Survey Design

A cross-sectional survey instrument was designed for the
data collection purposes [23]. As we were interested in general

1These documents are: [14], [16], [25], [26], [17], [27], [28], [29], [30],
[31], [15]



software users’ perspectives, with varying demographics fac-
tors (including religion), we chose to utilise an online survey
[22] format (to fill it the respondents will clearly need to
use software), which was distributed widely through different
communities and lists.

The online survey comprised an information sheet (with a
participation consent form to be confirmed by the respon-
dents), followed by three self-administered data collection
sections.

Section 1 of the survey consisted of 21 previously selected
requirements statements (as discussed in section III-A and
summarised in Table I). Here the respondents were asked to
evaluate the importance of each of the given statements for
its’ relevance as a software system’s equality requirement.
The relevance was indicated as irrelevant (NAI) (see Table I,
for statements that do not relate to equality), neither relevant
nor irrelevant (Table I, NINU) to indicate the respondent’s
indecision or lack of knowledge on the relevance of a given
statement, and relevant, where relevance was subcategories
into slightly relevant (SI), relevant (IE), and very relevant
(VIE) options.

Because this is an importance scale, we did not aim to
produce balanced levels. Knowing that a statement is not
important to equality is more relevant than knowing the degree
or depth of unimportance. In the case of unimportance, the
direction is what we are looking for and not the depth. On
the other hand, knowing the degree of importance can help
requirements engineers to prioritise equality requirements and
decide which should be included in the first release and
which to be kept for later releases taking into consideration
resource availability (e.g. time, money, skills, etc.). In this
case, “discrimination . . . between the positive scale positions”
is important [32].

To identify how well the respondents distinguish the notions
of equality form other requirements relevant to social sustain-
ability, we mixed into the survey a set of statements that did
not relate to equality. These are statements 1, 4, 5 and 17 in
Table I where:

• statement 1 is a security requirement;
• statement 4 is a performance requirement;
• statement 5 is a robustness requirement;
• statement 17 is an availability requirement.

Section 2 of the survey consisted of two questions aimed
to explicitly elicit the respondents’ notion of equality in terms
of priorities they give to software profitability, usability, func-
tionality, and equal goal support for various user groups. Here
data was collected in multiple choice options with nominal
scale.

Section 3 of the survey comprised of 6 questions for
collection of demographic information. This section was partly
adopted from the survey by Osho et al. [33]. Here the questions
aimed to both help characterise the sample of the participating
respondents, and to elicit what effect the demographics have

on the priorities and perceptions of equality. The survey was
concluded with a brief thank you note.

The first version of the survey was piloted with a small
set of participants. The pilot helped to identify and rectify a
number of concerns. Here the wording of the information sheet
was amended, several grammatical mistakes were corrected,
and the demographic information section was moved from the
beginning to the end of the survey. Thereupon, the final version
of the survey was published through a web survey tool2.
C. Population and Respondent Sampling

Since we are interested in the views of the general software
users (i.e., anyone who uses any kind of software), the targeted
population of this study is potentially counted in more than
millions3, with a similarly large numbers of online software
users [34]. This lead us to choosing sampling methods that
reach a diverse range of respondents and communities. Thus,
the unrestricted sampling [22] and convenience sampling [23]
methods were used by publicising the survey questionnaire
through LinkedIn, Instagram, Facebook, Twitter, ResearchGate
and WhatsApp.

Additionally, invitation emails were sent to the students and
staff list at the University of Leicester, UK, and, through aca-
demic colleagues, at other counties (such as USA, Brazil, Ger-
many, and Oman). To encourage varied religious backgrounds
representation, we also explicitly reached out to colleges from
Omani universities through randomly selected staff members
emails available online, asking them to distribute the partici-
pation request locally. As we requested that the colleagues and
respondents forward the participation request to all who they
considered may have been willing to respond to the survey,
we also incorporated elements of snowball sampling (which
is also an unrestricted and convenience sampling method) [23]
into the data collection.

D. Data validation and analysis

We consider a response valid if all the set questions
have been completed. Clearly, any respondent would have
completed the survey through use of software, and this (i.e.,
software use experience) was the only fundamental qualifying
constraint for participation in this survey. Thus all completed
responses would be valid.

To analyse the data, we used frequency analysis to describe
the importance of the equality requirements statements as
well as inferential statistical analysis methods to discern the
influence of demographic factors on the equality perceptions.

IV. DISCUSSION OF FINDINGS

Below we first describe the set of our respondents in terms
of their demographic characteristics, then address the above
stated study objectives on equality requirements prioritisation,
perceptions, and influence of the elicited demographic factors
upon these.

2https://www.onlinesurveys.ac.uk
3http://chrissniderdesign.com/blog/resources/social-media-statistics/



TABLE I. Requirements Statements (* marks non-equality related entries)

Requirements Statements
S1*: User authentication is important for supporting equality.
S2: Usability of software to users from different age ranges is important to support equality.
S3: Suitability of software to users from different age ranges is important to support equality.
S4*: Short response time to user enquiry is important for supporting equality.
S5*: Short recovery time after system failure is important for supporting equality.
S6: Suitability of software to users from different genders is important to support equality.
S7: Considering direct stakeholders’ goals behind using a software is important to support equality.
S8: Fairly selecting which goals will be implemented in the software is important for supporting equality.
S9: Ability to accommodate new types of users is important for supporting equality.
S10: Multilingual interface is important for supporting equality.
S11: Different information presentation formats (e.g., audio, video, text) is important for supporting equality.
S12: Compatibility of software application with different operating systems is important for supporting equality.
S13: Compatibility of software application with different hardware devices is important for supporting equality.
S14: Availability of software’s usage guidance (e.g., help, tutorials, and tips) considering users with no/little

prior knowledge of this software is important for supporting equality.
S15: Availability of software’s shortcuts to accomplish tasks for experts and fast learners is important for

supporting equality.
S16: Availability of software application on different web and mobile platforms is important for supporting

equality.
S17*: Availability for use 24 hours per day, 365 days per year is important for supporting equality.
S18: Allowing stakeholders to equally access software services to achieve their goals is important for supporting

equality.
S19: Suitability of software for users from different religious beliefs is important for supporting equality.
S20: Accepting information from different media (e.g., voice, text, braille) is important for supporting equality.
S21: Considering indirect stakeholder goals that are affected by the software is important for supporting

equality.

A. Respondents profile

The respondents’ sample was nearly evenly balanced for
gender, with a slightly higher female participation (by 1.2%),
as illustrated in Table II. The average age of the participants
was 37, with the age characteristic also well distributed in 18
to 64 years old range, but only one over 65 year old participant.
The vast majority of participants were in employment or
education (see Table II). Only 1.9% of the respondents were
novice software users and the majority (45.8%) were of an
advance proficiency (as per Table II).

The largest group (just over a half) of the respondents report
to be of Muslim background, which could have arisen due
to the previously mentioned more direct invitation of Omani
participants. Christians and Hindus are the next two larger
religious groups (see Figure 1).

Fig. 1. Respondents Religion, N = 154

The highest education level of the respondents is rather
biased towards the highly qualified end, with 34.2% holding

PhD and 36.1% Masters degrees (see Table II). There were
no unschooled respondents. Thus, our sample is clearly biased
towards highly educated software users. This, in itself, is not
entirely surprising, as the topic of the survey (software and
equality) as well as method of data collection already presumes
some minimum education and technological literacy levels.

B. Frequency of Equality Statements

The ordering of the responses on the priority of equality
statement for software systems is summarised in Table III and
demonstrated in Figure 2 with a divergent stacked bar [35].

As Figure 2 shows, statements S10: Multilingual interface,
S14: Software’s usage guidance (e.g., help, tutorials, and
tips), S11: Different information presentation formats (e.g.,
audio, video, text), S20: Different input support formats, and
S3: Support for users across various ages, are the highest
ranked overall relevant stamens (i.e., highest combined slightly
relevant, relevant, and very relevant). All these statements
also have consistently low irrelevance and indecision ranking.
Which clearly indicates that there is an agreement (though
not unanimous) across the respondents that these statements
are closely related to equality.

Similarly, respondents have consistently marked out the
deliberately introduced unrelated statements (i.e. S1, S4, S5
and S17) as both the least relevant, most irrelevant, and the
most doubted (i.e., neither relevant, nor irrelevant) subset.
However, here too, the respondents were not unanimous in
their ratings, as some respondents have ranked S17 as having
something to do with equality. S17 is a statement on software
availability and may have been perceived as tangentially rele-
vant to equality by providing users with access at time of their
convenience, without restrictions. Despite these discrepancies,



TABLE II. Respondents Profile

Background No (Valid %)

Gender Male 76 ( 49)
Female 78 ( 50.3)
Undisclosed 1 ( 0.65)

Age

18 to 24 years 21 (13.5)
25 to 34 years 40 (25.8)
35 to 44 years 57 (36.8)
45 to 54 years 29 (18.7)
55 to 64 years 7 (4.5)
Age 65 or older 1 (0.6)

Employment

Employed 115 (74.2)
Student 36 (23.2)
Unemployed 4 (2.6)
Retired 0 (0)

Highest level of education

PhD (or equivalent) 53 (34.2)
Masters Degree (or equivalent) 56 (36.1)
Undergraduate (or equivalent) 24 (15.5)
A college degree (diploma and equivalent) 21 (13.5)
High school degree or less 1 (0.6)

Level of software use proficiency

Novice 3 (1.9)
Intermediate 28 (18.1)
Advanced 71 (45.8)
Expert 53 (34.2)

Fig. 2. Statements ranks

the overall correct and consistent ranking of the least relevant
statements, indicates that there is a general agreement among
the survey respondents on the statements that do not relate (or
weakly relate) to equality.

Considering the topic ranking, for the genuinely equality-
related statements list (i.e., with exclusion of S1, S4, S5 and
S17) we note that the highest importance is attributed to
statements supporting interaction of the users with the software



TABLE III. Statements Frequencies

Statement NAI NINU SI IE VIE
S1* (sec) 18

(11.6%)
26
(16.8%)

18
(11.6%)

45
(29.0%)

48
(31.0%)

S2 8 (5.2%) 10
(6.5%)

22
(14.2%)

58
(37.4%)

57
(36.8%)

S3-1 4 (2.6%) 11
(7.1%)

25
(16.2%)

53
(34.4%)

61
(39.6%)

S4* (per) 6
(10.3%)

29
(18.7%)

32
(20.6%)

41
(26.5%)

37
(23.9%)

S5-1* (rob) 20
(13.0%)

21
(13.6%)

26
(16.9%)

39
(25.3%)

48
(31.2%)

S6-1 9 (5.8%) 11
(7.1%)

20
(13.0%)

53
(34.4%)

61
(39.6%)

S7 11
(7.1%)

13
(8.4%)

31
(20.0%)

55
(35.5%)

45
(29.0%)

S8-2 6 (3.9%) 14
(9.2%)

22
(14.4%)

64
(41.8%)

47
(30.7%)

S9 2 (1.3%) 15
(9.7%)

18
(11.6%)

61
(39.4%)

59
(38.1%)

S10-2 3 (2.0%) 5 (3.3%) 19
(12.4%)

55
(35.9%)

71
(46.4%)

S11 4 (2.6%) 7 (4.5%) 19
(12.3%)

53
(34.2%)

72
(46.5%)

S12 6 (3.9%) 12
(7.7%)

25
(16.1%)

53
(34.2%)

59
(38.1%)

S13 6 (3.9%) 13
(8.4%)

23
(14.8%)

56
(36.1%)

57
(36.8%)

S14 6 (3.9%) 5 (3.2%) 18
(11.6%)

53
(34.2%)

73
(47.1%)

S15 9 (5.8%) 16
(10.3%)

33
(21.3%)

60
(38.7%)

37
(23.9%)

S16 6 (3.9%) 10
(6.5%)

26
(16.8%)

53
(34.2%)

60
(38.7%)

S17* (av.) 12
(7.7%)

18
(11.6%)

32
(20.6%)

47
(30.3%)

46
(29.7%)

S18 4 (2.6%) 12
(7.7%)

27
(17.4%)

51
(32.9%)

61
(39.4%)

S19-3 5 (3.3%) 13
(8.6%)

18
(11.8%)

50
(32.9%)

66
(43.4%)

S20 5 (3.2%
)

10
(6.5%)

26
(16.8%)

57
(36.8%)

57
(36.8%)

S21 5 (3.2%) 20
(12.9%)

39
(25.2%)

65
(41.9%)

26
(16.8%)

Note: * marks statements that are not directly related to equality; S1 relate
to security (sec), S4 relate to performance (per), S5 related to robustness

(rob), and S17 on availability (av)

(S10, 14, 11, 20), followed by the mixed order of topics
related to user variability support (e.g., age, technical platform
support, etc.). The statements that support stakeholder goals
(S8, 7, 21) come at the bottom part of the list.

Out of 17 genuine equality-related statements, the least
importantly ranked was S21 (Considering indirect stakeholder
goals) and S15 (availability of softwares shortcuts). This, could
be explained with the fact that the key focus of software is nor-
mally placed on direct software users, with indirect stakehold-
ers considered thereafter. Clearly, the long-term cumulative
effects of a software system could dramatically affect indirect
stakeholders. For example, the long-term use of Amazon.com
by large number of individuals has gradually undermined
many physical retail shops, and their located environments
and communities (e.g., empty shops in town centres leading to
unattractive social spaces). Yet, normally software users first of
all focus on the direct effect of their immediate interaction with
the software system (e.g., ability to obtain the desired book at
lower price from an online bookstore). This tension between
priorities of direct and indirect stakeholders is, indeed, one of
the characteristics of social sustainability concerns.

On the other hand, statement S15 might have been rated
least relevant because the extra service of supporting experi-
enced users was thought of as more related to usability than
equality. It could also be that the extra functionality is viewed
as a privilege given only to expert users. However, having
extra features to for experts does not hinder novice users from
accessing same features in simpler but potentially more time
consuming ways.

C. Equality Goals

As noted before, the questions in section two were aimed
at understanding what concerns drive the notion of equality
for software systems in the respondents: from profit, to us-
ability, functionality, and user priorities. While Question2 4

asked to make a choice for the key equality-conducive goals,
Question35 asked which user groups should be supported.

The results indicate that our respondents are relatively
equally distributed in prioritising support for specific group
goals, provision of same but equal functionality to all users
(without distinction), and simple usability of software as the
key drivers of enabling equality through software.

For Q2 the largest group of respondents (37.7%) said
that to support equality, the most prioritised goals for each
group should be integrated into software. This suggests that
most respondents consider that equality is supported through
looking at the different stakeholders groups and finding the
best way of allowing them to achieve their goals through the
software system. In Q3 72.4% of this respondent group had
consistently noted that goals of different stakeholder groups
should be implemented to support equality. Thus, this group of
respondents considers equality as equitable support of various
goals of the different user groups for a given software system.

Another large group of respondents (31.8%) for Q2 said
that to them the best way to enable equality through software
is by providing same functionality at same level to all user
groups. For Q3, the majority (69.4%) of this respondent group

4Statement of Q2: To support equality in a given software application, we
should implement the goals that

• Deliver the highest profit
• Provide best usable interface
• Provide same level of functionality to all user groups
• Implement the most prioritized goals for each user group.

5Statement of Question 3: An online shopping software has several groups
of users. Normal users are regular users who use the software to perform
basic shopping through the website. Gold users are those who buy expensive
products that generate high income for the business. Special users are those
who use the application with special request of adjustment to their disabilities
(colour blindness, hearing loss, etc.). Each group of users have different goals
to be implemented by the online shopping application. To support equality
through the online shopping application, which goals will you select to be
implemented in the application.

• The normal users goals The gold users goals
• The special users goals None of them
• The normal and special users goals
• The normal and gold users goals
• The special and gold users goals
• All of them



also chose that goals of different stakeholder groups should be
supported. Thus, this group considers equality as delivery of
the same service at same level to all user groups for a given
software system.

The third largest group of respondents (27.9%) for Q2 said
that provision of the best usable interface is the key driver
for equality. In response to Q3, 50.0% of respondents in this
sub-group indicated that goals of all user groups should be
implemented. It could have been expected that those concerned
with the usability of the software would care more about the
users with disabilities (who could face more difficulties with
the software use). However, only 7.1% from this sub-group
indicated the specialist (disadvantaged) user groups as those
who should be especially supported via the software system
to enable equality.

Furthermore, a small group of respondents (2.6%) consid-
ered profit maximisation as a key direction to enable equality
in Q2, and for Q3 half of this sub-group chose prioritising
requirements of the “gold user” group (i.e., those who buy
expensive packages of service for a given software) as the key
in achieving equality, while the other half chose to support all
user groups.

In summary, while (as found from Q3 responses) the vast
majority of respondents (64.7%) think that goals of all user
groups should be supported, the perception of the way that
equality should be delivered with software system is varied:
just over one third of survey respondents noted the need to
support goals that each user groups prioritises; another third
focused on equal service level to all - whichever service that
may be and to whomever it is delivered; and the other (slightly
less than) third portion of respondents underlined the usability
of software as key to its support for equality.

D. Impact of Background Factors

To study what impact background factors may have on
the perception of equality, we consider if and how the de-
mographic factors affect both equality goal priorities (i.e.,
responses to Q2 and Q3) and ranking of equality-related
statements.

1) Impact on Equality Goal Priority: We start our study of
the demographic factors impact by formulating a null hypoth-
esis that the background variables (Q4-9) and equality goals
(Q2 and Q3) variables are independent, with the alternative
hypothesis that they are indeed dependant:

• H0 : Background variables and equality goals variables
are not related.

• Ha : Background variables and equality goals variables
are related.

Given that all variables for respondents background (ques-
tions 4 to 9) and equality goals (questions Q2-3) are cat-
egorical (i.e., nominal and ordinal), chi-square test would
normally be performed [36] to examine the relationships
between these variables. However, when a cross-tabulation
of these two variables is created, the data contains a high

percentage (more than 20%) of cells with under 5 count.
Consequently, the Fisher’s exact test [37] is preferred to the
chi-square. Additionally, since the compared variables are at
more than 2 categorical levels (e.g., employment status has
4 options: employed, student, unemployed and retired), the
Fisher-Freeman-Halton Test6 was undertaken.

Where the relationships between age factor and Q3’s user
group selection was studied, we utilised the Monte Carlo
method as an alternative to Fisher’s test (to resolve the issues
of high memory intensity posed by the exact tests [38]).

The test results are detailed in Table IV, from which
we observe that the probability of dependence between the
background variables and goal priorities is negligible for
all demographic characteristics but that of software usage
proficiency. Thus, the above stated H0 hypothesis has to
be accepted for the majority of demographic characteristics
(where p-value is over 0.05 as per Table IV), but rejected for
the software usage proficiency factor.

Thus, we observe that in our sample of respondents, the
decision on which groups’ goals should be implemented (as
per Q3) in a software system to support equality is related to
respondents proficiency in software usage:

• Half of the novice respondents said that equality would be
achieved by supporting goals of all types of user groups,
but the other half though that support of the “gold users”
goals would lead to better equality.

• The majority of the intermediate, advanced and expert
users considered that goals of all types of groups should
be supported (37.0%, 70.4% and 71.7% respectively).

This could be explained by more experienced users having had
more opportunities to participate in software system use as part
of different groups (e.g., service provider or consumer (e.g.,
seller and buyer), viewer, support team member, developer, or
an administrator, etc.). We expect that such an experience of
broader exposure would, naturally, underline the relevance of
multiple groups of system users (though presently we do not
have sufficient data to substantiated this causality opinion).

2) Impact on Statement Rating: Inference analysis for the
role of the background factors on the rating of the statements
not-related to equality (i.e., S1, 4, 5, 15, 17) shows that the
rating of the statements 1, 17 and 15 is not affected by the
background factors of the respondents. However, we observe
a relationship between religion of the respondents and their
rating of the statements for S4: Response time and S 5:
Recovery time (at p-value = 0.047 which is under 0.05 for
S4 and p-value = 0.008, which is under 0.01 for S5).

Many Muslims participants (31.0%) rated statement 4 as
very important to equality. Many Christian (24.1% ) and
Hindu (44.4%) participants found it important to equality,
and a large number of those with other beliefs (38.5%) rated
this statement as slightly important to software equality.
Finally, many of the respondents who did not disclose their

6http://www-01.ibm.com/support/docview.wss?uid=swg21479647



TABLE IV. Equality Goals and Background Factors

Background factor Equality Goal Results Interpretation

Gender Q2 FET=1.577, P=0.677 No relation
Q3 FET=5.451, P=0.651 No relation

Age Q2 FET=14.992, P=0.479 No relation
Q3 FET=41.617*, P=0.280 No relation

Religion Q2 FET=15.314, P=0.435 No relation
Q3 FET=29.912, P=0.951 No relation

Education Q2 FET=10.566, P=0.655 No relation
Q3 FET=37.014, P=0.157 No relation

Employment Q2 FET=4.290, P=0.666 No relation
Q3 FET=14.511, P=0.431 No relation

Software
proficiency

Q2 EFT=10.474, P=0.286 No relation
Q3 FET=31.563, P=0.048 There is relation
*Monte Calro estimates using 10000 sampled tables was used

religious beliefs (44.4%) rated the statement as neither im-
portant nor unimportant.

For statement 5, many Christian (34.5%) and Muslim
(36.1%) participants found it very important, and most Hindu
participants (38.9%) rated it as important to equality .
Participants with other religious backgrounds scored a tie
between neither important nor unimportant and slightly
important to software equality with 23.1%. While 33.3%
of those who preferred not to disclose their religion rated
statement 5 as not important.

We observe that both of these statements are related to
time, and previous research has demonstrated that there is a
correlation between time valuation and cultural factors [39]
[40]. Thus, it is likely that this relationship is a demonstration
of such a cultural, time-related influence.

V. THREATS TO VALIDITY

To discuss validity of findings, we consider internal and
external validity factors.

A. Internal Validity

The study design has a large role to play in ensuring that
the results correctly convey the information contained in the
study data. With this respect, internal validity of this study
could be threatened if the statements in Q1 and goals in
Q2 are poorly related to the equality concern. Though this
threat cannot be fully eliminated we have mitigated it as
we have ensured that the equality statements and goals are
representative and are closely related to concerns expressed in
requirements specifications from several independently defined
software system requirements documents.

Although we discussed in Section III-B the reasons of
having an unbalanced scale, we note that this could pose a
threat to validity if it were to mislead respondents.

We have also used English language survey, which has been
filled in by participants from other countries, who are likely to
be non-native English speakers. Thus, it is possible that some
respondents may interpreted some of the statements differently
that they were intended. Yet, as English is the most widely
used language for academic research and publications, and the
participants would have had access to transition support (e.g.,

via paper and online dictionaries, and translators), we believe
this was a reasonable choice to make. In addition, we carried
out pilot for the data collection to improve both questions and
statements wording and clarity, as well as structure.

B. External Validity

A threat to external validity can arise if the respondents are
not representative of the population [41]. This could have been
influenced by the used sampling methods [41] (see section
III-C). To ensure that our respondents were representative of
different countries, religions, and ages, we posted the survey
request internationally and across various age-groups.

Yet, since we used distribution methods (e.g., LinkedIn,
Research Gate, etc.) accessible to us, it is likely that some
populations with very different views and software use meth-
ods would not have been reached. Indeed, we have reported
that the respondents are rather over-educated compared to
the expected average set of software users, as the request for
participation was widely posted through university lists and
personal requests to university academics.

Moreover, due to the used distribution and data collection
format, it was not possible to calculate the response rate.
Our respondents are those who volunteered to participant due
to some personal interest; clearly not all who got/read the
participation requested have completed the survey.

Thus, we must note that the generality of results presented
in this paper relate to the sub-section of well educated, English
speaking, and technologically literate software users.

VI. DISCUSSION AND CONCLUDING REMARKS

In this paper we presented a survey-based study on percep-
tions of software users on equality. We investigated if the wider
community of software users has a set of “generally agreed
upon” equality goals and equality requirements ratings, that
should be supported via software. We also looked at whether
users’ background characteristics affect they perceptions of
equality.

The sample of the respondents to our survey is some-
what skewed, as the respondents are not equally distributed
throughout the world regions, and are mainly well educated,
English speaking, and technologically literate software users.



The findings here are thus related to this particular sample. Our
respondents demonstrated a clear and nearly equal split in their
perception of equality goals: roughly a third of them considers
equality in terms of equal distribution (what we called equal
equality in previous discussion), another third perceives it in
terms of unequal equality whereby each group needs to be
treated differently by supporting their own priorities and needs
to achieve their own goals. Finally, the last third perceives
software equality in terms of more narrowly scoped set of
accessibility requirements. While all these topics form part of
the present equality discourse, this nearly equal split of pri-
orities was somewhat unexpected. Furthermore, the majority
of respondents also indicated that, in order to be conducive
for equality, a software system should support the whole wide
variety of its user groups.

For the software engineering professionals this means that
in order to engineer a software system that is perceived to
be conducive to equality characteristic of social sustainability,
that system must:

• not only provide accessibility support to all its user
groups,

• but also support unequal equality, i.e., to ensure that more
support is provided to those who need it more, more
reward is provided to those who contribute more (i.e.,
groups are positively differentiated with respect to the
goals they want to achieve and support that they need),

• yet the equal equality is also observed, whereby de-
spite the differentiated stakeholder goals, all access to
resources and services are perceived to be equal and fair.

This, clearly is not an easy task to accomplish, but if either
is not upheld, at least one third of the potential user community
is likely to be disappointed.

Furthermore, we observe that though there is no unanimous
agreement on which requirement statements are most impor-
tant for equality, there is a general convergence of views that
accessibility notions are paramount, closely followed by user
diversity support requirements, and then differentiated goal
support requirements.

There is also a generic convergence amongst the software
users around the notions that are not relevant to equality.
Though demographic factors (such a religion and user’s expe-
rience) affect these perceptions significantly.
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Abstract— Considering that food production for human 

consumption has a large environmental impact, food waste is 

major challenge for sustainable development. Although food waste 

occur at all phases in the food supply chain, private consumption 

has been identified as a major phase of food waste generation. 

Intervening at this phase provides an opportunity of change. The 

article reports the testing of a digital prototype designed to 

facilitate for employees and students at a university campus to 

share food. A representative group tested the prototype and 

associated food sharing activities for two weeks. At the closing of 

the test period they filled in a questionnaire evaluating their 

experience. Twenty-three responses were obtained showing that 

twelve people used the prototype for collecting food, whereas nine 

used it for sharing their food. Six people did both. Main reasons 

for not collecting food included lack of time, unavailability of 

shared food in their proximity and inaccessibility of spaces where 

food was located. Main reasons for not sharing food were that they 

lack of food to share, lack of time, and that sharing was possible 

without the prototype. General conclusions from the study are that 

people will use a digital service for sharing food in the workplace 

if there is a critical mass of users and if an effective organization 

of sharing and collecting food is provided. 

 

Index Terms—Food waste, digital prototype, sharing, 

workplace, user study. 

I. INTRODUCTION 

Food that is being produced but not consumed, so called food 

loss and food waste, is a major issue at international and national 

levels as up to one third of all food is spoiled or squandered 

before it is consumed by people [1], [2]. 

This loss and waste also represent a waste of labour, water, 

energy, land and other inputs that went into producing that food. 

Kummu et al. [3] shows that the production of all lost food 

corresponds to 24% of those total freshwater resources used in 

food cultivation, 23% of total global land use for crops, and 23% 

off the total global use of fertilizers.  Food losses and food waste 

also contributes with emissions of greenhouse gases in a time 

when mitigation efforts need to be enhanced quickly [4]. 

According to the European Commission food waste alone 

generates about 8% of Global Greenhouse Gas Emissions [5]. 

For an overview of the current literature of how food waste 

occurs and can be understood see [6].  

Food waste has been defined as food losses occurring at the 

end of the food chain (retail and final consumption) and relates 

to retailers’ and consumers’ behaviour [7]. For reducing  food 

waste several strategies have been suggested such as awareness 

raising among consumers and retailers exemplified by Quested 

et al. [8]. Others have suggested to decrease the plate size at 

buffets with significant reductions in food waste e.g. [9] and 

efforts have also included to mark up the shelves of fridges with 

colour codes to keep track of current stocks and thus stopping 

foods from being wasted by buying unnecessary groceries [10].  

In an overview of different interventions to prevent food 

waste at the consumption stage, Carlsson Kanyama et al. 
concluded that many initiatives and strategies formed to 

decrease food waste are not evaluated at all [11]. The authors 

suggest that effects of ongoing initiatives, such as selling not-

consumed food from restaurants at a lower price should be 

evaluated in the short span as well as in longitudinal studies. 

Reynolds et al. [12] came to similar conclusions. In their 

literature review, the authors found 13 interventions quantifying 

food waste reductions. The most effective interventions were 

those that changed the size or type of plates, showing up to 57% 

food waste reduction in hospitality environments.  

A. Digital interventions towards more sustainable food 

practices 

The sharing of consumer products and other resources is not 

new. It is something people have done throughout history. 

Habits, structures and organization of sharing vary with types of 

resources, cultures and how well established the particular type 

of sharing is. For instance, the sharing of books is a well-

established habit in most countries - privately as well as through 

library services. Sharing of cars and spaces is also something 

that people are used to, through for example, car rentals and 

hotels. During the last decade, sharing of cars and spaces has 

also been facilitated through digital platforms and services such 

as Uber (cars) and Airbnb (accommodation). According to a 

national enquiry, the most common sharing transaction in 

Sweden was accommodation [13]. Digitalization is a driver for 

the increase of sharing services through its possibility of 

upscaling and diffusion. Through digital platforms sharing 

services may be spread to groups of people beyond the closest 

circle around the resources being shared.   
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Food is not usually in focus when the sharing of resources is 

discussed. It differs in substantial ways from the most shared 

resources because it is not really shared in the sense that cars, 

apartments, books or tools are. When these physical objects are 

shared they are used by other people through their respective 

function, entailing wear and tear. However, they are not 

consumed in the sense that their use means that they cease to 

exist. Sharing food, on the other hand, involves giving away and 

receiving food to own.  The sharing occurs in the sense of 

sharing something that you have too much of, because you might 

not be able to consume it before it perishes.  

Although sharing food differs in important ways from 

sharing other types of consumer products, it may also be 

facilitated by digital platforms. As for other sharing activities a 

digital platform may facilitate the exchange of products and 

reaching a large group of users. Sharing food may also play a 

significant role for the reduction of food waste as giving away 

food that is left over from a cooked meal may prevent edible 

food from being thrown away. Similarly, giving away fruits and 

vegetables from the garden may lead to them being eaten instead 

of turning to soil. This paper explore the question of how a 

digital platform may support the activity of sharing food 

involving a larger group of people beyond the closest 

community. That is, the point of the digital platform would be 

that it could draw the attention of food being given away by 

people that usually don’t give and receive food from each other. 

It would make matches with groups that usually don’t meet in 

this type of sharing activity. In this way it would also be 

instrumental in creating a social network around food sharing. 

B. Digital interventions reducing food waste 

Quite a few efforts have also been made to develop and test 

digital  applications for reducing  food waste and some examples 

are given below. Farr-Wharton et al. [14] developed a 

mobile  app called EatChaFood that kept track of what is at home 

in the refrigerator cabinet, among other things because a camera 

regularly takes photos inside the fridge, categorizes all food 

items and color codes them. The same author also developed an 

app called FridgePal with the aim of reducing waste by e.g. 

keeping track of the best-before dates [15]. Yalvaç et al. reports 

about a digital app to be launched called EUPHORIA that will 

help people keep track of their food and to cook with others with 

the ingredients they already have at home [16]. In short, efforts 

have been made to improve storage at home to avoid food waste. 
Another strand of digital  applications have focused on 

facilitating sharing left-over foods with others as a way to avoid 

food waste. An app called Leftover Swap, allowing the user to 

find food that other people want to give away or you can give 

away food yourself was evaluated in [14]. Results show that lack 

of trust formed an obstacle for receiving food. This could be 

overcome if the food were  packaged, if the people who give 

away the food were known to the receiver or if anyone else 

recommended those who give away the food [14]. There is 

currently an application available in appstore called Olio with 

714 000 users where private citizens can give away or receive 

food and other items [17]. Olio seems to be an easy app to use, 

but to our knowledge, it has not been scientifically evaluated. 

Olio also 

depends on volunteer work to manage food safety within the 

sharing system. Our own study aimed for simplicity, reducing 

management functions to a minimum.  
The idea of digital platforms facilitating food sharing 

through the creation of social networks has been explored by 

Ganglbauer et al. [18]. They studied a specific community 

formed around the website Foodsharing.de in Germany. The 

platform allows consumers, farmers, organizations and retailers 

to offer and collect food. It is also linked to a food-sharing 

Facebook group, where broader community discussions take 

place. Through studying discussions in the Facebook group, the 

authors observe a vibrant community engaging in practical ways 

at local levels to exchange food mediated by Foodsharing.de. 

They were also engaged on a global level in discussing values 

and motivations for the Foodsharing.de community to evolve. 

Just like the Olio service mentioned previously, Foodsharing.de 

seems to be an initiative enabling the reduction of food waste. 

Nevertheless, there is not enough evidence to provide us with 

data to show that this is the case.  
Although there clearly are a few apps and research 

prototypes aiming for facilitating for people to share their food, 

there was none suiting our specific purposes: to be used at 

university campus with a minimum of management. In this type 

of workplace a lot of food is handled (lunch, snacks, catering 

etc). Also, in this type of workplace we assumed that people 

could trust the food being shared, as they have a collegial 

relationship .  University campuses are workplaces for both 

students and professionals, they host restaurants and cafés, the 

inflow of food is considerable, as generally also is true for food 

waste. Thus, university campuses present an interesting arena for 

lowering food waste through sharing of leftover foods. This has 

not gone unnoticed, but an example of an effort to lower food 

waste in a campus comes from Pittsburgh University where an 

app called PittGrub was developed. PittGrub includes a 

notification system to select users to invite to events that have 

leftover food [19]. The study, however, focuses on the 

computational aspect of the app and the results don’t reveal 

anything about how useful it was. The setting in a campus 

provides several interesting features for sharing leftover foods: 

lots of students who may be willing to collect free leftover foods 

due to their own scarcity of resources, lots of employees that are 

often ordering catering where there might be leftovers and lots 

of employees who may be willing to share and receive leftover 

foods with each other or with students because of environmental 

concerns and interest in innovation and development. In the long 

run the food sharing platform is intended to facilitate for people 

to give food away as well as collect food given by others in a 

workplace environment, consisting of 12 000 students and 5 700 

employees. Thus, a successful the platform could have a great 

impact. 

The purpose of the article is to report the design and user 

study of a prototype of a digital platform to facilitate for 

employees and student at a university campus to share food with 

each other. The primary research questions we explore are: 

 

 



 

 

• What are the crucial design requirements for a digital 

food sharing platform to facilitate for food sharing in 

the workplace? 

• What are the obstacles for sharing food in the 

workplace? 

II. METHOD 

The research method for exploring the above questions 

consisted in the design and development of a prototype for a 

digital food sharing platform; a user study of the prototype; and 

an evaluation of the use through a survey to the test users. The 

user study allowed us to explore our research questions and the 

use of the resulting prototype in the university setting. 

The design of the prototype followed a user-centred and 

participatory design methodology, where a functional digital 

prototype was developed and, then, tested together with the end-

users in a user study. The concept of the digital food sharing 

platform was first tested on a smaller group of potential users - 

three test users from the research team and three test users 

external to the team.  The test users were asked to perform the 

basic tasks of booking food and posting information on food they 

wanted to share. The process of how they carried out the tasks 

was observed. Then, questions were asked concerning ease of 

use, attractiveness, potential impact, etc. Based on results from 

interviews made with the test group around the concept, a 

functional prototype of a digital food sharing platform was 

designed. The prototype was developed in an iterative process 

by the research team with help of developers. The prototype was 

developed as a mobile website using PHP Hypertext 

preprocessor (an open source general-purpose scripting 

language), Bootcamp and a MySQL database. The prototype had 

the following functionality: 

• Sharing food: The users could post information about 

food that they wanted to share. This included: 

o Name and description of the food 

o Picture (uploaded or taken with the mobile phone 

directly from the page) 

o Location: as the prototype is developed for use in a 

university, the users selected a university 

department from a dropdown, then they could write 

a more specific location in a text field 

o Date of availability 

o Number of portions available 

• Booking food: The users could see a list of all available 

food, sorted either by location (department) or by 

chronologically (latest first). When selecting a food item 

users could see detailed information about it, and book 

one portion. The food sharer got a notification that the 

food had been booked, and if there were not more 

portions left, the food item would be removed from the 

available list 

• Administration: The users had also access to an 

administration page where they could edit their personal 

information, see and edit the food they shared, and see a 

list of the food items they had booked      

• Registration and login: The prototype functionality 

was only open for registered users. Registration for the 

test was sent as an invitation and only available for users 

with an email address from the university domain 

 

Fig. 1.  The start screen of the food sharing prototype 

The prototype is at the moment only a research tool and it 

was taken down and the data removed after the test and data 

analysis. The source code was made available as open source for 

possible further development. The start screen is shown in Fig. 

1 and the interface for the booking page is shown in Fig. 2. 

 

 

Fig. 2.  Interface for the booking page of the food sharing prototype 

A. User study 

We recruited 34 participants from university staff and 

students by sending a mail to colleagues in two different 

buildings on the campus and to student representatives . 



 

 

Participants were, then, asked to access the prototype through 

the weblink, which was included in a mail. All participants were 

informed that the user testing would last for two weeks and that 

it was OK to just pick up food even if they did not have anything 

to share. At the end of the first week of the test period the 

participants got a reminder to start the testing. A second 

reminder was sent at the end of the second week.    

1) Procedure of testing 

To facilitate the sharing of food, students were allowed 

access to a fridge in a place they usually could not enter. During 

the two weeks of the testing period, 31 persons created an 

account for the app. Out of these, 19 were active users and 12 

did not use the app. A total of 42 portions were shared and 28 of 

these were booked (ordered). The kind of food shared was for 

example, leftover lunch food from catering, home baked bread, 

fruit from private gardens, and packaged food. 

2) User survey 

When the test period was over, participants were asked to fill 

out a questionnaire evaluating their experience with the 

application and the food sharing activities. Questions demanded 

responses in different forms. These forms varied from 

checkboxes, multiple choice boxes or in statements, which the 

informants were asked to rate by numbers (1-5) corresponding 

to how true they were judged to be. All questions had a line for 

comments in free form. 

 

Questions were grouped into the following sections: 

• Role at the university 

• Use of the app to share/pick up food, including reasons 

for non-use 

• How easy/hard it was to use the app 

• How easy/hard it was to pursue a sharing/pick-up of 

food 

• Obstacles for using the app 

• Improvements of the app 

III. RESULTS 

A total of 23 persons responded to the survey. Out of these, 12 

were employees and 11 were students. Nine respondents had 

used the app for sharing food (39%). Twelve respondents (52%) 

had used the app for picking up (i.e. booking) food that 

somebody else had put up for sharing. Six respondents both 

shared and picked up food.  

 

Crucial design requirements  

The usability of the app in terms of ease of use and 

comprehensibility were given high scores. Nevertheless, 

improvements could be made concerning the clarity of 

information on where to pick up food and the notification of 

when food had been picked up. 

 

     Out of the nine respondents who had used the app to share 

food two had some problem in understanding where to put their 

shared food to be picked up. Seven out of the nine people who 

had shared their food thought they were clearly informed when 

somebody had booked the food that they had published. 

However, only three out of the nine who shared food thought it 

was clear when their shared food had been picked up. This was 

also shown by the open response comments, e.g.: 

 
My own food was not collected because they couldn’t find it or 

forgot? 

 

There was also some confusion around where to put food to 

be shared: 

 

It wasn’t easy to find a good place for the food I wanted to share. 

You would probably need a well marked place for it, since it 

might feel strange to collect food it you’re not sure whether it’s 

the right place. Maybe the app could suggest a general marking 

of food so that you’ll be able to recognize it. 

 
Twelve respondents used the app to book and collect food. 

Eight out of these thought it was easy to understand where to 

pick up the food, two were neutral and two did not know. There 

seems to have been a general unclarity regarding the physical 

location of food shared. Some comments illustrating problems 

in picking up food were: 

 
It was a bit confusing that food was left in different places. A 

solution could be that you only see the food that [is put in 

places], to which you have access or that food can only be left 

in one place. 

 
The wrong place was marked for the food I was going to collect, 

that’s why it turned out to be hard to collect 

 
I never picked up the food I booked. How are you supposed to 

get into rooms which have a card reader? Maybe you could have 

a central place to put the food, so it would be easier to find your 

way 

 
You were able to see who was to collect it [the food], but 

sometimes there happened to be a lot of food in the fridge though 

not in the app, which people seemed to forget to collect 

 
To collect food was a bit tricky. Us students only had access to 

the small kitchen on floor 1 and a lot of food was put on other 

floors, which lead to that you could not pick it up. Then there 

were food, which were supposed to be put on floor 1, and which 

I could not find anyway. An idea would be to mark out fridges 

and normal cupboards where you can collect the food, to make 

it easier to know where to leave it and where to collect it. 

 

Obstacles for sharing food not related to design 

A major obstacles for not sharing food was that the participants 

did not have any food to share. Eight participants stated this, 

while four stated that they did not have the time and three that 

they could share their food without using the app. The major 

reason, which respondents stated for not picking up food was 

that they did not have time to. Another reason was the 



 

 

misunderstanding that a participant could not pick up food 

unless they also shared food. Other reasons were that: 

• There was no food to share in the same building at the 

university where the person’s workplace was located 

• Students did not have access to other storing places than 

one particular kitchen 

• The booked food had already been removed when the 

person who had booked it came to pick it up 

• No food seemed interesting enough to book/pick up 

 

As stated above, the most common obstacle that respondents 

saw for sharing food according to the multiple choice question 

was that they never had leftover food from home. This is an 

interesting result considering the fact that private households in 

Sweden waste 45 kg edible food per person and year [20]. 

Reasons why respondents from our survey stated that they did 

not have any food to share might be that they were not 

representative for Swedish households or that their own left-over 

food did not live up to their own criteria for what kind of food 

could be shared or not. 

In responding to the multiple choice question regarding 

reasons for not collecting food shared by others, five respondents 

picked that they don’t trust the quality of other people’s food and 

five that they did not want to receive food from people they did 

not know. Trust and transparency of food cooked by unknown 

people was a recurring theme as it also was mentioned in the 

freely formulated comments from respondents. Examples are 

given below: 

 

To pick up fresh groceries, packaged food, or food left over from 

catering feel unproblematic. But it would be more difficult for 

me to pick up somebody’s personal leftover food if I don’t know 

that person. 

 

It became clear to me that if I can’t be sure that ingredients 

which I don’t tolerate (e.g. pepper, banana, oats and coconut 

milk), it would not be tempting to receive somebody else’s food. 

It’s too much hassle to need to ask. On the other hand, it’s very 

easy if the rescued food would be whole foods, i.e. apples or 

other unprocessed food. 

 
It’s hard to share cooked food. Maybe it would be most efficient 

to share food from catering and restaurants. The most wasted 

personal food would probably be cooked food. This might not be 

very attractive to share. 

 
Another significant obstacle in sharing food was that the 

activity was not part of a recurring everyday routine and, thus, 

sometimes hard to remember. Respondents commented this 

aspect as: 

 

Sometimes it’s hard to remember to bring food to share. I usually 

give away food (or groceries) that I will not eat to family or 

friends.  

 

It’s not part of my habits 

 

An obstacle for the food sharing app to spread to other 

groups to create a critical mass of users could be that sometimes 

it might be easier to share food without using the app. As one 

user put it:  

 

Some types of leftover food (e.g. pastries and biscuits) are also 

easy to just put on the table in the kitchen and, then, you know 

that everybody are free to have some. 

 

From the perspective of reducing food waste, this is of course 

fine because food is shared. But the food in this case would only 

be available for a limited group of people. For instance, it might 

not be available to students who might be those needing it the 

most. 

Some informal observations were finally made, which had to 

do with social aspects of sharing of food. One such norm was a 

reciprocity in sharing food. That is, some participants assumed 

that if a person shares food they are also allowed to collect food 

but a person is not allowed to pick up food if they have nothing 

to share. Since this was not a requirement at all mentioned by the 

app, users’ assumptions might originate from a social norm 

indicating that to receive we also need to give. 

IV. DISCUSSION AND CONCLUSIONS 

The overall conclusion from the results of the survey is that 

the design of the digital prototype for sharing food in the 

university workplace worked well. This is based on that the 12 

people who used the prototype for collecting food, the 9 who 

used it for sharing their food, and those who did both could fulfil 

their activities without problems regarding the interaction with 

the prototype. Since half of the respondents were students and 

half were employees, we could see a pattern in that employees 

shared food to a greater extent while the students mostly 

collected food.  Another conclusion is that the prototype has to 

be improved before a full-scale intervention. Yet another 

conclusion is that for realizing the potential of the app a critical 

mass of users is needed. In combination of a critical mass an 

efficient organization of sharing and collecting food is needed. 

It is important that shared food is actually picked up. Otherwise 

it might go bad and needs to be thrown out, which stands in 

conflict with the purpose of saving food. This might also cause 

problems in trusting that sharing food actually leads to a 

reduction in food waste and consequently also might prevent 

people from sharing. Thus, some kind of information regarding 

when food is picked up given to the person who shares their food 

will be needed. 

Logistics and flow is necessary in order for people to trust 

that the sharing activity is working. This includes information 

regarding when food is picked up and pick-up places to be 

situated close to and accessible to all people sharing and 

collecting food. During the user testing we discovered that 

students don’t have access to the same areas as employees and 

were therefore shut out of picking up food that was announced 

on the prototype. Moreover, designated storage places would 

facilitate the sharing food as well as labelling the shared food. 



 

 

A second significant aspect for the sharing of food in the 

workplace to succeed is to provide conditions for the formation 

of the habit of sharing. A habit is an routine-like behaviour, 

described as an automatic response to cues in the environment; 

as proceeding with little awareness; and as goal-directed [21]. In 

order to facilitate shaping habits around sharing and collecting 

food in the workplace, the implementation and marketing stages 

of the food-sharing app are crucial. These stages hold the 

opportunity of drawing the users’ attention to the existence of 

the app, starting narratives and communities around it and, thus, 

facilitating for its users to support each other making a routine 

out of sharing food in the workplace. Users may remind each 

other to bring food from home, to announce leftover catering 

food in the app, and to spread the message of the food sharing 

activity on the university campus. Patience in seeing habits form 

will be needed as the formation of new habits take time. In the 

case of food sharing it may even involve deactivating old habits, 

such as packaging food at home and bring it to work instead of 

saving it in the fridge with the risk of it going bad. One possible 

backside of these habits is the possibility of rebound effects, as 

users can use the sharing as a way of reducing food waste guilt, 

avoiding other efforts such as adjusting purchases. These effects 

needs to be explored in longitudinal studies. 

The results from using and evaluating the digital app for 

sharing food at the university point to a possible success in 

developing it into a proper commercial app extended to the 

whole campus and not only to a limited test group.  Some issues 

need, however, to be resolved first regarding responsibility and 

management of the app. t present, there is no business model for 

the app that could generate income from its users, as food is 

given away for free with no fees. Thus, supporting the app will 

require funds from a third party or from the university. 

Managing the app could be done by a third party given that there 

are funds to pay for it. Another important task if the app would 

be launched for the whole campus would be how to market it for 

achieving optimal use: both in terms of number of users but also 

in terms achieving a critical mass of users in separate workplaces 

in different buildings. Likewise, the issue of where to share food 

has to be resolved and an idea could be to place refrigerators 

used for sharing foods in premises available to both students and 

staff. Some resources for maintaining such fridges would, then, 

be necessary. 
Lack of trust and transparency is an obstacle for sharing food 

in the workplace. This came to the surface in the testing of the 

app and has also been observed in other studies e.g. [15]. The 

quality of the food as well as its contents could be questioned. 

The food might contain ingredients that the participant could be 

allergic to. Food left over from catering showed to be most 

popular to collect. 
To accommodate the best interest of all and to use the full 

potential of reducing food waste the organization of pick-up 

places also needs to be reflected in the design of the prototype. 

Moreover, information of when food has been booked and 

whether it has been picked up must be clear. Sometimes food 

shared could serve several people and specifying portions 

available as well as following up the availability after users had 

collected portions would need to be clearer. In sum, the 

organization of food sharing has to be worked out on a detailed 

level through mapping out the target group, the activity flow of 

sharing and collecting in the spaces where the groups move, and 

through specifying the needs of the respective groups. This 

organization should, then, be reflected in the design of the digital 

food sharing platform. Finally, care should be taken to provide 

opportunities for habits around food sharing to be formed. 

V. FUTURE RESEARCH 

For each ICT application researchers develop, they need to 

take a step back and reflect around what is really required, at 

which level of technology, and what the advantages are of an 

ICT based solution compared to a low-tech solution. In the case 

of a closed environment as a workspace or, in the case of this 

test, a university department, there is already a built community 

and certain amount of peer trust. Examples of non-technological 

solutions for food sharing could be for example a common fridge 

where everything inside is for share. In this case we could argue 

that there are certain advantages: 

• Trust: Even in a known environment, eating food from 

unknown sources may be uninviting. ICT provides 

traceability of the food shared, which presumably adds 

trust.  

• Extra layer of information: ICT allows to add extra 

information to the food share, this includes for instance: 

o An availability date so the end-users know 

when the food was shared. 

o Text information, this include for example 

information regarding ingredients which may 

be important for people with allergies, 

information about special diets such as 

vegetarian or vegan, or storytelling about the 

origin of the food such as sharing apples from 

the garden. 

• Notification: ICT allows easy overview of the shared 

items without having to go to the physical  place of the 

food, and push notifications so users can know about 

items without actively looking. 

• Providing feedback on when food has been picked up. 

To avoid extra work for the people who collect the 

food, this may be managed through sensors or RFID-

tags on the food. 

• Forming a social network around food sharing by, for 

instance, linking to a Facebook group or similar  

  

A main disadvantage is the need for development and 

maintenance of the technology, and the exclusion of users who 

do not have access to the needed access devices. It may be 

relevant to see if the advantages of the ICT solutions are enough 

for supporting the extra complexity, and if the same advantages 

could be gained by other simpler means, such using paper cards 

and so on. These questions are relevant not only for the case of 

food waste but also for other cases in the “sharing economy”, 

and comparative studies between high-tech and low-tech 

solutions could be an interesting research topic.  

At last, in order for research on reducing food waste through 

the design of technology intended to intervene with people’s 



 

 

behaviour the outcome of user studies needs to be carefully 

evaluated. The long-term goal is to reduce food waste on the 

consumption level and to be able to conclude that this goal has 

been reached we need to have a quantification of the amount of 

food wasted during the use of the sharing platform. We also need 

a baseline level to compare this result to. Such a baseline could 

consist of e.g. measurements of food waste prior to the use of the 

platform or measurements of food waste in a control group. The 

big challenge in this is to arrive at a clear method for measuring 

food waste at the consumption level. Most intervention studies 

of food waste prevention in households have asked respondents 

to estimate the quantity of their own food waste [11]. Since this 

method does not generate very reliable results, more precise and 

objective methods to measure household food waste need to be 

developed. 
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Abstract— Digitalization as a technological phenomenon of the 

21st century has the power to redeem most environmental sins 

of our 20th century technology. This seems to be a popular 

belief shining through many of the optimistic media reports on 

digitalization. We believe, however, that this mindset is far too 

simplistic and counterproductive. The many indirect economic 

and social effects of digitalization, which turn efficiency gains 

into increased resource consumption, are often ignored. We 

discuss these countereffects in general, as well as their digitali-

zation-specific flavor (i.e., the digital rebound). We give exam-

ples of digital rebound, and also analyze several conditions that 

seem to lead to its eschewal. Altogether, we try to make the 

case for a faithful consideration of the rebound effects of digi-

talization. 

Index Terms—Rebound, efficiency, resources, energy, digital 

rebound. 

I. INTRODUCTION 

The potential economic and societal benefits of digitaliza-

tion1 are far-reaching and are often addressed in today’s pub-

lic discourse. Moreover, digitalization is often envisioned as 

a silver bullet to tackle – or at least mitigate – the world’s 

increasingly urgent environmental issues; in particular, it is 

seen as a possible key factor in reducing carbon emissions 

and resource consumption across various economic sectors 

(e.g., [1-3]). Such assertions rely on the ability of digital sys-

tems to either optimize the performance of energy- and re-

source-intensive systems and processes in industry and 

commerce, or to virtualize and substitute them altogether. 

Digitalization can further enable more environmentally de-

sirable solutions, which would be too complex to achieve or 

manage otherwise, such as the smart electrical grid. Finally, 

through more detailed, real-time information at their finger-

tips, consumers can decide in favor of more environmentally 

friendly alternatives, such as buying goods with a small car-

bon footprint or avoiding products with palm oil. 

                                                           
1 Traditionally, the term “digitalization” basically meant the technical 

process of converting analog signals into digital form. In recent years, 
however, digitalization took on a much wider meaning – in business 

contexts, it now stands for the broad use of digital information and 

communication technology (ICT) and the induced change in business 
operations or whole business models (“digital transformation”), often 

restructuring or disrupting economic processes and social practices. 

The continuingly rapid digitalization of societies and 

economies also has its downsides and does not go undisput-

ed. Some of the more obvious reasons for concern are possi-

ble security breaches due to the increasing complexity, het-

erogeneity, and interconnectivity of systems, as well as some 

increasingly intricate privacy issues. Such negative side ef-

fects seem to be generally accepted by society as the many 

benefits of digitalization are perceived to largely outweigh 

these disadvantages (which are believed to be manageable to 

some degree).      

Increasing evidence, however, also sheds a critical light 

on the attributes of digitalization usually perceived as wholly 

positive. It turns out that the increased efficiency or the im-

proved access to information afforded by digitalization can 

often induce indirect effects, which can reduce or even re-

verse its positive impact. In economics, these unwanted 

countereffects are known under the umbrella term of re-

bound effects.  

In a nutshell, rebound effects occur when positive initial 

effects (e.g., increased efficiency) make a good or service 

more attractive (through lower prices or added benefits), 

which in turn is likely to spur demand either for the same 

good or service (which is more attractive), and maybe for 

other products, due to the increased disposable income or 

time. This, in turn, stimulates more energy and resource con-

sumption (and consequently more pollution), diminishing the 

initial positive effect or, in the worst case, even outweighing 

it.  

While relatively well-known in economics, rebound ef-

fects have not yet been thoroughly investigated for digital 

goods and services, and even less so for the broad digitaliza-

tion of whole industrial and economic sectors. This is partly 

understandable because, as will be shown below, rebound 

effects are diverse and involve subtle yet far-reaching mech-

anisms. Although their principal workings are relatively well 

understood, quantifying rebound effects remains a challeng-

ing task. As digitalization pervades ever growing areas of 

societies and economies, and given the broad dissipation of 

the effects, assessing the rebound effects of digitalization is a 

particularly serious challenge.  

We use the umbrella term digital rebound to denote any 

such rebound effects induced by digitalization technologies, 



 

 

whether they stem from individual IT goods and services, the 

digitalization of entire economic sectors, or indeed the whole 

economy. Ignoring digital rebound can lead to a misunder-

standing of the environmental effects of digital technologies, 

and possibly result in inappropriate policy or misallocated 

monetary incentives. Despite its difficult quantification, this 

paper thus aims to increase digital rebound awareness.  

Section II starts with a familiar example for emerging 

digitally enhanced products, self-driving cars, discussing 

some of their possible rebound effects. Section III presents a 

more in-depth theoretical analysis of several types of re-

bound effects. Section IV then shows the relevance of re-

bound effects in the context of digitalization, discussing both 

apparent environmental benefits and also the counteracting 

digital rebound for several types of digital services. By con-

trast, Section V examines some digital services with little or 

no rebound. Finally, Section VI contrasts the two categories, 

distilling insights into the design of digital services that seem 

to be truly environmentally beneficial even after taking pos-

sible digital rebound into account. 

II. SELF-DRIVING CARS: ENVIRONMENTAL  

CURE OR MENACE? 

With recent advances in computer vision technologies based 

on pattern recognition and machine learning, paired with 

progress in other digital technologies such as wireless com-

munication and high-precision localization, self-driving cars 

– or autonomous vehicles – are now expected to become a 

reality in the not too distant future. Major car manufacturers 

as well as IT companies are developing technologies for au-

tonomous vehicles. Since it receives much media coverage, 

the topic is one of the better-known examples for how digi-

talization can permeate various sectors of the economy and 

society, and thus serves well as an introductory example case 

for our statements and claims.  

Self-driving cars can bring about undeniable societal 

benefits, such as better inclusion of the elderly or people with 

disabilities [4, 5]. Additionally, numerous researchers have 

also highlighted their potential benefits on traffic and the 

environment. Some [6] alleged that autonomous taxis could 

considerably reduce vehicle emissions, while others [7] ar-

gued that platooning (coordinated travel in close proximities 

on highways) can substantially reduce the average fuel con-

sumption by coordinating driving speed and behavior, and by 

minimizing the distance between vehicles to reduce wind 

resistance. It has even been argued that autonomous vehicles 

are inherently safer than traditional vehicles driven by hu-

mans, and thus require lower safety standards, which in turn 

leads to lower vehicle weight and thus lower fuel consump-

tion [8]. Finally, some argue that the emergence of autono-

mous vehicles would boost the market for sharing such vehi-

cles to the detriment of private car ownership, reducing the 

overall car fleet and thus the grey energy required for vehicle 

manufacturing [9, 10].  

These positive direct effects, however, only tell half of 

the story. There are also a number of subtler mechanisms and 

indirect consequences that induce effects to the contrary: 

Better inclusion of the elderly or disabled means they will 

also be able to ride autonomous vehicles instead of public 

transport, worsening the environmental impact of their mo-

bility [4]. Even children could ‘drive’ autonomous vehicles 

to school! Self-driving cars are also likely to induce a sub-

stantial number of empty runs [11], an impossibility today. 

Until now, one of the reasons not to take the car in urban 

environments has been the difficulty of finding a parking 

spot at the destination. If one can, however, drive to a meet-

ing in the city center and send the empty car back home, it is 

quite likely that such empty runs will occur, inducing addi-

tional mileage [12]. As Chase [13] pointedly puts it, these 

induced trips could be far beyond what we might imagine 

today: “I schedule the FAV [fully autonomous vehicle] to 

return at 9:30 a.m., but I don't rush out because the car will 

just circle the neighborhood until I tell it I'm here! As I get a 

friend a gift at a hand-made jewelry shop, my FAV circles 

the block for 15 minutes. Rather than trip-chaining to get the 

dry cleaning, we send the FAV out anytime to pick it up (an 

employee places the cleaned and pressed clothes in my car 

for me). Ditto for our take-out dinner”. 

Finally, the time spent in an autonomous vehicle is likely 

to be more enjoyable or productive than when driving one’s 

self. The time while riding an autonomous vehicle free of 

stress or attention can be used for socializing or work. This is 

likely to increase the appeal of car rides, which might lead to 

more frequent and longer trips [7]. Car rides would also be-

come more attractive as compared to other modes of 

transport, leading to a partial substitution of the former for 

the latter. This substitution was theorized for example in 

[14], while a questionnaire of paired comparisons devised in 

[11] hints that shared autonomous vehicles might indeed 

displace almost exclusively public transport, not private car 

ownership.  

III. TYPES OF REBOUND EFFECT: AN OVERVIEW 

All of the above are examples of rebound effects for autono-

mous driving. These noteworthy effects do, however, also 

appear in other contexts. Before analyzing their relevance for 

the broad domain of digitalization, it is worthwhile to gain a 

deeper theoretical understanding of rebound effects in gen-

eral.   

Several definitions of rebound effects exist, some nar-

rower, others wider. In its classical economic interpretation, 

the notion of rebound evolved from describing one rather 

narrow phenomenon in the energy market to an entire class 

of effects. A definition of today’s broader understanding is 

given by Sorrell [15]: “The ‘rebound effect’ is an umbrella 

term for a variety of mechanisms that reduce the potential 

energy savings from improved energy efficiency.” While 

broad, this definition still considers only the energy domain. 

As Binswanger [16] comments, however, the concept of re-

bound effect can easily be applied not only to energy, but to 

resource use in general. 



 

 

A. The Direct Rebound Effect 

Khazzoom [17] undertook an early systematic analysis of the 

rebound effect. His approach relies on a single-service mod-

el; meaning there are no repercussions from this service to 

the rest of the economy. The service is an energy-intensive 

one, such as mobility (measured in passenger-km) or room 

temperature. According to neoclassical economic theory, 

when the price of a good decreases, the demand for it in-

creases, all other things being equal. If, due to advances in 

energy efficiency (e.g., more fuel-efficient vehicles or better 

house insulation), the passenger-km or an hour of a certain 

room temperature will cost less, and as long as their needs 

are not saturated, users will tend to use them more: more 

kilometers driven, the room temperature set higher or not 

turned off overnight. This effect may partially or entirely 

offset the savings from the original energy efficiency meas-

ure. 

In this narrow sense, the rebound is often referred to as 

direct rebound effect – direct because the rebound occurs for 

the same service that had originally gained in efficiency, and 

because the rebound is a direct consequence of the price re-

duction that follows the lower input to produce the service. 

Although originally defined for energy markets, the effect 

appears for any resource efficiency measure: if less of a re-

source (any physical resource, though, in the general sense, 

also more labor or capital) is needed to produce a good or 

service, its price will decrease and, as a result, more of it will 

be demanded. 

B. Jevon’s Paradox or Backfire 

More than a century before Khazzoom’s work, British econ-

omist and logician William S. Jevons first referred to the 

phenomenon – without using the term ‘rebound’ – in his 

1865 book “The Coal Question” [18]. The effect described 

by Jevons is different from Khazzoom’s rebound in that it is 

more general (caused by more mechanisms) than the mere 

direct rebound put forward by Khazzoom. This will be dis-

cussed below. 

Despite attributing it to different causes, Jevons and 

Khazzoom agree on the rebound’s size. They both assume 

that it is larger than 100%, i.e. it is postulated to outweigh the 

original savings. As broadly discussed by Alcott [19], Jevons 

argues in his original work that the rebound effect not only 

reduces the potential savings of the energy efficiency meas-

ure, but that it actually outweighs the reductions, leading to 

an overall net energy increase: “[if] the quantity of coal used 

in a blast furnace, for instance, be diminished in comparison 

with the yield, the profits of the trade will increase, new capi-

tal will be attracted, the price of pig iron will fall, but the 

demand for it increases and eventually the greater number of 

furnaces will more than make up for the diminished con-

sumption of each” ([18], page 156). 

This particular case, when the magnitude of the rebound 

effect is more than 100%, is known in the literature as Jev-

ons’ paradox, or under additional names such as boomerang 

or, more commonly, backfire. A well-known formulation of 

Jevons’ paradox is given by Saunders: “with fixed real ener-

gy prices, energy-efficiency gains will increase energy con-

sumption above what it would be without these gains” [20]. 

Saunders  calls it “the Khazzoom-Brookes postulate”, after 

the more recent work by Brookes [21]. As both Alcott [19] 

and Sorrell [15] observe, ‘postulate’ is the correct term in 

this context as there is not enough evidence to support that 

the rebound always exceeds 100%. Discussing Jevons’ work, 

Alcott observes “Jevons thus makes rebound theoretically 

plausible, but he has not yet proven that the amount of coal 

consumed must ‘more than’ make up for engineering sav-

ings” [19]. Likewise, Sorrell concludes that “such evidence 

does not yet exist” [15]. 

C. Indirect Rebound: Induction Effect, Income and 

Substitution Effects, Producer Rebound 

The first citation from Jevons’ work above already hints to-

wards more mechanisms than the mere direct rebound. An-

other revealing passage can be found on page 144: “Whatev-

er, however, conduces to increase the efficiency of coal, and 

to diminish the cost of its use, directly tends to augment the 

value of the steam-engine, and to enlarge the field of its op-

erations” [18, 19]. The mechanism described here alludes to 

the induction effect [22], which other researchers consider 

merely a specific form of the rebound effect [23]. 

Such mechanisms that lead to different types of rebound 

were more formally presented soon after Khazzoom’s work. 

Both Binswanger [16] and Berkhout et al. [24] discuss the 

income effect and the substitution effect as further causes for 

rebound. The effects are well-described in [16]. They are 

observed by leaving the single-service model behind and 

considering a model consisting of two services, A and B, 

which can be partially substituted for each other. A lower 

price for service A, as a consequence of efficiency gains for 

one of its inputs, has two consequences: i) consuming the 

same amount of A and B becomes cheaper, the consumer has 

a larger budget at his disposal, leading – ceteris paribus – to 

more consumption of both A and B (income effect); and ii) as 

service A becomes relatively cheaper, it will partially substi-

tute service B (substitution effect). The total effect is equal to 

the sum of the two effects, as reflected by the Slutsky equa-

tion [25]. Both effects lead to more consumption of service 

A, and thus also of the resource that had originally gained 

efficiency, which triggered these effects in the first place. 

Berkhout et al. [24] also define what they call the pro-

ducer rebound, which is essentially a substitution effect on 

the producer side: Increased energy efficiency changes the 

optimal balance between energy and other production factors 

such as labor or capital. Due to the more efficient usage of 

energy, the producer will, to some extent, substitute energy 

for capital or labor. 

D. Time Rebound 

Binswanger [16] introduces what he calls time rebound, 

which stems from time-saving technological progress. He 

argues that a decline in the time needed to acquire a service 

(such as traveling a certain distance) reduces the costs asso-

ciated with time. This is based on the economic model that 

someone’s time can be monetarily represented by the fore-



 

 

gone earnings one could have achieved during that time. 

Economists say in this context that “wages are the opportuni-

ty costs (i.e., the not taken alternative, hence ‘opportunity 

costs’) of time.” 

A time efficiency measure, thus, leads to time saving 

which can be monetarily expressed as its opportunity costs, 

i.e., the earnings that could theoretically be achieved in the 

time that was saved. To the extent that the costs of the time-

saving measure continue to be cheaper than the costs of 

saved time, the former will be substituted for the latter. 

Time-saving technologies, however, are often quite energy 

intensive, such as the technologies enabling fast means of 

travel or transportation. The energy thus spent to save time, 

is what Binswanger calls “time rebound.” 

E. General Equilibrium Effects and Other  

Macro-Level Rebound 

Finally, the price changes for the firms’ output, as well as the 

income and substitution effects that follow efficiency gains, 

will lead to changes in demand and further readjustments 

along the entire economy. These general equilibrium effects 

are relatively hard to grasp and almost impossible to quanti-

fy. In the literature, they are also called macroeconomic re-

bound [26] or world-wide rebound [23].  

One reason the global and long-term consequences of 

products becoming cheaper (due to energy efficiency im-

provements or technical progress in general) are difficult to 

assess (and even more so to predict), lies in the fact that con-

sumers (and thus markets) may react in a non-linear and al-

most discontinuous way to price changes and product im-

provements. Indeed, once a certain price or usability barrier 

is surpassed, a product may suddenly become attractive to 

buyers. Emotional or networking effects, and even trends in 

fashion, are certainly also relevant for such avalanche effects 

and add to the complexity of their analysis and assessment. 

For example, no one could have predicted the sudden 

boom of mobile phones. Car phones existed since the 1960s 

and have steadily been improved, evolving into portable 

phones during the 1990s (“car phones without a car”, as an 

advertisement at that time nicely put it). But only when they 

became small enough to fit into trouser pockets and could 

run without heavy batteries, mobile phones quickly became a 

real market success (clandestinely paving the way for the 

next evolutionary step, their metamorphosis into smart-

phones).  

The basic technological driver of the digitalization phe-

nomenon is the steady progress (and, in fact, the steady effi-

ciency improvements) in microelectronics neatly revealed in 

Moore’s Law. Sustained steady progress on that level, how-

ever, can eventually lead to sudden disruptions on the macro 

scale: We now spend much more time with our mobile 

phones than we did previously with our landline phones. But 

when doing so, do we directly or indirectly use more energy? 

Whether an avalanche effect turns into a digital rebound ef-

fect on the global scale is a priori unclear and certainly de-

pends on the circumstances of the particular case. In general, 

cause and effect relations become blurred at the macroeco-

nomic scale because of undefined and unclear system bound-

aries and sector-wide spillover and feedback mechanisms. 

Reviewing a large body of rebound literature, particularly 

by economists Len Brookes and Sam Schurr, Sorrell [15] 

points to another source of macro-level rebound: the catalyst 

effect of energy for productivity in general. He argues that 

energy efficiency technologies boost total factor productivity 

(in particular, capital and labor productivity) and thereby 

save much more than energy costs alone. Moreover, he ar-

gues that labor costs are much higher than energy costs (typ-

ically, 25 times larger in commercial buildings in industrial-

ized countries). But if the total cost savings are much larger 

than energy savings alone, the rebound due to the income 

effect may also be much larger. This observation seems to 

apply only to energy efficiency measures and not to resource 

efficiency in general. 

IV. DIGITALIZATION AND ITS REBOUND 

The last paragraph of Section II mentioned several examples 

of rebound effects for self-driving vehicles: Riding autono-

mous vehicles, which can be much more affordable than taxi 

rides and might thus displace trips via public transport are 

examples of the substitution effect [24]. New categories of 

users such as the elderly, disabled, or even children ‘driving’ 

vehicles is a form of the induction effect revealed by Hilty 

[22]: the ease of accessing or using a service creates new 

demand. Induction effects are also the empty runs, which do 

not exist in a world without autonomous vehicles, such as the 

car circling the neighborhood waiting for the owner to finish 

a business meeting. Car rides becoming more attractive as 

they can be used for either work or socializing illustrates 

Binswanger’s time rebound [16]. As these phenomena result 

from digitally-enabled autonomous vehicles, they can thus 

all be considered examples of digital rebound. 

Numerous further ICT-based products and services that 

are popular for their efficiency gains or other resource-saving 

mechanisms are in fact prone to digital rebound. We present 

two examples below. 

A. Teleworking   

Teleworking, also called telecommuting, denotes working 

from a remote location without physically commuting to the 

office. Communication with colleagues and access to com-

pany data are ensured via digital means such as email, Skype 

and similar services, virtual private networks, screen sharing, 

etc. The physical location of work is often the employee’s 

home although telework can also be performed from a holi-

day spot, the partner’s house, etc. 

Teleworking has the potential to significantly reduce 

commuting and therefore energy use for personal transport. 

This can be a significant reduction since the transport sector 

represents around 25% of the final energy demand in devel-

oped economies, 1/3 of which can be attributed to work 

commute [27]. Early studies have indeed indicated important 

reductions of both passenger vehicle use and traffic conges-

tion due to telecommuting. In 1991, [28] concluded that tel-

eworking in the Netherlands decreased the total number of 



 

 

trips taken by teleworkers by 17% and peak-hour traffic con-

gestion by 26%. A California pilot project [29] in the same 

year resulted in 75% less distance travelled by teleworkers 

on their telecommuting days. A couple of years later, a dif-

ferent study yielded a similar 77% reduction in distance trav-

elled for the same Californian pilot project [30]. 

Later studies addressing the possible rebound effects of 

teleworking, however, paint a mixed picture. For example, 

[31] emphasizes that telecommuters can no longer stop for 

shopping on the way home from work, but might take an 

extra trip by car for their shopping. (Empirical work, howev-

er, has shown that such non-commute travel on telecommut-

ing days decreases as often as it increases [32], and [27] 

speculates this might be because some non-commute trips 

could be eliminated as, without the work commute, their 

destinations would be too far away to be attractive.)  

Beyond the uncertain development of non-commute trips 

on teleworking days, there might be several other causes for 

telecommuting-induced digital rebound. A study [33] esti-

mates that the 4 million US workers who telecommute one or 

more days per week reduce the country’s primary energy 

consumption by 0.13-0.18% and its greenhouse gas emis-

sions by 0.16-0.23%, and it lists two likely causes for re-

bound: For one, telecommuting could increase the number of 

weekend trips to compensate for the activities not performed 

during the week, such as shopping. Moreover, as they spend 

less days commuting to work, teleworkers could live further 

away from their workplace, increasing their commute effort 

to work on non-telecommuting days and, potentially, that of 

numerous other trips. One could add easily imagined scenar-

ios wherein the family car is happily used by other family 

members for their yet unmet demands, rather than resting in 

the garage when the main income earner does not commute 

to work. 

Widening the boundaries of its analysis, [27] accounts for 

the decreased energy consumption in commercial buildings 

due to teleworking and, at the same time, for the increased 

energy consumption in residential buildings, many of which 

would have otherwise been unoccupied during the day. For 

the teleworking practices of 2005, and accounting for uncer-

tainties, it estimates national energy savings of only 0.01-

0.4% in the US, and 0.03-0.36% in Japan. Even for an ex-

treme future scenario with ubiquitous teleworking, in which 

50% of information workers telecommute 4 days per week, 

the national energy savings are estimated at only about 1% in 

both cases because of the many countereffects.  

Finally, [31] argues that “online work can produce new 

contacts that might generate the need for meeting people 

personally”. The first author of this paper can confirm the 

occurrence of such induction effects from personal experi-

ence: Between February 2015 and August 2016, he was re-

motely employed by the KTH Stockholm while living in 

Bucharest, Romania for family reasons. Without modern 

digital communication technologies, this collaboration would 

not have been possible, nor would the induced travel (11 

return flights jointly responsible for around 10 t CO2e) have 

taken place.  

B. E-commerce 

E-commerce describes a variety of commercial practices, in 

which the Internet is central to ordering goods. When the 

goods to be delivered are digital, or can be digitalized (such 

as music, movies, or books), their delivery can also take 

place digitally (via Internet streaming), without a physical 

substrate such as a DVD, CD, or paper.  

It has long been maintained that E-commerce is more en-

ergy efficient than traditional retail. Sivaraman et al. [34], for 

instance, compared two DVD rental networks: a traditional 

one in which the customer drives to the rental shop, on the 

one hand, and online ordering followed by mail delivery, on 

the other. Even though the respective online model did not 

take advantage of online streaming but was still delivering 

physical CDs, the study found that it nevertheless consumed 

33% less energy and emitted 40% less CO2 than the tradi-

tional option. Similarly, [35] concluded that online grocery 

order with subsequent home delivery can save between 18-

87% of the CO2 emissions of individual grocery shopping in 

Finland.  

However, [34] already found that e-commerce consumes 

more energy in urban areas where, in the traditional model, 

customers usually do not drive to the shops but walk or take 

public transportation, while home deliveries are done by 

vans. Going one step further, and analyzing book delivery in 

Japan, [36] showed that home delivery of books does not 

perform better environmentally than the traditional model in 

suburban or rural areas, either. In contrast to the other two 

studies, [36] took the multipurpose use of car trips into con-

sideration. Therefore, not driving to the city’s bookstore 

saved almost no energy in the end, as the car trip still took 

place for other purposes, while the induced consumption of 

delivery trucks turned the e-commerce balance into the nega-

tive. This effect is probably more prominent for clothes or-

dering, where customers often order more models and sever-

al sizes of each, and then take advantage of return deliveries. 

V. DIGITALIZATION WITHOUT REBOUND 

We will now discuss some digital services that, in contrast to 

the examples presented above, seem to produce only a small 

rebound, if any. 

A. Rebound with a Smaller Footprint: A Trip is not a Trip 

In 2009, the first World Resources Forum (WRF) was orga-

nized simultaneously in Davos, Switzerland and Nagoya, 

Japan. This conference format was chosen so that the confer-

ence would stay truthful to its topic of resource efficiency; 

the expectation of the organizers being that offering confer-

ence venues on two different continents would reduce inter-

continental travel. For the four hours of daily common ses-

sions (due to the 7 hours time difference), the two venues 

were connected with telepresence services (i.e., highest qual-

ity videoconferencing), adapted from its usage among small 

teams in meeting rooms to audiences of hundreds of at-

tendees [37]. 

As travel to the conference became, on average, shorter, 

simpler, and cheaper, a rebound effect in the number of par-



 

 

ticipants was to be expected as compared to a regular single-

site conference: 531 participants attended in either Davos 

(372) or Nagoya (159). Had the conference been organized 

in Nagoya only, approximately 238 people would have at-

tended; the 159 who came anyway plus 79 of the 372 from 

Davos. Had it been a Davos-only conference, the 372 local 

attendees would have been joined by 76 from Nagoya for a 

total of 448 [37].  

This means that the two-venue event generated indeed a 

rebound in the number of participants when compared to 

either of the traditional organization modes, 531 as compared 

to 238 and 448, respectively. Despite this increased partici-

pation, the distributed conference had a lower travel-related 

impact as compared to the traditional alternatives (119 t CO2 

as compared to 189 t and 235 t, respectively) [37]. This is due 

to the fact that the efficiency gains induced by the distributed 

organization method implied a substantial reduction in inter-

continental travel. The rebound travel instances, on the other 

hand, were almost exclusively much shorter intra-continental 

trips. As trips have very different energy and carbon foot-

prints, which are generally directly proportional to their 

lengths, the aggregated energy and carbon effects of the re-

bound travel instances were lower than the amount of energy 

and carbon saved by the original efficiency gains. It should 

be noted, however, that the study did not consider subtler 

effects such as possible income effects or time rebounds for 

those conference attendees who would have travelled inter-

continentally as well, but given the opportunity to travel 

within the same continent saved both money and time. 

B. A Different Limiting Factor: When Efficiency Gains Have 

no Market Effect 

Vending machines are very popular in Japan. So popular, in 

fact, that in the early 1990s their energy consumption be-

came a political issue: At that time, the 5.4 million vending 

machines were together responsible for 3.7% of the electrici-

ty consumed in Japan [38]. Following energy efficiency 

measures, the efficiency of Japanese vending machines im-

proved by 52% from 1991 to 2007 [39]. 

Given such high efficiency improvements, one would ex-

pect a strong rebound effect. Yet, the number of machines 

increased over this time frame only slightly from 5.4 to 5.5 

million throughout Japan [40]. Why was there only such a 

mild rebound effect despite the large energy efficiency im-

provements? The limiting factor for the installation of vend-

ing machines turns out to be space, not energy consumption. 

As [38] observes: “In a densely populated country like Japan, 

it may be just impossible or unaffordable to sacrifice more 

space to install additional machines. It is today possible to 

operate two or three machines with the power that has been 

needed for only one machine in 1990s, but it is not possible 

to operate them without claiming additional space.” A differ-

ent (economic or physical) limiting factor than the energy or 

resources undergoing efficiency gains may thus be likely to 

lead to only modest rebound effects. 

C. Market Saturation Reached: Gas Leakage Discovery 

Natural gas is a popular source for heating energy, consisting 

primarily of methane (CH4) together with smaller quantities 

of other hydrocarbons. Both the US and Europe have extend-

ed natural gas transmission and distribution networks. The 

US transmission network, for example, consists of over 

300,000 miles of interstate and intrastate transmission pipe-

lines, while the distribution network contains more than one 

million miles of low-pressure pipes [41]. As with any other 

pipes, natural gas transmission and distribution networks are 

prone to leaks, through which gas can be released into the 

atmosphere.  

Methane, though, is a potent greenhouse gas. Overall, it 

represents the second most important source of anthropogen-

ic warming after carbon dioxide (CO2); its relative impact, 

however, is much higher: Over a time period of 20 years, a 

certain amount of CH4 has a warming effect 72 times greater 

than the same mass of CO2 (and, although the atmospheric 

lifetime of CH4 is shorter, the effect is still 28 times greater 

over a period of 100 years). Anthropogenic sources are esti-

mated to be responsible for around 60% of the total CH4 

emissions, nearly 350 megatons (Mt) CH4 yearly [42].  

One of the most important shares of anthropogenic me-

thane sources are the leaks from transmission and distribu-

tion networks. Global estimates for the quantities released 

from these leaks are difficult to make, but estimates for indi-

vidual regions reveal substantial numbers: [42], for example, 

estimates leaks of almost 0.5 Mt CH4 yearly for California’s 

South Coast Air Basin alone. 

In a collaboration between Google, the Environmental 

Defense Fund (EDF, an environmental NGO), and research-

ers from Colorado State University, a couple of Google street 

view cars were prototypically outfitted with methane sensors 

for the rapid identification of methane leaks from urban dis-

tribution networks [43]. The algorithm was tweaked using 

controlled releases of different flows of methane on an air-

field and passes with various speeds at various distances 

from these controlled releases so that, in the end, it considers 

for each discovered plume (i.e., an area of elevated CH4) its 

maximum CH4 concentration, the plume extension and an 

index for the plume’s kurtosis. At the same time, plumes 

longer than 160 m are ignored, as they most likely belong to 

a different methane source nearby, such as dairy farms or 

landfills [43]. This prototypical system for leak discovery in 

the urban gas distribution network was deployed in a field 

experiment in New Jersey, in collaboration with the local 

utility company PSE&G. It has been estimated that through 

the faster discovery and fixing of high-flow leaks, as com-

pared to traditional methods, this deployment might reduce 

yearly CH4 flows into the atmosphere by 2.4 kt [44].  

As natural gas is relatively cheap, the financial effect of 

these savings is rather marginal and hence no rebound effects 

are expected [44]. Even if there was a perceivable financial 

effect, however, the rebound effect might have been quite 

low had there been no additional need for heating gas. Alt-

hough rising wages and relatively cheaper energy have clear-

ly induced a rebound effect in the quantity of heating energy 



 

 

consumed over the centuries (the average winter home tem-

perature increased in Europe from 13 degrees centigrade in 

the 1300s to around 21 degrees today), there is most likely an 

upper threshold to the comfort temperature in homes. Gener-

ally, when a market is saturated and there is no additional 

demand for a product, naturally there will be no direct re-

bound effects (although indirect rebound, e.g. income effects, 

may still occur). 

D. Rebound of the Right Sort: Pushing Cleantech Products 

and Circular Economy Processes 

One theory of how digitalization affects economic processes 

is that energy, time, and information are the main inputs to 

any economic task and can, to some extent, be substituted for 

each other [45]. According to this theory, the digitalization of 

a process allows either time or energy to be saved. The im-

plicit assumption of this theory is that saving energy is gen-

erally environmentally beneficial, while saving time (i.e., 

doing things faster and thus being able to produce more) is 

environmentally harmful. Moreover, as the commercial im-

perative is output maximization, [45] establishes that “both, 

IT’s potential to do things with less energy input, thus gener-

ally more sustainably, and IT’s potential to do things faster, 

i.e., less sustainably, are enormous. Unfortunately, so far, the 

latter potential has been extensively tapped while the former 

remains but potential.” 

This dichotomy, however, has recently been challenged. 

In [46], it is suggested that not only energy-saving digitaliza-

tion, i.e. save impacts, can be environmentally beneficial, but 

also some types of economy-accelerating digitalization, 

which are called push impacts. At the beginning of this sec-

tion, it was argued that not all trips are equal, and that the 

type of rebound trips is essential for the environmental out-

come of a dual-venue conference. More generally, [46] ar-

gues that not all products and economic processes are equal. 

In its view, push impacts operate by accelerating the output 

of products and processes which are beneficial for environ-

mental sustainability. In particular, these are cleantech prod-

ucts (that substitute less resource-efficient technologies) and 

circular economy processes (i.e., the ones optimizing re-

source sharing, circulation, and longevity). If digitalization 

accelerates such products or processes, they will become 

more attractive and will tend to substitute other, more harm-

ful activities. Acceleration is thus not harmful, per se, just the 

acceleration of the wrong kind of processes and products. 

VI. DISCUSSION: DIGITALIZATION AS AN  

ENVIRONMENTAL SILVER BULLET? 

Ongoing rapid digitalization is often envisioned as a silver 

bullet to tackle – or at least mitigate – the world’s increasing-

ly urgent environmental issues. In particular, it is seen as a 

possible key factor in reducing carbon emissions and re-

source consumption across various economic sectors. State-

ments to this effect have been put forward by the information 

and communication technologies industry itself [1, 47, 48], 

as well as academia [3, 49] and international bodies such as 

the European Commission [50], the OECD [51], the Interna-

tional Energy Agency [52], and even environmental NGOs 

such as the WWF [2, 53].  

Many of these and further assessments, in particular 

those with an industry background, deployed questionable 

methods and yielded overly optimistic results. They deliver 

an almost religious promise, which is being heralded by 

some prominent proponents with much fervor: that digitali-

zation can be our common savior, the messiah-like technolo-

gy that redeems us our environmental sins and which prom-

ises that we can maintain our current lifestyles while digitali-

zation will handle the consequences.  

One of the main flaws of existing assessments is by and 

large their disregard of rebound effects. Digitalization, how-

ever, pervades nowadays virtually all economic sectors and 

has become an indispensable part of technological infrastruc-

ture, not unlike roads or the electrical grid. Thus, it also fos-

ters efficiency gains throughout the economy. Given its im-

materiality, its potential for virtualization, and the low entry 

barriers for its adoption, it is also a technology phenomenon 

that develops its effects very rapidly (and often without geo-

graphic limits). For all these reasons, digitalization seems to 

be particularly prone to the various incarnations of rebound 

effects.  

The efficiency gains induced by digitalization are not on-

ly traditional resource or energy efficiency; above all, it can 

save us all time and allow us to connect across continents 

and cultures. The induced secondary effects of the latter, and 

the time rebound of the former, are typical (although not 

necessarily exclusive) to digitalization, and arguably 

amongst the strongest mechanisms leading to rebound ef-

fects. Concerning time rebound, [16] writes that it “will be 

especially strong when wages are high and, at the same time, 

energy prices are low, as is currently the case in most indus-

trialized countries. High wages, which represent the oppor-

tunity costs of time, in combination with low energy prices 

encourage the increasing use of time-saving but energy-

intensive devices leading to an overall increase in energy use 

as people constantly try to ‘save’ time”.  

Of course, the life cycle of digitalization technologies 

(their production, use, and end-of-life disposal) also encom-

passes an energy and a material footprint. These effects are 

much better understood, however, and we refrain from dis-

cussing them in detail here since they are already thoroughly 

studied in the literature (e.g., [54-56]). 

VII. CONCLUSION 

Digitalization is unlikely to be the environmental silver bul-

let it is sometimes claimed to be. On the contrary, the way 

digitalization changes society, making it ever faster, more 

connected, and allowing us unprecedented levels of efficien-

cy might in fact lead to a backfire. As Santarius [57] puts it: 

“Humanity’s ecological footprint keeps growing although we 

have already digitalized significant parts of our economy and 

society over the past years. It seems that digitalization is not 

relaxing but rather reshaping societal metabolism in a way 

that tends to rebound on global energy and resource demand: 

Gains in efficiency are more than outweighed by the increase 



 

 

in consumption due to new digital services or falling prices 

caused by more efficient production processes.” 

We cannot, however, agree to the conclusion of [57] that 

greater efficiency should never be the goal of digitalization, 

but its enabling power be used for human sufficiency and 

economic degrowth. Above, we presented several conditions 

that seem to lead to either no rebound or only a moderate 

rebound effect, and they are all related to efficiency, not to 

sufficiency: i) when the rebound activities inherently have a 

smaller footprint or resource consumption than the originally 

optimized activities (such as intra-continental flights com-

pared to intercontinental flights), ii) when there is a different 

limiting factor (financial or physical) than the one becoming 

more efficient, or iii) when the market is saturated. Addition-

ally, we mentioned an entire category of desirable rebound 

effects: the push effects discussed in [46], where the rebound 

of the right (i.e., environmentally beneficial) sort – cleantech 

or circular economy processes – displaces the wrong kind.  

For most manifestations of digitalization, however, a 

strong digital rebound seems to be the rule rather than the 

exception. The sometimes spectacular per-usage efficiency 

gains of digitalization, bearing the toxic gift of strong digital 

rebound at their very core, hardly alleviate the global issue. 

As discussed in Section III, the mechanisms behind rebound 

effects in general, and thus of digital rebound as well, are 

essentially non-technical in nature. Their roots reside in eco-

nomics and in human behavior. It is thus highly unlikely that 

digital rebound can be addressed solely through technologi-

cal means. While digitalization does often wait on the side-

line, ready to provide efficient substitutes for existing tech-

nologies and processes, the avoidance of digital rebound 

effects needs to be enforced differently, possibly by policy 

measures. 

More research will hopefully further refine which parts of 

digitalization lead to significant rebound, and which digital 

goods and services induce either only moderate rebound or 

foster environmentally friendly technologies and processes. 

More research is also needed to understand which are the 

policy measures that can foster the latter and impede the 

former. 
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ABSTRACT 
Workplaces constitute a substantial part of the world’s 
energy consumption. In this paper we study how a 
cooperative game, EnerSpace, could be used to increase 
energy awareness and support energy conservation. In the 
study, after a one-week baseline period, 8 workers played 
EnerSpace for one week. They competed in two teams that 
each powered a spaceship with their energy saving on a 
resource exploitation trip to Mars. Each worker also had an 
avatar in the spaceship that reported personal consumption 
data using face recognition. The participant efforts and 
abilities to conserve energy affected the speed of the 
spaceship and the living condition of their avatars. The 
results show that workers decreased their overall energy 
consumption, especially on the weekend. Based on our 
results we discuss 1) designing for energy conservation when 
absent from the workplace, 2) how using the coffee room 
created energy conservation narratives but hampered local 
experimentation and learning, 3) team formation to support 
energy conservation and team spirit, and 4) challenges 
concerning games centered on baseline comparison for 
energy conservation. 
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Persuasive technology; gamification; visualization; energy 
consumption; energy awareness; behaviour change. 

ACM Classification Keywords 
H.5.m. Information interfaces and presentation (e.g., HCI): 
Miscellaneous. 

1. INTRODUCTION 
The rapid growth of energy consumption has raised 
increasing concerns over the last decades. According to the 
International Energy Agency there has been a dramatic 
increase in primary energy use (49%) and CO2 emission 
(43%) from 1984 to 2004 [1]. Moreover, energy 
consumption is estimated to keep rising due to economic and 
population growth [1]. The U.S. Energy Information 
Administration has reported that the building sector 
consumes 20% of the worldwide energy [2]. It has similarly 
been found that around 40% of energy was consumed by 
buildings in Europe in 2015 [3]. Those numbers proved the 
urgency to cut down energy consumption and increase 
energy efficiency in buildings, which calls for the attention 
of both organizations and individuals. 

Several studies have shown that there is a gap between 
estimated energy consumption and the actual energy 

consumption of buildings [4, 5]. One cause for this gap is 
that energy estimations fail to account for occupant behavior, 
potentially highlighting the potential for occupants to lower 
their consumption. Therefore, increasing occupant 
awareness of energy consumption and persuasive design 
becomes an interesting option to promote behavioral change. 

To increase energy awareness and promote behavioral 
change through persuasion, researchers have introduced 
gamification and social networks into eco-visualizations in 
order to engage users through competition and interpersonal 
relations [6-8]. Studies have also focused on providing 
energy education [9] and gamified energy feedback [10, 11]. 
Overall, these studies have focused on using either individual 
and cooperative approaches to energy conservation (e.g. 
[12]). Researchers have also designed gamified missions, 
competitions and cooperation to motivate energy 
conservation [13, 14]. For instance, Power Agent was a 
persuasive game designed to encourage energy conservation 
of a family by team competition [14]. However, while many 
of these attempts have demonstrated short-term positive 
effects the long-lasting effects are questionable as people 
tend to disengage over time [15].  

In this paper we turn our attention towards workplaces by 
exploring and evaluating how a cooperative game could 
support energy conservation. We do this by presenting the 
design, implementation and evaluation of a cooperative 
game designed to motivate workers to reduce electricity 
consumption in a commercial office setting. 
2. BACKGROUND 

2.1 Theoretical Model of Behavioural Change 
In order to design for behaviour change, it is important to 
understand how occupants’ current behaviour is shaped and 
influenced. A well-known behavioral theories is the Theory 
of Reasoned Action [6]. They believed that individuals’ 
intention to perform a certain behaviour led to the actual 
behaviour and the behavioural intention was determined by 
the attitude towards behaviour and subjective norm. 
Subjective norm is the social pressure that individuals 
perceive for a certain behaviour and it is decided by 
individuals’ normative belief and motivation to comply.  

The Theory of Planned behaviour extended this model by 
adding perceived behavioral control [16]. A perceived 
behavioural control means how much an individual has 
control over a specific behaviour. The Theory of Planned 



behaviour has been shown to explain 46-61% of the variance 
in occupants’ intention in performing pro-environmental 
behaviour [17]. The findings highlight that in order to 
understand the occupants and design for persuasion, it is 
beneficial to take occupants’ attitudes, subjective norms and 
perceived behavioural control into consideration.  

According to the Theory of Planned behaviour, social factors 
play a crucial role in influencing occupants’ behaviour. 
Social comparison serves as a trigger for motivating 
sustainable behaviour. Also, comparisons with others who 
are slightly better can have a positive effect on performance 
[18]. What this suggests is the importance to ensure that there 
is always a chance for each side to win in a competition. The 
facility also plays an important role in promoting an energy 
conservation culture by organizing relevant events and 
workshops, which was proved to be related to the energy-
saving behaviour of occupants in the building [19]. 
Moreover, another study revealed that public recognition of 
energy-saving behaviour led to a higher decrease in energy 
consumption than solely self-monitoring behaviour [20].  

Cost reduction has also been reported to be a motivation to 
save energy at offices [19], but the actual effects depended 
on the personal sensitivity to price [21]. In addition, 
psychologist Richard Katzev and his team found that 
commitment to conserve resources is more influential for 
occupants’ behaviour than monetary incentives [10]. This 
might suggest that intrinsic motivation is stronger than 
extrinsic motivation. However, a survey with 229 students 
on campus showed that the majority of participants agreed 
on the importance of energy conservation, but they reported 
that they lack clear motivations [19]. Contextual factors, 
such as perceived behavioural control, have been found to 
partly explain this low level of motivations [19]. In an office 
building, the energy consumption is mainly influenced by 
energy planning and management, which results in 
occupants’ low sense of control and insufficient engagement 
in energy conservation. 

2.2 Persuasive Technology 
Persuasive technology aims at using technology to achieve 
behaviour change without coercion [22]. BJ. Fogg has 
introduced his behaviour model that stressed three elements 
of persuasive technology: motivation, ability and trigger 
[23]. Motivation is the reason why a person shows a certain 
behaviour. Ability indicates whether the person has the 
required ability to complete a behaviour. A trigger can be a 
reminder, deadline or other elements that cause the person to 
perform a behaviour. Those three elements are of necessity 
to achieve the persuasion of a certain behaviour. A study that 
followed this model claims achievement of the energy saving 
goal [24], which suggests that taking those three elements 
into consideration could be beneficial. 

Many studies have worked on applying gamification to eco-
visualization in order to provide energy education and 
feedback on energy consumption [7, 11, 25, 26]. One study 
introduced a game called EnerCities to promote energy 

education by asking users to run a sustainable city [9]. The 
results showed that the experimental group who played the 
game had better knowledge about the impact of their 
consumption behaviour than the control group [9].  

Regarding providing gamified feedback, Energy Chicken is 
a game that relates the energy consumption of each device in 
the office environment to an object in a virtual farm [26]. The 
size and condition of the chicken in the virtual farm was 
influenced by the users’ energy consumption. In a 12-week 
evaluation with 49 occupants after collecting the 
consumption baseline for 4 weeks, an energy reductions of 
13%  was achieved [26].  

Another game called Coralog visualized energy consumption 
as the health status of a coral reef, whose size and colour 
changed [7]. While users were motivated to change 
behaviour using Coralog, they also expressed wishes to see 
the data of daily energy consumption besides the more 
abstract representation of the coral reef. This highlights the 
importance to keep a balance between abstract and factual 
representation in persuasive system. 

In addition to providing energy consumption feedback on an 
individual level, researchers have introduced social network, 
competition and cooperation on a group level in order to 
achieve better user engagement through interpersonal 
relationships and the sense of belongingness [7, 9, 13, 14, 
27]. Art project Nuage Vert was a city-scale light installation 
in Helsinki that lasted for a week [12]. The artist illuminated 
vapour emission with a lime-hued laser animation that 
visualized the real-time electricity consumption of citizens in 
Helsinki. This collective visualization invoked a sense of 
community and contribution. Boork and her colleagues 
introduced a collective prototype called Super Graph that 
employees in the office crafted together [28]. The Super 
Graph was hung in the lunchroom and moved vertically 
according to the collective energy consumption. This served 
as a symbol that represented the employees’ efforts and 
created the sense that every employee was a part of 
something bigger. Climate Race is a persuasive game that 
was co-designed by workers in the office, whose team goal 
was to reach 1000000 points collected by energy saving and 
by completing missions [8]. While Climate Race achieved 
the change of workers’ motivation, it also revealed a 
provoking finding that workers preferred explicitly 
requesting feedback over immediate notifications. This 
finding is especially crucial for how to provide feedback in a 
non-intrusive way.  

3. METHODS 
3.1 Participants and Procedure 
In the study, 8 engineers (6 males and 2 females) working at 
a corporate research center volunteered to participated in a 
two-week-long study with a one-week baseline period 
followed by a one-week cooperative gaming period with our 
game EnerSpace. The age distribution was four between 31-



40 years old, two between 41-50 years old, one between 20-
30 years old and one above 51-year-old. All participants 
signed an informed consent. 

At the beginning of the study we installed an energy meter in 
each workers office and collected a one-week hourly average 
energy consumption (Wh) baseline. Data logging was 
designed to collect 5-6 points per minute. All the devices 
around each personal workspace were connected and in the 
control of the participant. This included desk lights (not 
ceiling/room armature), computer, monitor and other 
peripherals such as smartphone chargers. Prior to the study 
each worker also completed a pre-questionnaire about their 
energy awareness.  

After the baseline period, the workers competed in two teams 
(red and blue team) using EnerSpace for 7 days. The teams 
were formed randomly by the researchers. During the study 
we did not prompt for team meetings, everything that 
happened in the study was on the participants own initiative. 
At the end of the study, each worker completed a post-
evaluation questionnaire about their energy awareness and 
user engagement and a 20-min interview concerning their 
experiences with EnerSpace. During the study, participants 
also logged the time when they came to and left the desk. 

3.2 Data Analysis 
This study collected qualitative data from the interview and 
quantitative data from the questionnaires as well as the 
experiment. As for qualitative data, we performed a  thematic 
content analysis for analyzing the transcripts from the 
interview [29]. In this process we generated codes from the 
transcripts, defined themes and interpreted the results. As for 
the questionnaires, we compared the pre- and post-
questionnaire to assess whether the cooperative game 
increased the energy awareness of occupants and looked at 

how the participants self-rated (5-point Likert) the 
EnerSpace impact on energy awareness.  

We analyzed and compared the quantitative hourly 
consumption data between the baseline and the game period. 
In this process, we divided the consumption data into three 
categories according to the participants personal logs: 
working hours (7:00-19:00), non-working weekday hours 
(19:00-7:00), and weekends (not working).  Six of the 
participants logged their exact time of arrival and departure 
while two provided a timetable of their daily routine. Due to 
instable data logging of the energy meters, in particular 
during the night when we sometimes had hourly dropouts, 
average hourly consumption was calculated using only hours 
with constant data. 

4. GAMIFIED VISUALIZATION: ENERSPACE 
4.1 The Design of EnerSpace 
The design of EnerSpace went through the stages of field 
study, defining personas and scenarios, design iteration and 
developing a working high-fidelity prototype. The field 
study included an observation of energy consumption 
behavior in a corporate research building and an interview 
with 15 workers who work in the building. The findings from 
the field study suggested that they had low energy awareness, 
knowledge and engagement in energy conservation. 
Although the workers generally considered themselves 
motivated for energy conservation, they did not actively 
monitor or take actions to save energy.  

The coffee room was selected as the setting for the game as 
it is the commonplace where co-workers have a break and 
chat. Assuming this would be a natural setting for teams to 
discuss and follow their efforts. 

On the basis of the field study, 8 ideas were generated and a 
brainstorming was conducted together with 2 UX designers 

 
Figure 1. The main interface of EnerSpace: competition between two spaceships, team red and blue. The dotted lines show the 

route towards the next planet to exploit, on the line there is a text showing the distance left for each spaceship. In the upper 
right corner there is a ranking list. 

 

 



to converge the ideas to a competition between departments 
in a space trip context.  

4.2 Gamification Mechanics 
The narrative of Enerspace is that two spaceships are sent to 
the Universe for a resource exploitation to cope with the 
resource shortage on Earth (see Figure 1). Users are divided 
into two teams (team red and blue) and each team owns a 
spaceship whose color corresponds to its team color. The 
spaceships are powered by the energy that the team members 
save in the office by comparing the team’s current hourly 
average consumption (Wh) the baseline period on working 
hours and non-working hours respectively. This was 
visualized in the gamified by the speed of the spaceship and 
rotation of the flame behind it. The more the team members 
saved, the faster the spaceships moved and the flame rotated. 
If the energy consumption exceeds the baseline, both 
elements stopped. A dotted line shows the route of a 
spaceship with a number indicating the distance. The dotted 
line of the leading spaceship is presented slightly clearer than 
the other in order to show the ranking in a subtle way. When 
arriving at a planet they can start exploiting recourses. The 
amount of collected resources is shown on a ranking list at 
the top-right corner of the interface (Figure 1). When the 
resources on a planet are depleted, the spaceships continue 
to the next destination.  

Besides the main view, an individual view was shown when 
a participant’s face was recognized. Face recognition was 

chosen to remove the need for login and make the experience 
more ubiquitous. On the individual view, the participant’s 
consumption data is visualized as the living condition of an 
avatar and also displayed on a control panel on the interface. 
Each user has an avatar on the spaceship who serves as a 
concierge to introduce the user’s personal consumption data. 
In this animation, the avatar first greets, then talks about the 
user’s personal consumption data and the estimated time of 
arrival to the destination (see Figure 2(a)). The consumption 
data shown on the control panel include an average hourly 
consumption (Wh), a percentage of saving compared to the 
user’s baseline and a ranking within the team. When the 
spaceship arrives at a destination, the avatar will send a 
postcard or souvenir to the user as a reward (see Figure 2(b)).  

Gamified Feedback 
The energy consumption of the whole team influences the 
living condition of their avatars. When the consumption of a 
team exceeds the baseline, there are three levels of power 
failures inside the spaceship that move from running out of 
coffee to shutting down the heating system (see Figure 2(c)).  

Increasing Gamification Engagement 
Special events are triggered when specific conditions occur 
to increase gamification engagement. When a team keeps 
saving energy for 5 consecutive days, the spaceship 
accumulates enough energy for a space jump that shortens 
the distance to the destination (see Figure 2(d)). Other events 

 

 
Figure 2. Individual page (a,) animation where the avatar talks about the estimated time of arrival. (b) a postcard sent by the 
avatar when arriving to Mars. (c) The heating system is turned off due to over-consumption. (d) The team is ready for a for a 

space jump since they have saved energy for 5 consecutive days. 

 



may also occur in order to award the leading team and 
encourage the other team.  

Situation-based Saving Tips 
The avatar gives situation-based saving tips occasionally. 
For instance, the avatar suggests “I heard the weather in 
[town] is great. Why not turn off the lights if it is bright 
outside?”. Those tips provide users with approaches to 
increase energy efficiency. The content is based on current 
situations including but not limited to weather and place. 
4.3 Implementation 
The EnerSpace was set up with a 1080p monitor and a 
Logitech C920 HD Pro Webcam in the coffee room in the 
building. The energy consumption of each participant was 
measured using a FIBARO Wall Plug. The data was 
collected by a VeraPlus Advanced Home Controller via Z-
wave protocol and then sent to a server. The software of 
EnerSpace was developed in Python Flask, HTML5 and 
JavaScript. The animation and 3D model in EnerSpace were 
made in Cinema 4D, Adobe Fuse CC, Adobe Mixamo and 
Adobe Premiere CC. 

5. RESULTS 
5.1 Consumption Data 
Participants’ baseline average hourly consumption (Wh) 
varied from 16.99 Wh to 58.45 Wh (M = 34.33, SD = 15.17). 
The average hourly consumption decreased by 21% during 
the game (M = 27.26, SD = 9.14). 

In the analysis the hourly data was categorized as working 
hours, non-working hours in a workday and weekends. When 
comparing the average hourly consumption between, before 
and during the game for these three time periods 
respectively, all the participants consumed less while playing 
the game except for the non-working hours in a workday (see 
Figure 3). For the non-working hours in a workday, the 
average hourly consumption increased by 48% during the 
gameplay week (M = 7.32, SD = 8.08) than before (M = 4.96, 
SD = 6.29). Conversely, results indicated a large decrease of 
81% in energy consumption during the game (M = 1.73, SD 
= 2.15) than before (M = 9.18, SD = 13.93) during the 
weekend. Even though both periods are off-duty hours for 
the participants, the different results might suggest a 
different behaviour pattern for the weekend and non-working 
hours in a workday. Besides, the average hourly 
consumption during working hours was reduced by 23% 
during the gameplay week (M = 56.80, SD = 21.29) than 
before (M = 74.13, SD = 36.57). These results showed a 
general tendency of reduction in energy consumption during 
the gameplay week with different degrees of decrease for the 
three periods of time. 

5.2 Questionnaire results 
Pre-questionnaire 
The results indicated that 87.5% of the participants did not 
know how much energy they consumed and the rest only had 
a general idea of the amount. All the participants showed 
interest in energy consumption data and 87.5% of them felt 

motivated for energy conservation. All participants took 
actions to save energy either intentionally or by habit. 
Turning off the lights was mentioned by all participants as 
an action to save energy, while only 25% of the participants 
turned off the computer or made it sleep when not in use. 

Post-questionnaire 
Results about energy awareness showed that 25% of the 
participants knew the amount of their energy consumption 
while 25% of the participants had a general idea of the 
amount. Also, 75% of the participants thought they were 
more aware of their energy consumption after the game. All 
participants thought it was fun to play the game and reported 
being engaged with EnerSpace. They were interested in 
knowing how the competition and space trip goes and 87.5% 
of them stated that they thought of the game in their spare 
time. 60% of the participants felt more motivated by the 
game while 50% of them thought they saved more energy 
due to it. When asked whether they thought that they saved 
more energy during the game, the responses were neutral, 
which was followed up for how the participants viewed their 
energy conservation during the game in the interview. As 
many as 75% of participants were interested to keep playing 
the game. In summary, besides a positive experience, 
EnerSpace appears to have helped to increase the 
participants’ awareness and knowledge towards energy to 
some degree. 

5.3 Post-experiment interviews 
Impact of EnerSpace 
The results about the impact of EnerSpace was in-line with 
the post-questionnaire. All the participants thought they 
gained a better understanding of their consumption after 
playing the EnerSpace. Although the company has had a goal 
to reduce energy use for a long time, they generally felt more 
motivation and engagement as an individual because of the 
game. Some participants reported that they sometimes 
thought about the game before they left the office and that it 
reminded them to shut down the computer and turn off the 
lights. However, even though they were motivated for saving 
energy, they mentioned that some of their regular work tasks 
(e.g. running simulations) took time to run and that they had 
to keep those simulations running during the day. Therefore, 
they tried to save on the occasions that they could, but were 

 
Figure 3. The line chart shows how the average hourly 

consumption changed after the game. 

 



aware that some energy had to be consumed in order to do 
their job. 

Gamification Mechanics 
As for the mechanics, all the participants agreed that it was 
fun to play and the competition motivated them to save 
energy to different extents. Some participants felt motivated 
by the sense of competing with another team, while others 
were mostly attracted by the comparison between their 
current consumption and the corresponding baseline. 
Knowing their consumption data and how much they saved 
provided sufficient motivation for them. These participants 
appeared to consider energy saving as a competition with 
themselves although the competition still added some 
additional value.  

As for the cooperation, participants who were sitting 
physically close to each other typically liked the idea of 
competing as a team because of the sense of community. This 
made them have in-team discussions around energy 
conservation and created a social pressure. However, one 
participant mentioned a shortcoming in the study that they 
did not experience a process of making up a team, which 
resulted in a weaker sense of cooperation and belongingness 
during the week, physical proximity was also mentioned to 
be an issue for a sense of team.  

Gamified Data Visualization 
As for the game elements, most participants liked how the 
movement and position of the spaceship represented their 
energy conservation, since it was easy to see what changes 
their behaviour brought. Having a personal avatar that 
introduced the progress of the space trip was perceived as fun 
and made the game more interactive. Although all 
participants cared mostly about the consumption data, they 
would prefer to have both the data and the avatar, which felt 
more interesting and engaging than solely factual data. 
According to one participant this was because it made it more 
into a game rather than facts on a screen. As for the saving 
advice that the avatar provided, some participants felt 
persuaded by it and thought “why not?”. Also, some 
participants reported a sense of proudness when receiving a 
compliment and postcard from the avatar. 

When talking about the consumption data displayed on the 
control panel (see Figure 2(a)), all participants thought it 
gave them an idea of how much they consumed and saved. 
However, some participants found that only one number of 
their current consumption was not enough and it was hard for 
them to get a general idea of their consumption from it. All 
participants wished to add a line chart of how the energy 
consumption changed over time, from which they could be 
aware of how their consumption changed at a different time 
period of a day and compare the consumption between 
weeks. Additionally, some participants wished to know how 
much each device consumes and their total consumption 
instead of an hourly average consumption. A monetary 
indicator was suggested to provide a stronger motivation for 

some participants who preferred to know how much money 
they saved.  

Another complaint was that the participants did not know 
how much their personal baseline was and how the personal 
saving was calculated, indicating that a more detailed 
explanation might have been needed. Also, some participants 
wanted a clearer representation of the connection between 
their energy conservation and game, since they wondered 
how their saving influenced the speed of the spaceship.  

Regarding the in-team ranking, some participants that were 
ranked low found themselves thinking about what they did 
wrong compared to other teammates. This indicated that the 
in-team ranking could serve as a reminder for those who 
over-consume energy.  

Coffee room as the context 
All the participants liked the idea of using the coffee room as 
the context for EnerSpace. In addition to creating a local 
narrative for energy conservation, it also raised awareness to 
other workers in the building. The participants were 
frequently asked about what was going on and mentioned 
that it created a discourse around energy conservation. 
Another reason that was mentioned was that it created a 
positive “interruption” for work. Note that this was taking 
place typically in the coffee room during breaks and did not 
interfere much with their work. 

Nevertheless, some participants wanted the game both in the 
coffee room and in their office. The advantage mentioned 
was that it would allow checking their consumption more 
frequently and understand the real-time effects of their 
behavior in their office context. Also, the coffee room could 
be hard to reach for some participants who spend most of the 
time on meetings or in the laboratory.  

Suggested Improvements 
In addition to the suggestions mentioned above, other desired 
features were proposed by the participants. One future 
improvement was to expand the scale of the game and 
included more equipments into the game, such as the heating 
system. Since the heating system is one of the main 
contributors of energy consumption, some participants 
thought they would be more motivated for saving a larger 
amount of energy. Another possible improvement mentioned 
was to add the game to a desktop or mobile platform, making 
play possible in a wider context. 

6. DISCUSSION 
Combining the results from the data analysis, interview and 
questionnaire, results indicate that EnerSpace could help 
increase energy awareness and support short-term behavioral 
change. Although long lasting effects are unknown, a 
knowledge acquisition on energy consumption is still an 
important first step to enable behavioral change.  

According to the results, the participants achieved a total 
decrease of 21% with 23% decrease during working hours 
and 81% on weekend. Those results indicate a positive effect 



of EnerSpace on energy conservation. However, the energy 
consumption in the non-working hour in a workday 
increased by 48% during the game. One possible reason was 
that the experiment period was too short. Another reason 
according to the interviews might be due to a limited ability 
to change. Although they were aware that keeping the 
computer on when absent from the workplace was a waste, 
in this context they had to keep some simulations and 
experiments running. However, if they were leaving for a 
longer time, such as over the weekend, they would consider 
turning everything off. This reasoning might explain the 
substantial decrease of energy consumption over the 
weekends compare to non-working hour on workdays. This 
hints towards a potential to design for the ability to save 
energy when absent, rather than when present, in 
professional settings where workers may have a limited 
personal space (ability) for energy conservation at work.  

This leads us to a suggestion of remedies to the problem of 
participants being unable to save much energy on non-
working hours on workdays. The main reason mentioned 
was that participants had simulations running – this was 
beneficial from a work efficiency perspective – after leaving 
the office so that they would be completed in the morning. 
Regardless of the simulation took a few hours or all night, 
the computer was on all night. A potential remedy would be 
to investigate if contexts such as this might make better use 
of automatic shutdown of computers and peripherals on idle 
or after completed simulations.   

Results from the interview data analysis reveal three 
influential motives that drove the participants to energy 
conservation, two group level motives and one individual. 
On the group level, the main motive was the competition, 
where the participants strived to act more energy efficient to 
get an advantage. Another motive was social pressure and 
the responsibility of belonging to a team, which motivated to 
contribute and also created a sense of guilt for poor 
performers. Although creating negative feelings may have 
implications for the game experience and overall motivation, 
no participants reported lower engagement due to these 
aversive feelings. This rather caused them to reflect on what 
they did wrong and what could be improved. This could 
suggest that aversive feedback does not harm the fun of 
gamification as long as the participants have the ability to 
change. This implication is in line with the findings of study 
BinCam [30] and study Power Ballads [31], which both 
indicate that evoking aversive feelings, such as guilt, does 
not necessarily deter user engagement. On the individual side, 
some instead focused on competing with themselves. 
Managing to save more energy than before created a sense of 
achievement that satisfied and motivated. 

Although some participants reported that they checked the 
game together and discussed it with teammates, this 
happened mainly between colleagues whose workplace was 
physically close. For the others there was less team spirit and 
a low sense of belongingness to the team. Therefore, it 

appears crucial to carefully consider the physical proximity 
of people in the team and the formation process of teams in 
order to promote cooperation and discussions around energy 
conservations at workplaces. 

Regarding the setup context, having it in the coffee room, 
this was perceived as positive as it naturally created a center 
point and it prompted discussions and comparisons for the 
workers at the department. Furthermore, the workers 
emphasized that its central and obvious location caused 
curiosity from other groups and departments at the company 
and in this way, it created a larger discourse on energy 
conversation at the company. On the downside, it was 
difficult for the workers to experiment in real-time with their 
office environment and therefore it was difficult and tedious 
to explore and understand how they could improve their 
energy efficiency and position in the game. Therefore, a 
reasonable suggestion put forward by some workers was to 
extend the game to their smartphones to allow for personal 
experimentation and improvements. Extending it to a 
personal medium, in addition to personal performance 
feedback, could potentially also be used in many ways to 
improve the competition through notifications about 
advances, ranking, and events.  

Another aspect of how the mechanics worked that was 
questioned by the workers was how their personal baseline 
was calculated, what it was in comparison to others, and if 
the competition was fair. This could be particularly 
interesting information for low performers who struggled in 
the game, as this might have been due to good performance 
during the baseline week causing them to chase a difficult 
goal during the game week. This has caused us to wonder 
how baseline-based competition could be setup in a fair way 
and how the baseline should evolve over a longer period of 
time. For instance, should it be static (fixed on the baseline), 
or recalculated daily, weekly or monthly. The choice would 
most definitely affect long term game dynamics and tactics 
and the question is what way would be the most energy 
efficiency promoting approach. Our setup used a static 
baseline, but with a changing baseline performing good one 
day in the game might lead to low game performance the 
consecutive day. This approach would require well designed 
and graspable game mechanics so energy conservation 
performance does not appear as random, which might disturb 
learning and have negative long-term effects due to faulty 
mental models. Another issue that was highlighted was the 
difficulty to assess what of their equipment in the office 
contributed mostly to energy use, suggesting de-aggregated 
energy feedback.  

In EnerSpace, data was visualized using both abstract and 
factual approaches inspired by Coralog [7]. As suggested by 
the Coralog, this study improved the abstract gamified 
visualization by displaying an animated avatar and combined 
a factual and abstract visualization by adding accurate factual 
data to the animation such as the current energy consumption 
and saving. All participants liked this combination and 



considered it better than displaying solely factual data, 
similar to previous studies [32]. On the other hand, many 
participants asked in the post-interview for historical charts, 
de-aggregated data, and personal baseline data, so some 
degree of tension between abstract data factual data was 
captured in the study. This might suggest that factual data is 
needed for creating trust and learning of consumption, but 
perhaps this could be hidden but accessible for the curious 
user to not stand in the way for the overall game experience. 

The interest to keep playing the game was high after the 
study although that would require that the game was 
expanded with new complexities and additions, for instance 
by adding a heating system to manage in the game and 
scaling up the game. Another interesting idea would be that 
the team could gain more detailed data and game tools by 
behaving well. For instance, if they have saved energy in 
consecutive days or reached a goal of collecting resources, 
they gain a view showing more detailed consumption data as 
a reward. 

As regards the choice of the game theme of resource 
exploitation, some might argue that this communicates 
values counter to sustainability. In the design of the game, 
this was discussed and our thinking was that people could 
distinguish this as fictional and as a satire of the absurdity of 
resource exploitation and the current needs of mankind. 
However, we did not follow up on the interpretation of this.  

6.3 Limitation 
The connection between the FIBARO Wall Plug and the 
VeraPlus Controller was not fully stable during nighttime, 
which resulted in a low frequency of consumption data. 
Although this issue was accounted for by the formula of total 
consumption, the accuracy probably was affected. Also, the 
participants’ presence in the office was not fully taken into 
consideration. If the participant left the desk in working 
hours without shutting down the devices, their consumption 
data would still be compared to the baseline of working hour, 
which lowered the accuracy of energy saving. Furthermore, 
although EnerSpace had a positive influence on the energy 
awareness and behavior during the short test period, the long-
term effects are unknown. Lastly, the fact that the 
participants where all engineers may have influenced their 
actions and behaviors, however, their engagement in energy 
use was prior to the study not remarkable. 
7. CONCLUSION 
In order to understand how to increase worker awareness of 
energy consumption and motivate energy conservation, we 
have studied a cooperative game called EnerSpace. After a 
two-week experiment with EnerSpace, participants achieved 
a 21% decrease in overall energy consumption during the 
game week compared to the baseline. Surprisingly our 
intervention lowered the energy consumption during the 
weekends substantially, suggesting a potential to design for 
the ability to save energy when workers are absent. Along 
these lines better support for automatic or planned shutdown 
of office equipment can be an important implication All 

participants reported an engaging and fun experience with 
EnerSpace in the coffee room, which created a local and 
extended narrative around energy conservation at the 
workplace. However, as the central placement was 
disconnected from their office environment it hampered 
learning and experimentation locally in the office.   
Furthermore, the formation and composition of the teams 
might need to better account for the location of the workers 
and social connections to enhance the discourse on energy 
conservation and team spirit. Regarding game mechanics, 
some workers struggled grasping the baseline comparison 
and questioned its fairness, which poses challenges for how 
to design fair and graspable baseline-centered games for 
energy conservation.  
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Abstract—In the face of climate change, the UK has set
concrete goals to decarbonise energy systems. Associated strate-
gies include increasing electrification of residential heating and
transport and the substitution of fossil fuel energy sources with
renewables. These entail expensive infrastructure reinforcements
to support increased peak loads. Energy demand management
can help mitigate this anticipated load increase. Capacity-based
pricing is a mechanism to incentivise energy demand manage-
ment by charging for a maximum power draw as opposed to
the volume of consumed energy. In this text we use a persona
technique to study how user needs drive the typical energy
services that compose the aggregate power draw in a family
home. We use this to reflect on user feedback (obtained through
a demand shifting workshop with 10 participants) to discuss the
factors that would allow excessive power demand to be shifted
away from peak demand times, thus reducing the maximum
draw. Subsequently, the role of ICT as an enabler of energy
demand flexibility is discussed which provides the basis for a
quantitative evaluation of demand flexibility scenarios.We find
that household power draw is dominated by a few services that
require significant changes to increase flexibility.

I. INTRODUCTION

Global energy demand has grown steadily at around
2.4%/year (± 0.08%) since 1850. In 2017, it grew by 2.1%
after 5 years of 0.9% average growth, with over 70% derived
from fossil fuels. Energy-related carbon dioxide emissions
increased concurrently by 1.4% [1]. Scenarios by the UKs
National Grid suggest that annual electricity demand will
increase from 297TWh in 2017 to 373-441TWh in 2050.
Peak demand is expected to increase accordingly from 59GW
in 2017 to 79-87GW in 2050 [2]. In the face of climate
change, the UK, like many other countries, has set targets
to decarbonise the energy system [3]. These plans require the
substitutions of fossil-fuel-based heating and transport systems
with renewable electricity-based systems.

One of the challenges associated with the growing need
for (clean) electricity is the need for significant reinforce-
ment of the electricity grid to accommodate this projected
increase in unregulated demand, particularly peak demand at
times of heavy usage (typically between 5-9pm) [4]–[6]. To
avoid costly additional capacity, alternative approaches such as

increasing flexibility, defined as “modifying generation and/or
consumption patterns in reaction to an external signal (such
as a change in price) to provide a service within the energy
system”, are being considered [5], [7].

In the context of UK electricity networks, large elec-
tricity consumers have been charged by capacity for some
time [8]. Residential households, on the other hand, are
typically charged via a model that combines standing charges
(measured per day) and volume-based charges in proportion
to consumption (measured per kWh). Capacity-based pricing
has the potential to incentivise consumers to be more flexible
in their service consumption and reduce or defer consumption
at peak times. In this text, we study for the first time the
implications of such a capacity-based alternative charging
model for residential households from the ICT4S perspective.

In this paper we explore the following questions:

1) What energy services constitute peak time electricity
demand for residential households?

2) What energy services currently offer flexibility to ac-
commodate capacity constraints?

3) How can ICT augment energy services to increase
flexibility or substitution potential?

In order to investigate the implications of a capacity-based
pricing approach and identify new strategies that help defer
peak time electricity consumption, we have drawn on the
notion of personas [9]. In our context this involved the creation
of a representative UK household undertaking its activities
during a normal peak-demand time. We use this personification
to identify energy consuming activities and services, and
model the energy use profile of our representative household
and explore implications of demand shifting on its power
profile. We then integrate the feedback from an energy demand
shifting workshop carried out with 10 participants to discuss
how energy consumption at peak demand time can be deferred
and reduced. Following from this we discuss current barriers
to greater flexibility and identify strategies to overcome these
barriers based on ICT innovations and policy interventions,
and consider the social implications.



II. BACKGROUND

Increasing penetration of variable renewable energy sources
places increasing strain on energy systems. Aside from the
total levelized cost of electricity, their integration into en-
ergy systems also imposes integration costs upon specific
market participants. These costs depend on the extent to
which demand-side and supply-side flexibility can counteract
variable and uncertain renewable energy generation. The most
cost-efficient approaches to flexibility are technologies (and
behaviours) that provide flexibility as a by-product [10].

Capacity peaks can be reduced through positive flexibil-
ity (ramping up generation and/or releasing stored energy)
while excess generation by variable renewable energy sources
require negative flexibility (ramping down generation and/or
storing energy). Although the increasing penetration of vari-
able renewable energy sources increases market opportunities
for both ‘positive’ and ‘negative’ flexibility assets, market
uncertainty in the UK limits the viability both of storage and
additional generation capacity. At the same time, increasing
specialization and diversification in the UK’s flexibility market
is actually decreasing margins. This constellation lends itself
to the exploration of alternative pricing models for energy
demand.

A. Volume and Capacity-based Pricing

Infrastructure system services - of which the energy system
is one - can be charged for in a variety of ways. Usage-
based charges provide an important mechanism to incentivise
the consumption of services in certain ways. Usage-based
charge models include volume and/or capacity-based models
and combinations of both. In principle, volume based charges
increase by the cost per consumed unit of a finite resource.
For example, residential water services are frequently charged
by volume of consumed water.

Capacity-based pricing is motivated by the cost of providing
infrastructure via a “big enough pipe” to satisfy demand. To
use another example, wired internet access networks (DSL,
Cable, etc) are typically priced based on maximum speed
(i.e. data transfer capacity) they can provide. Here, the cost
for the service use does not increase in proportion with the
amount of data consumed per month. On the other hand,
in the same domain of internet access networks, charges for
cellular mobile network data are typically based on transferred
volume of data. Consumers have adapted to those alternative
pricing approaches through a variety of strategies, depending,
among others, on the price elasticity of broadband [11].
Such strategies to substitute use of mobile broadband include
proactively downloading media content onto the phone before
leaving home, or deferring consumption of content [12].

With domestic energy demand expected to grow as a result
of increasing electrification of heating and transport, capacity-
based pricing charges might play a role in energy demand
reduction. Compared to increases in generation and storage
capacities, domestic demand side response (DSR) is cheap,
quick and easy to implement. DSR can also enhance the
reliability of electricity systems through pricing and direct

load control (DLC) of appliances by third parties [13], [14].
Research suggest that households switching their use of white
good appliances such as washing machines, tumble dryers
and dishwashers from evening peak to non-peak periods can
transfer at least 8% of peak demand (on average 57W per
household) [15].

Such DSR depends on the nature of the signal used to
influence consumption patterns, including price signals (e.g.
cost-effective or dynamic pricing), volume signals (e.g., load
capping) and direct signals (e.g., DLC of appliances) [13],
[16]. Cost-reflective or dynamic pricing includes time-based
pricing [17] critical pricing [18] and real time pricing [19].
Dutta and Mitra [20] differentiate between between the fol-
lowing electricity pricing policies:

• Flat tariffs
• Block rate tariffs
• Seasonal tariffs
• Time-of-use (TOU) tariffs
• Superpeak TOU
• Critical peak pricing (CPP)
• Variable peak pricing (VPP)
• Real-time pricing (RTP)
• Peak time rebates (PTR)
Innovative approaches to incentivise DSR combine pricing

signals with volume signals through abovementioned capacity-
based electricity pricing [21].

Capacity-based pricing is expected to flatten load curves
by encouraging both optimised load scheduling (i.e. shifting
consumption) as well as total energy demand reduction [16],
[22].

Electricity pricing is based on complex models that aim to
balance the need to fund the cost of the network effectively,
guarantee supply, and encourage sustainability while keeping
the cost for consumers low [23]. For example, the charge
model for extra high voltage (EHV) customers combines
standing charges (per day), capacity charges (per kVA per
day), exceeded capacity charge (per kVA per day) and volume
based peak time penalty charges (per kWh) for the consump-
tion as well as generation of electricity. Notably, the charge
model for EHV customers does not include a charge that is
proportional to the amount of electricity consumed outside of
peak times [8].

Generally, capacity-based pricing is based on demand (mea-
sured in kilowatt (kW) to represent power) instead of con-
sumption (measured kilowatt hours (kWh) to represent en-
ergy). It requires households to pay for the maximum amount
of electric power they draw from the electricity grid at any
moment, as opposed to how much electric power they use
over the billing period. Capacity-based pricing involves the
allocation of a particular load ceiling (load capping) on which
the monthly charge is based. If the household exceeds the
ceiling, it will be moved to a higher band of service at an
increased charge [16], [21].

To date, most studies on innovative pricing models have
analysed differential pricing such as time-of-use or Economy
7 [13], while studies on automated DSR have focused on
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dynamic scheduling algorithms, such as the scheduling of
distributed energy resources [24], price-volume signals to af-
fect consumption patterns by integrating personal preferences
and technical information and constraints [25], and predicting
household behaviour to optimise appliance control schedules
(Moratori et al., 2013). More recent studies combine customer
preferences with automated demand scheduling (Rahseed et
al., 2016) and algorithms to optimise scheduling of demand-
side appliance management [22].

Few studies, however, focus specifically on capacity-based
pricing and user comfort. Similar to Agnetis et al. [25],
we hypothesise a household energy consumption optimisation
problem derived from a prototypical consumer scenario. Our
focus, however, is on specific load caps and specific remote
demand-side interventions [13], [16].

B. Understanding energy behaviours, social practices and
socio-technical systems

In order to explore capacity-based pricing and its impli-
cations for consumers, it is necessary to understand energy
usage and behaviours. A number of studies have attempted
to categorise energy consumption behaviours and contexts to
assess importance and flexibility. There are two different areas
to explore here, one is overall consumption and the other load
profiles - the more relevant area for our study.

For example, Boomsma et al. [26] categorise consumption
by contexts: morning, evening, regular, important, most en-
ergy consuming, summer or winter. Jones et al. [27], in an
extensive literature review, identified 62 factors that affect
energy consumption of households. These factors were related
to three key areas: socio-economic (e.g., number of occupants,
presence of teenagers, higher disposable income), building-
related (e.g., number of rooms, floor area, electric space and
water heating, air conditioning) and appliance-related (e.g.,
number of appliances, rate of use of appliances, desktop PC,
electric cooking, tumble dryer). Kavousian et al. in their US-
based study [28] came up with similar areas with the addition
of external conditions (weather / location).

Whilst the factors above are important, energy use is not
an end in itself but rather the result of ‘a complex series
of interlinked and interacting socio-economic, dwelling and
appliance related factors.’ [27]. Shove and Walker [29] suggest
that ‘energy supply and demand are realized through artefacts
and infrastructures that constitute and that are in turn woven
into bundles and complexes of social practice’ and thus a part
of the ongoing transformation of society. It is important that
we approach our study with an understanding of this range of
practices and factors affecting energy usage.

C. Socio-economic implications of variable pricing

A substantial study of over 2400 households in 2012 (Dem-
ski et al. [30] and Spence et al. [31]) revealed variations in
the acceptability of different demand-management scenarios:
for example switching appliances off standby after a certain
time was acceptable to 78% of respondents but a fridge-freezer
being turned off for short periods was only acceptable to

30%. They also observed that those who were most concerned
about energy prices were least keen on DSM technologies
whilst they were still willing to think about and reduce energy
use themselves. The study suggests that this might reflect
concerns over sharing data and feelings of powerlessness and
vulnerabile to exploitation.

Burchell et. al. [32] contrast the 2 approaches to changing
behaviours - described as literacy and know-how and char-
acterised respectively by factual knowledge and reasoning or
by practical skills and experience. The former is more easily
scaled up and tends to be used by policy makers but achieves
less than a know-how approach which, whilst more resource
intensive, recognises that personal and social contexts are
important. The challenge lies in finding ways of combining
these approaches. Variable capacity-based pricing relies on
capacity caps to determine costs for individual households,
and the extent to which consumers can respond to these caps
will determine overall costs. It might be argued that consumers
for whom overall cost is a less significant driver are less
likely to respond whilst those at lower income levels will
be forced to change their consumption patterns in order to
maintain or reduce overall costs, thus placing the burden of
response unfairly on lower income households. The issue of
justice in the context of energy is an emerging and significant
area for exploration [33] and needs to be aligned alongside
the fast-changing application of technological approaches to
addressing energy demand saving and shifting.

III. METHODOLOGY AND STUDY DESIGN

A. Methodology Overview

Workshop Persona
Household

Flexibility Capacity 
Scenarios

Fig. 1. Overview of Study Methodology

In Fig. 1 we present the four elements of the overall
methodology used in this explorative study. This study started
with a user co-design workshop where 10 user-researchers
got together in a workshop to discuss demand response and
identify what issues they consider relevant for energy demand
shifting away from peak time. The workshop started with
the participants reflecting on their individual behaviours while
using various appliances, and noting factors that encourage
(or prevent) demand reduction or shifting to other times. The
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individual reflections were then shared and discussed with the
group and compiled in a list of behaviours and their change-
encouraging/preventing factors. The workshop re-convened a
week later to discuss the household-persona construction for
analysis of consumption and demand shifting behaviours.

Personas are archetypal users that exemplify the characteris-
tics of actual users in an understandable and amiable form [9].
First developed as a tool to aid software development [34],
personas have become a commonly used method for product
and system design. They can be used to consider the needs and
goals of the users that the system is being designed for [9].
Thus, personas enable users to be a key component of the
design process, a tool that is fundamental for the success of
product or system design (e.g., Maness et al. [35]).

Personas are increasingly used to examine novel energy sys-
tems. For example, they have been used to explore behaviours,
attitudes and motivations towards domestic energy retrofitting
in owner-occupied homes [9]. Likewise, personas provided an
understanding about how households make decisions about
electricity pricing [36]. Similarly, Dodge et al. [37] used
personas to examine how electricity consumption feedback
affects consumption behaviour. Due to their ability to make de-
signers’ assumptions explicit, provide meaningful constraints
to the problem space, and represent users in an engaging
manner, personas are particularly relevant for building a shared
understanding of the different user groups that might engage
with a new system [9], [38], [39]. In the present case, we
expect a persona-driven study to provide fruitful insights for
understanding the implications of capacity-based pricing for
peak-demand shaving in one household type.

Although personas are frequently based on qualitative re-
search [40], they can also be assumption-based [41], [42]. Ad-
hoc personas are particularly effective in the early stages of
a project to formalise what developers know or infer about
users [9]. Thus, they represent a resource-efficient method for
exploring the needs of different users [42]. Moreover, while
personas can be used as a distinct method to support design,
they can also be used in combination with other (qualitative
and quantitative) methods to amplify their effectiveness [43].
We used our persona in combination with data on power draw
of some common household devices and average demograph-
ics of the UK households to outline scenarios and explore the
feasibility of a capacity-based pricing model.

During the workshop the participants defined occupancy
energy service profiles for their own personal households.
The occupancy profile that was most substantially considered
during the workshop was that of a family household with
two working adults and two children. This profile was then
selected for this current scenario analysis in which the persona-
household undertakes various energy-demand activities on
an average evening peak demand time. This scenario then
provides a quantitative basis to explore the flexibility of a
variety of energy services.

Having outlined the scenario, the participants then discussed
changes that could be incorporated into the given scenario
to reduce the power draw and retain it within a set capacity

band. These changes were categorised as easy, moderate, and
difficult. The scenario, changes, capacity bands and the related
pricing and implications are discussed in the subsequent
subsections.

The workshop participants fully acknowledge that be-
haviours and factors outlined in the resultant lists and the
household-persona are biased towards the perceptions and
experiences of the participants. Yet, as this is an explorative
study, both the lists and the sample household-personal are
considered to be adequate tools for the present exploration.

B. Scenario Design

The exploratory scenario is set between 5 and 7 pm GMT
on a weekday in the UK.

The persona-household, which consists of a mother,
father, a teenage son and a younger daughter, have
all just come home. They are not even aware that
they left the light in the front garden on, as they
used it when unlocking the door. The fridge is
running, as normal, without anyone’s interference,
as is the router (they always have the router on).
The father has started preparing dinner. He is in the
kitchen, with lights on, listening to music on the
stereo, while using an induction hob to cook some
vegetables and the oven to prepare fish. He has also
switched on the kitchen extractor fan to remove
cooking smells and fumes. The mother comes into
the kitchen and boils the kettle to make herself and
her husband a cup of tea. She notices that all the
cups, some cutlery and most dishes are used and
have been placed in the dishwasher, and there will
not be enough clean dishes for serving dinner. So
she also switches dishwasher on a fast cycle. Before
coming into the kitchen to make a cup of tea, the
mother has been working on her laptop, and has
left it switched on while charging because she will
return to it with her tea, when ready.
The teenage son has been playing football at school,
and is now taking an electric shower to wash away
the mud. As he switches on the shower, the towel
rail starts to warm up, and the bathroom extractor
fan turns on to remove the steam. He will need
his sports kit again for school tomorrow, so his
father has started the washing machine to get the
sports kit washed and ready for the morning (he
has two sets of sports kit, but the other one was
used over the weekend and needed a wash too).
Meanwhile, the daughter is playing a game on the
games console hooked to an LED TV. She has also
connected her smartphone to a quick charger, as
she is going to have a long call with a friend later
on, and the phone was running low.

C. Power Draw and Energy Consumption

For each device category providing some energy consuming
service we sourced a representative maximum and average
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power draw during use at grid peak (5 to 7pm GMT). We
also estimated how long a device would be in use during the
peak time interval. We estimated the duration of use of the
individual energy services based on the participant personal
experience. We then calculate the total energy consumption per
device category over the entire peak time duration. Our power
consumption estimates are derived from real-time measure-
ment, user guides and a wide range of both lab and consumers
websites such as CSE [44] and British Gas [45]. The power
consumption values for the device categories are supposed
to be representative only. The power consumption by actual
devices may vary from our values. The goal of the values
is not to predict average household power consumption but
to provide a quantitative view on the implications of capacity-
based pricing that can help rank and sanity check conclusions.

For many device categories, power consumption varies
throughout their use. For example, while a typical washing
machine draws on average 440W while heating water, it draws
significantly less energy at other times during the wash cycle
with average power consumption of about 50W. Similarly, a
fridge/freezer draws an average of 40W but it peaks when
the freezer door is left open for too long at 400W. The oven
shows a steady high power draw and the washing machine and
dishwasher peak at the beginning and end of their usage cycle
respectively. Other appliances have an continuous power draw
such as light bulbs and chargers.

D. Capacity Bands

Variability can also be found in the peak demand for
electricity from the grid; affected by several factors, including
chiefly the weather and working/non-working days.

Additionally, statistical variability of demand in households
aggregates to a increasingly less variable load on the grid
branching points to combine to the observed aggregate levels
of demand in the grid [46]. At the local transformer station
that aggregates the connections of the individual households
the instantaneous power draw of each household is relevant as
they are installed with a given peak capacity (either single or
three phase 100A with a maximum power of 24kW/41kW). In
the result section we estimate this instantaneous power draw
by a persona household. For comparison, we also calculate the
effective household power consumption during the peak period
(5-7pm) which is calculated from the total energy consumption
during the peak period divided by the duration of the peak
period. Assuming everything is equal any local reduction of
demand will also result in a reduction of peak demand at the
aggregate level. Deferral of local demand spikes to a time
outside of the peak period will translate to a marginal reduction
of aggregated peak demand at grid level. However, deferral of
local demand spikes within the peak period do not generally
affect the aggregated peak period demand at grid level.

According to the Household Energy Survey [47] the average
peak demand for a household without electric heating was
7.5kW. Importantly, the mean (of the sampled population)
average (typical for the household) peak power demand varies
significantly within the population of survey households, with

the most energy intense households routinely drawing more
than 18kW (on average) while the least energy intense draw
just over 2kW from the grid. According to the same survey, the
mean average maximum power demand for households with
primary electric heating was 9.3kW.

In the following section will analyse different interventions
that can reduce the demand in the persona household. We
ground this analysis in the responses from the previously
mentioned demand shifting workshop which we describe next.

E. Demand Shifting Scenarios

As noted above, to explore the potential for shifting energy
demand away from the peak time, ten researcher-users carried
out reflection and analysis activities at a co-design workshop.

During the workshop participants brainstormed the set of
energy services they typically used during peak time.

For each service, they considered the motivating factors
that drove their use; these are here called “contexts”. The
workshop participants then thought of interventions that could
be undertaken to defer or substitute the energy service for
each context. These interventions were then rated according
to their ease of shifting to result in a reduction of peak
energy consumption. The workshop participants also identified
enabling and constraining factors for each context specific
intervention or change.

IV. RESULTS AND IMPLICATIONS

A. Peak Time Power Consumption

The individual energy services together with their power
consumption values are listed in Table I. The overall energy
consumption in the scenario is 12.7kWh which equates to an
average peak power draw of about 6.4kW (when accounting
for the estimated duration of the device use).

B. Workshop Results - Demand Shifting Potential

In this subsection we present the ease of shifting various
household energy services as it had been identified during the
workshop. The participants discussed shifting the peak time
use by dishwashers, washing machines, power showers, hobs,
ovens, microwaves and kettles. The participants produced a list
of contexts under which the appliances were used. For each
context they then judged the ease of shifting the appliance
use as either having low, medium or high potential to provide
effective shifting of energy consumption away from peak time.
The summary of the appliance use contexts, as well as possible
drivers and obstacles for shifting the appliance use time are
summarised in Table II.

The most common intervention to enable deferral of energy
consumption was found to be additional planning of appliance
use to take place outside of the peak period. The greatest
flexibility and thus most probable changes were identified to
be those for which the time of the appliance use is incon-
sequential. Conversely, participants found that consumption
is most difficult to shift in case when energy services are
needed to respond to the immediate context. This usually refers
to activities that take place once household members return

5



TABLE I
AVERAGE POWER DRAW BY ENERGY SERVICES IN THE PERSONA

HOUSEHOLD.

Device category Power Draw [W]
max / (avg)

Use
duration
(h
between
5-7pm)

Peak
time
energy
[kWh]

Electric shower 10500 (10500) 0.25 2.625
Induction Hob (3
plates)

3500 (3500) 1 3.5

Kettle 3000 (3000) 0.3 0.9
Dish washer 1800 (1000) 2 2
Oven 2400 (2400) 1 2.4
Washing machine
(avg 50W)

440 (50) 2 0.1

Fridge/Freezer (40W
avg)

400 (40) 2 0.08

Towel rail 250 (250) 1 0.25
Games console 100 (100) 2 0.2
LED TV 80 (80) 2 0.16
Kitchen lighting
(LED)

80 (80) 2 0.16

Kitchen extractor fan 50 (50) 1 0.05
Smart phone (quick
charge)

35 (35) 1 0.035

Laptop 25 (25) 2 0.05
TV box 25 (25) 2 0.05
Extractor fan 24 (24) 2 0.048
Stereo 20 (20) 2 0.04
Garden lightning CFL 20 (20) 2 0.04
Internet router 12 (12) 2 0.024
Tablet (charge) 10 (10) 2 0.02

total
[kWh]

12.732

eff.
power
[kW]

6.366

home. For example, in our scenario the son has to take a
shower right after arriving at home as he needs to wash away
the mud immediately after the football game, which was just
completed; the family must have dinner after the work/school
day. These activities are difficult to shift because even with
planning and preparation the consumers would need to respond
to the context that they find themselves in when they return
home.

Medium levels of complexity to increase energy flexibility
were attested by the workshop participants to cases where
planning and preparation allow to move the consumption
activities away from the peak time. For example, if the family
in the above scenario had installed a pre-heating kettle, there
would be no need to boil the water at the peak time. This
change is relatively easy to make as it requires a “one-time”
effort of new kettle installation. On the other hand, the par-
ticipants agreed that energy consuming behaviour associated
to established practices (“rituals”) is much more difficult to
change and thus has lower potential. For example, getting
dishes washed right before when they are used (as the mother
did in the scenario).

In contrast, the workshop participants found that automation
of activity that is possible without any behavioural change are
easiest to implement. For instance, should the garden lights

in the above scenario be motion sensitive, they would turn on
and off for the period where the family members enter or leave
the house.

C. Factors supporting behaviour change

In all cases where the use displacement requires effort
from the consumers and behaviour change, the workshop
participants noted that such efforts would be fostered through
motivational factors such as:

• Direct and sufficient financial benefit: should the income
gained from the consumption time displacement be sub-
stantial, most of the consumers would likely be willing to
carry out the required planning and preparation activities.
Thus, capacity-based pricing with substantial differences
in the prices per capacity band could be a promising
solution.

• Ownership of carbon savings, where the households that
reduce their consumption are able to monetise their re-
duced greenhouse gas emissions. Here, instead of relying
on a utility provider to set capacity bands, the individual
households can directly monetise energy demand below a
capacity band and their “saved” emissions vis-a-vis their
personal average.

• Environmental benefits are another powerful motivator:
in contrast to personal monetary benefits, this motivation
stems from the ethical/societal values and beliefs of the
households who are concerned with climate change and
wish to contribute to healthy living environments.

• Visibility of power draw allows users to see, and so
remind themselves about their ongoing energy use (not
unlike how the dripping tap reminds about the water loss).

• Legacy (non-smart) devices prevent the user from ca-
pacity shifting as they do not support preparation and
planning (e.g., if the dishwasher does not allow start time
delay and/or remote activation, its use cannot be shifted to
late night or midday off-peak times, as somebody would
have to be present to activate the device).

• Finally, connecting with other users to form a group to
share capacity and spread the load could help even-out the
variability in individual household daily activities, e.g.,
when the arrival of an unexpected guest requires extra
cooking and/or washing activities.

D. The role of ICT to enable capacity reduction

The workshop participants identified ICT as an enabling
technology that can support our household-persona in meeting
capacity constraints, and therefore hopefully making it both
easier and more acceptable to those involved. In this section,
we consider the role of ICT in supporting our alternative
capacity-constraint driven scenarios more generally. We cat-
egorise six ICT interventions:

1) Awareness: Eco-feedback and smart meter technology
have long been advocated as a means of encouraging reduced
energy usage. They have demonstrated modest but non-trivial
results, leading to criticism from some quarters. However, such
techniques are likely to be essential in supporting households
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TABLE II
FLEXIBILITY FOR DEMAND SHIFTING PER ENERGY SERVICE.

Devices Context Potential (Ease of Shift-
ing)

Shifting enablers Constraints

Dishwasher

Need for clean
dishes

Low Planning

Audio / visual reminders of full machine /
empty cupboard

Ritual of daily
use even if not
full

high

Understanding implications of particular
uses

Resistance to change

Automation to run at more suitable time Noise if running at night
Digi-reminder that its not full
Automation to run when full within user-set
limits

Capacity of ma-
chine

Larger machine could reduce number of
uses

Dried-on food necessitates more
intensive wash

Washing machine

Need particular
clothes medium Automation to have a ‘complete by’ setting Need to be ready by a particular

time
Clothes not available to wash ear-
lier eg work / sports kit

Regular wash of
accumulated
washing

high

Awareness of implications of different use
times

Availability of user to load / unload

Differential pricing for different times
Delay / timer settings User has to have loaded machine

Not left too long in machine
Need to hang up or move to dryer
Noise of machine, rules in the
building re use

Power shower Wash person -
evening

medium Visual display of other power draws in the
home

Small window for wash

Morning wash medium Shorter shower - using timer

Cooker - hob dinner Low Display showing cost / capacity at time of
use

hungry family, timing when people
are home

Medium - suggested by
20-30 mins

Cooker - oven dinner medium Automation to allow short duration switch-
ing off when other short duration devices
are used
pre-heating

baking medium
Microwave Defrosting / heat-

ing
medium

Kettle
Hot drink and
forgetting use /
reboiling

medium Pre-heated water, +insulation of device, +in-
terface automation
reminder that its just boiled

Cooking meal
speed up
availability
of hot water

medium Pre-heat water at more suitable time inter-
face with other devices / automation

asked to operate within a capacity constraint. Besides the
traditional smart meter approach of providing an overall power
consumption figure, this could be augmented with:

• Some visual warning of an approach to a capacity con-
straint (eg green/amber/red)

• Feedback at point of use. Eg a kettle displaying a warning
that switching it on will exceed the constraint.

2) Decision support: ICT can provide information and
prompts to enable behaviour change. This could be carried out
both in-the-moment and proactively. In-the-moment decision
support would make suggestions as to possible courses of
action now. For example, if you want to boil the kettle, you
will need to either wait 5 minutes for the oven to finish
heating, or switch off the oven until it is boiled. Proactive

decision support would spot patterns of appliance use, and/or
have knowledge of the schedule of the household members
via calendar integration. It would then make suggestions such
as the most appropriate time to load the washing machine.

3) Buffering in response to anticipated demand at peak
times, and/or spreading of power demand: Energy at off-
peak times can be used to prepare systems to reduce energy
use during peak periods. In our scenario, we can imagine an
insulated kettle which automatically pre-boils when demand
is lower (possibly in response to past historical data of likely
use times) and then can be re-boiled using a lower power
input at peak times. Similarly, a fridge/freezer can cool itself
to a lower temperature in anticipation of peak periods, and so
either avoid re-chilling or chill at a slower rate. One important
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area of buffering that ICT can support is the use of batteries
to enable self-consumption of energy generated from solar PV
cells at off-peak times. In particular in the UK, peak demand
occurs outside of the time when solar PV cells are effective.
Local battery storage that is instrumented to release energy at
peak times can be an effective mechanism for some suitable
households to reduce peak demand.

4) Time slicing, micro-delays and appliance coordination:
With the necessary integration of appliances such as washing
machines, dishwashers, ovens, hobs and fridge/freezers, ICT
can multiplex available electricity among devices. These all
draw a high power, but for short periods of time. By automat-
ically coordinating them, and so delaying one while another
is in operation, the overall peak demand can be reduced. For
example, the washing machine and the dishwasher can adjust
their operation to prevent concurrent heating cycles.

This may result in short delays in estimated completion
time. In addition, ICT has a role in making this automation
visible and appropriately controllable by the user. It is known
that there is resistance to allowing energy companies to re-
motely make such micro-delays in customers. How can control
and authority be placed in a customers hands and improve
acceptability of a strategy such as this?

5) Macro-delay: Smart appliances, such as dishwashers and
washing machines, already have the ability to delay activity to
off peak times such as running overnight. Anecdotal evidence
suggests these abilities have only modest uptake in usage
currently. Can this functionality be combined with decision
support to find acceptable changes in routine for a household,
and coach them through it?

6) Efficiency: Finally, via sensing and control ICT can
be used to provide energy services when they are needed
and in exactly the right proportion. This can prevent waste.
For example, an intelligent washing machine can reduce the
amount of water heated for small loads or intelligent hobs
and instrumented pots can use the right amount of heat for a
specific recipe.

V. DISCUSSION

We have identified the following limitations and further
research questions, that need addressing in order to reduce
significant uncertainty around the effectiveness of capacity-
based pricing to encourage demand management.

With easy-medium changes in place, our representative
household would reduce the power draw from 23kW peak
to around 17.7kW peak and further to 12-12.6kW peak with
hard changes in place, which are still not enough to stay below
capacity band C.

Delaying the power shower would shave 10,500W, bringing
the household down from 17.7kW down to 7.2kW. The shower
has been identified as a hard change.

Our scenarios indicated that, apart from the electric shower,
the most energy consuming activities (those related to cooking
and boiling water) are the least flexible as they require
significant behaviour changes. This should not be surprising as
it is their lack of flexibility that results in these activities being

common and co-occurring — they are principal to the national
grid peak demand. On a national level it is the large-scale
alignment of work patterns (which includes the alignment of
the school day) that in turn causes the synchronisation of
consumption of energy in households during the peak period.
The ICT-enabled increase of home office jobs has somewhat
increased the flexibility in timetables. In particular in the
ICT sector there are a number of organisations of which the
staff is globally distributed and working on loosely coupled
timetables. The diurnal rhythm of the body however naturally
limits the flexibility of meal and rest times.

Macro delay is one of the most important ways in which
ICT can enable flexibility. One important intervention to avoid
reinforcements, that is already been trialled, is the delay
of charging electric vehicles to periods outside of the peak
interval [48]. According the national grid, electric vehicles
could add between 5 to 8 GW peak electricity demand to the
electric grid. This is not surprising given that electric vehicle
battery chargers can draw between 3 and 90kW.

Despite the potential that ICT has to create flexibility of
demand, behavioural changes seems to be required for a
significant reduction of peak electricity demand. One area of
further work is to describe the factors that support behavioural
changes through theoretical frameworks, for example from
behavioural psychology.

Although framed in the context of grid reinforcement and
the avoidance thereof, the characteristics of demand flexibility
and the role of ICT as enabler are relevant in order to support
the decarbonisation of the energy system.

Our scenarios are based on a persona household that is
inspired by personal experience but statistically not significant.
However, the actual power consumption level is relatively
similar to the average power consumption by the households
measured as part of the Household Energy Survey (7.5kW -
no electrical heating) and thus are representative of real loads
by residential households.

VI. CONCLUSION

Our workshop participants have identified a number of flex-
ible energy services with high load on the electric grid. Given
these services capacity-based pricing is an important lever for
reducing peak demand. We have identified a categorisation of
the ways in which ICT can avoid or support hard behavioural
changes to support the shifting of energy service use.

Given the limitations of our research approach, these find-
ings require significant empirical substantiation for gener-
alisable conclusions to be drawn. Nevertheless, the results
point towards the need to combine capacity-based pricing
with a wide range of demand shifting facilitation. From a
policy perspective, it is evident that capacity-based pricing
gives the regulator greater leaverage to encourage demand
reducing behaviour. Capacity-based pricing also lends itself to
rising block tariffs where a certain capacity can be considered
‘baseload’ for each household persona (e.g., a family of four
versus an couple) with step-wise increases for higher demand.
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This allows more vulnerable customers to be granted with a
certain ‘baseload’ at a reduced rate to address fuel poverty.

Volumetric pricing alters the price signal which might
encourage energy saving behaviour and increase demand for
energy efficiency services. Overall, this paper suggests that
more research is required into the factors that are most likely
to change energy demand and underlying practices through
a combination of altruism, price signals, nudging and ICT
automation.
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Abstract—Runtime estimation of power dissipation and perfor-
mance is crucial in every computing platform. In mobile systems,
a special focus is set on energy efficiency in order to achieve
the longest possible battery life and at the same time adhering
to performance requirements. Powered by heterogeneous SoC’s,
mobile systems are called to reach an energy efficient state of
execution, with a runtime system or scheduler that requires
knowledge on the current performance and power dissipation.
Today, highly heterogeneous architectures provide many actu-
ators to reach better efficiency, the effect of which is usually
unknown at runtime. In this paper, we propose a fast approach to
build an energy efficiency model based on hardware performance
counters. Our approach obviates the need for power sensors
present at the chip level and deals with high numbers of execution
modes. In building the energy efficiency model we account for
the change in temperature which, as we show, has an impact
on the optimal energy efficiency choice. The proposed approach
reduces significantly the time to characterize the energy efficiency
of a Multiprocessor System-on-Chip (MPSoC) and includes the
environment temperature as a variable in determining the energy
efficiency.

Index Terms—MPSoC, energy efficiency models, platform
configuration point, PMC, power models

I. INTRODUCTION

The past years have seen rapid development in the amount
of data produced, processed and exchanged through comput-
ing systems, ranging from high-end server farms to simple
household devices, and the trend of technology seems to fuel
even more this direction. Based on electricity usage ascribed
to Information and Communication Technology (ICT), it is
predicted that by the end of 2030 this sector will use as much
as 51% of global electricity production [5]. Following this
scenario, by the year 2030, the only ICT industry will be
responsible for up to 23% of the globally released greenhouse
gas emissions [5]. A 2016 report [24] says that the US
datacenters held 350 million terabytes of data in 2015, and by
2020 they will require 100TWh of electricity to operate. This
is the equivalent of 7 nuclear power stations like Olkiluoto 3
in Finland. There is also an increase of datacenters capacity
in Europe, with London, Frankfurt, Paris, and Amsterdam
which grew their electricity consumption by 200MW in 2017.
Countries like Ireland and Denmark in Europe are becoming
a data base for the world’s biggest tech companies and by the
next 5 years promise to increase the power consumption by

1TW [12]. The emergence of the Internet of Things (IoT)
with devices operating at the edge of the network, poses
a new challenge to the Cloud to provide efficient service
provisioning. IoT devices are low powered devices and their
usage promises to decrease the overall power consumption
by increasing energy efficiency, but their number could be
overwhelming with the consequence of having a ”rebound
effect” [9]. Cisco predicts that by the year 2020 in the world
will be 50 billion IoT devices, which is an order of magnitude
bigger than the number of smartphones and tablets working
today. So in this scenario, using the cloud services offered by
large datacenters to receive the data generated by IoT devices
will not be a sustainable solution in terms of cost, latency, and
environmental impact [6]. Recently the idea of edge devices
that provide the computation and storage closer to the source
of data has been formulated under the term of Edge or Fog
computing [25]. As an edge device example, we can mention
smartphones, as intermediates between body sensors and the
cloud services, gateways as intermediates for smart homes, or
nano data centers that manage the caching or processing of
video contents. By using these edge devices in the proximity
of data sources, we could have as an end result in a reduction
of energy consumption w.r.t. implementing the logic in the
cloud, and at the same time keeping latency requirements of
certain applications [17].

Therefore one key requirement of such computing sys-
tems is undoubtedly energy efficiency. Basically, this means
that systems should minimize their energy consumption to
complete the required task and achieve a satisfying energy
proportionality [20]. One of the largest consumers of energy
in computing environments is the CPU [8], which requires
special attention especially in the multicore era. Today mobile
devices are using the same CPU as traditional gateways or
cloudlets in Edge Computing. The need to achieve energy
efficiency in today’s MPSoC is stringent, especially for mobile
devices that operate on battery, and that is a clear scenario
where the end user wants a better experience and longer
battery life.

Workload variability makes the control of energy expen-
diture especially difficult in mobile CPUs. Mobile devices
are not the only which require energy efficient solutions,
but also cloud providers need to lower the energy cost of



computations and cooling [19]. Today large scale computing
facilities are using energy as a resource to be scheduled and
charge according to the energy consumption [14]. Heterogene-
ity shows a promise to increase the energy efficiency levels
achieved in MPSoC, hence several paths have been followed
by research and industry. For example, exploring heterogeneity
inside the CPU chip by using multiple technologies with
different power and performance characteristics or using cores
that alternatively behave as out-of-order computing elements
or as in-order cores [22]. Probably one of the most popular
and researched types of heterogeneity is the one provided by
different computing cores integrated into the same physical
chip. This type of heterogeneity is the one where computing
cores share the same Instruction Set Architecture (ISA) but
have different microarchitectures. However, an intelligent use
of these power and performance tradeoffs proves to be not
a simple challenge [23]. Being able to predict the optimal
choice between a number of hardware actuators such as the
number of cores, type of core and operating performance
point, or Dynamic Voltage and Frequency Scaling (DVFS), is
a difficult task that must be handled well in order to achieve
energy efficiency.

With asymmetric multiprocessing (AMP) architecture there
is a better way to respond to the diversity of applications
present in the mobile environment. We have compute-intensive
applications which need to produce results in real time and
must use fast cores in order to meet the deadlines. On the
other side, background processes that may be memory bound
require little computation and are more suitable to run on
simple cores that achieve better levels of energy efficiency.
Even within a single application, we have different “windows
of activity” which may require varying levels of computing
intensity, e.g. reading, scrolling, responding through different
messages inside a social media application. Recently industry
has moved towards increasing the level of heterogeneity found
inside a single chip. From examples such as ARM big.LITTLE
with two types of cores, to Mediatek tri-cluster MPSoC [16]
which promise to increase performance and reduce power
dissipation. DynamIQ from ARM [1] advances the concept
of big.LITTLE by providing better flexibility in the cluster
organization and frequency setting.

High levels of heterogeneity present in recently embed-
ded architectures produce an increase in the design space
exploration to find an efficient use of platform actuators. By
increasing the number and type of cores and the number of
voltages and frequency levels for each computing element,
there is an increasing number of operating points on which
the platform may perform. In this scenario making the right
choice for execution could have a tremendous impact on
energy efficiency. Temperature also has a major effect on the
power dissipation of today’s systems [15], which makes it an
important factor to account for in order to make the optimal
energy efficient choice.

To manage efficiently the workload scenarios faced by
mobile devices, edge devices in IoT, or nano data centers,
there is a need to continuously monitor power data in order to

Big Cores Small Cores

fB
fB

fBfB fB fB

fB fB

fB

fBfB

fB

fB fB
fB

fs fs

fs

fs

fs fs fs fs

fsfs

fs

fs fs

fs fs

Configurationx Configurationy Configurationz

Configurationt Configurationu Configurationv

MPSoC

Fig. 1. Examples of possible platform configuration points in a multicore
architecture

choose the optimal power and performance trade-off. Unfortu-
nately, most of the hardware platforms today are not equipped
with power sensors, which significantly complicates energy-
efficient management of the system settings.

This paper follows our previous work which experimentally
builds an energy efficiency model based on platform config-
uration points, for ARM big.LITTLE architecture [21]. As
platform configuration point we denoted the set of platform
actuators such as number, type of core, core performance level
or DVFS and core utilization level. The model is derived by
testing all the possible configuration points of the platform.
Following the recent trend in platform complexity, this ap-
proach is difficult to apply in the case of the combinatorial ex-
plosion in the number of configuration points. The goal of this
paper is to explore new approaches in providing knowledge
of the platform energy efficiency to a runtime system based
on the concept of platform configuration points. We redefine
the set of parameters in the configuration point by removing
utilization level from the aforementioned description. Meaning
of the notion of platform configuration point is demonstrated
with several examples (from x to v) in a multicore platform
(Figure 1). In our energy efficiency model, we account for
the environment temperature variable, which provides valuable
information for the correct accounting of the CPU dissipated
power. Knowing the large impact that static power has on the
energy efficiency achieved in today’s CPUs the second purpose
of this work is to build thermally aware energy efficiency
models.

The contributions of this paper are the following:

• we propose an approach to characterize the energy ef-
ficiency of a hardware platform based on the notion of
configuration points.

• we include environment temperature in the energy effi-
ciency model and show the impact this variable has on
the relative efficiency of the points from the model.
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II. RELATED WORK

Exploring the usage of platform actuators for energy man-
agement was studied by different research works. The authors
in [23], [10], and [18] all propose the creation of a runtime
system which is able to manage the scheduling and mapping
of threads dynamically with the objective of maximizing the
energy efficiency of MPSoC. In [23] a load balancer schedules
the workload in periodic time frames called epochs, wherein
each, a set of actions are performed to set the threads in
the appropriate core type. The platform considered is highly
heterogeneous with 4 types of core and in each epoch the load
balancer estimates the performance and power of every thread
in each core type. This information is used by the internal
algorithm to decide where to map the threads. Similarly,
in [18] is proposed a runtime scheme which is used to
schedule dynamically workloads in a MPSoC. The approach
is based on the sense-decide-act policy and operates on
an aggressive heterogeneous environment. It uses regression
models for estimating performance and power of threads in
different core type and also the contribution of a thread in
a total load of a core. An evolutionary algorithm is used
to decide in each term the scheduling of the threads. The
authors in [10] propose a run-time task allocation approach
called SPARTA which categorizes task in computing bound or
memory bound and a heuristic that selects the configuration
that achieves the requested throughput with the minimal power
consumption. In these works is not considered the possibility
of DVFS as a mechanism to reduce power consumption and
also the hardware counters used for estimating performance
are not easily found in real hardware platforms. Sensors
for estimating the power consumption of different mapping
decisions are not available in many of today’s platforms.
Finding the optimal configuration for executing workloads in
a data-center in order to achieve better energy efficiency is
the goal presented in [11]. Authors present a programming
and execution platform called Empya that uses hardware and
software techniques to determine the best trade-off between
performance and energy consumption. The run-time system
continuously monitors application performance and energy
consumption through Running Average Power Limit (RAPL)
registers. As actuators, the system operates on the number of
threads to use and the power cap on the CPU. In contrast with
this, our work focuses on heterogeneous platforms where for
achieving energy efficiency we use actuators such as number,
type of core and DVFS point. In [26] authors target again
High-Performance Computing applications running on a single
node with the goal of reducing the energy consumption by
choosing the right configuration, which is composed of the
number of cores and DVFS level. The work is based on
the application-agnostic power model and the performance
model of the application is obtained with a supervised learning
method of regression. Frequency, number of cores and input
size are used in the regression model. The methodology is
clear and straightforward, but there is no mention of the
performance requirement which is the value we trade off for

less energy consumption.

III. CMOS POWER DISSIPATION

CMOS technology has been mostly used in MPSoCs due
to the fact that has quite good noise immunity and low heat
production while the device is in operation mode. Power in
these circuits can be divided into two categories: dynamic
power and static power. Dynamic power is created by the
circuit activity (transistor switching) and is dependent on the
usage scenario, clock rates, and I/O activity. Switching power
is dissipated during the transistor changing from 0 to 1 and
vice versa, the dynamic power is defined as:

Pdynamic = α ∗ C ∗ V 2
DD ∗ fclk (1)

where C is the load capacitance, VDD is the source voltage,
α is the activity factor and f is the operating frequency.
Static power is dissipated due to the leakage currents on
the transistors while they are in the “OFF” mode. The are
several sources of the leakage current which are strongly
influenced by the chip temperature. The dynamic part of the
power dissipated from the chip is modeled by two terms in
Equation 2, as a dynamic activity which relates to the active
running workloads and the background activity that represents
the system processes that run on the background. In Equation 3
the dynamic power is modeled by a single term due to the low
power dissipated by background processes in the A7 cluster.
Static power is modeled by the third term in Equation 2 and
is dependent on temperature and the supply voltage. For the
A7 cluster, there is no temperature sensor to monitor, hence
the static part is modeled together with the dynamic power
dissipation of background activity.

IV. PROPOSED APPROACH

Today embedded systems face a multitude of working
scenarios that range from burst in high performance requests,
to low power operation modes, going through the need to
provide sustainable performance in thermally constrained sit-
uations. To do an efficient managing of such a number of use
cases the runtime scheduling manager need to have refreshed
information about the effect of changing different actuators
on the running applications. Thus there is a need for an
energy efficiency model which is based on the current runtime
power data. The envisioned system diagram is shown in Figure
2, where our work in this paper is focused in providing
the platform configuration points database for helping the
scheduler decisions in reaching the optimal efficiency level
of the running applications.

The work in this paper is based on power models for
mobile CPUs based on hardware program counters (HPC). The
methodology for building such models is adopted from [27],
which presents a statistical method for identifying and using
hardware counters. Their analyses propose the usage of coun-
ters which show a high correlation to power and have also the

3



Fig. 2. Proposed Approach schematics.

TABLE I
HARDWARE EVENTS USED IN THE POWER MODELS

Event list
Nr ARM Cortex-A7 ARM Cortex-A15
1 L2D CACHE ACCESS:0x16 L2D CACHE LD:0x50
2 MEM ACCESS:0x13 DP SPEC:0x73
3 L1I CACHE ACCESS:0x14 L1I CACHE ACCESS:0x14
4 UNALIGNED LDST:0x0F UNALIGNED LDST SP:0x6A
5 CYCLE COUNT:0x11 BUS ACCESS:0x19
6 INST SPEC:0x1B
7 CYCLE COUNT:0x11

smallest multicollinearity. The authors in [27] show that this
brings high model stability with an average error of 3,8%.

We start by building power models for two popular ARM
v7a architecture CPU’s, which are ARM Cortex-A7 and ARM
Cortex-A15. The micro-architecture limits the number of
events which can be sampled at once: 6 counters for A15
and 4 counters for A7 plus the cycle counter. The goal is
to search for those events which have the highest correla-
tion with power dissipation and at the same time show the
smallest intercorrelation with each other. To have high model
stability the predictors should be chosen to keep low levels
of multicollinearity in multivariate models. First, is measured
the correlation of all available events with the power, then
the counters are divided into clusters which include events
with high intercorrelation. Then, from each cluster is selected
the event which has more impact on the power dissipation
but keeping a low Variance Inflation Factor (VIF). The total
amount of events for the A7 is 40 and for the A15 in 120,
among these are selected 7 for the A15 and 5 for the A7.
The events used in the models are general and can be found
on most core types used in mobile systems. For each core
type, the events are listed on Table I. The power for A15
and A7 is divided in dynamic and static, plus the background
power which is related to the operating system activities.

The modelled formula for the power dissipation is showed
in Equation 2 and 3,

PA15 = (

N−1∑
n=0

βnEnV
2
DDfclk)︸ ︷︷ ︸

dynamic activity

+βbV
2
DDfclk︸ ︷︷ ︸

BG dynamic

+ f(VDD, T )︸ ︷︷ ︸
static

(2)

PA7 = (

N−1∑
n=0

βnEnV
2
DDfclk)︸ ︷︷ ︸

dynamic activity

+ f(VDD, fclk)︸ ︷︷ ︸
static and BG dynamic

(3)

where N is the number of events selected, βn is the weight
given to certain event, En is the number of events per second
divided by the frequency (fclk) in MHz, VDD is the operating
voltage and T is the temperature of the core.

The power model for the A15 has a thermal compensation
term for calculating the static power and background dissipated
power when the system is idling (Equation 2). In the power
model for A7 the static and background power are included in
the second term of Equation 3. This is related to the absence
of a thermal monitoring sensor in the A7 cluster. We have
calculated four sets of model coefficients for the parameters
in each cluster, representing the power with a different number
of cores for each CPU type. The model parameters for each
core type are given in Tables II and III. In the tables, it is
shown the event rate divided by the frequency in MHz, the
weight given to each coefficient and the statistical significance.
In some model terms, f and V are respectively the operating
frequency and voltage of each cluster (Table IV). The event
rates are divided by the operating frequency in order to avoid
correlation with it in the first term of power equations. The
power models need to be obtained only once by running on
the target platform a set of embedded representative workloads
which we call platform characterization set. After obtaining
the power model we compute the energy efficiency table
which provides a sort of database of all the possible platform
configuration points and the resulting performance, power
and energy efficiency values. By having this information the
runtime system is able to make decisions about the mapping of
a certain application with regard of the performance. If there
is a change in the environment temperature above a certain
threshold, then the power dissipation can be recomputed and
the table is redefined for the new thermal level.

These models are build by running the characterization
workload set in each of the operating points of both CPUs.
The set contains workloads that test different levels of the
microarchitecture and memory subsystem. In part is composed
of real applications from the embedded domain, and for the
other part synthetic benchmarks designed to stress specific
parts of the CPU. Having the power models and by measuring
the performance in terms on instructions per second (IPS) we
can obtain an energy efficiency model of the platform. The
model is presented as a table that lists all the platform con-
figuration points with the energy efficiency levels achieved in
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TABLE II
MODEL PARAMETERS AND P-VALUES FOR THE A15

Nr Coefficient Weight p-Value
1 Intercept -5e-4 p<e-4
2 EPH 0x11 ∗ f ∗ V 2 7.9e-10 p<e-4
3 (EPH 0x1b− EPH 0x73) ∗ f ∗ V 2 e-10 p<e-4
4 EPH 0x50 ∗ f ∗ V 2 8.7e-9 p<e-4
5 EPH 0x6a ∗ f ∗ V 2 e-8 p<e-4
6 EPH 0x73 ∗ f ∗ V 2 2.6e-11 p<2e-3
7 EPH 0x14 ∗ f ∗ V 2 6.4e-11 p<e-3
8 EPH 0x19 ∗ f ∗ V 2 1.9e-9 p<e-4
9 V 0.17 p<e-4

10 f ∗ V 2 1.6e-4 p<e-4
11 T 2.3e-2 p<e-3
12 T 2 2.9e-4 p<4e-3
13 V ∗ T 2 -3.5e-5 p<e-3
14 V ∗ T 1.1e-2 p<e-3

TABLE III
MODEL PARAMETERS AND P-VALUES FOR THE A7

Nr Coefficient Weight p-Value
1 Intercept -7.2e-4 p<0.003
2 EPH 0x11 ∗ f ∗ V 2 1.9e-10 p<e-4
3 EPH 0x14 ∗ f ∗ V 2 2.2e-10 p<e-4
4 EPH 0x13 ∗ f ∗ V 2 4.3e-10 p<e-4
5 EPH 0x16 ∗ f ∗ V 2 1.4e-9 p<e-4
6 EPH 0x0f ∗ f ∗ V 2 9.4e-11 p<0.0004

terms of instructions per Joule, performance point (instructions
per second) and the power dissipation (W). The table is used to
decide the optimal configuration point for an application that
has defined performance requirements. Once an application
is submitted into the system or is resumed by the scheduler,
the runtime system can sample the hardware counters in a
single frequency level and scans the table to find the optimal
configuration point, to run the application, in terms of energy
efficiency. In this work, we consider multi-threaded applica-
tions, which matches our methodology of achieving optimal
levels of energy efficiency by using configuration points that
possibly use several cores. In the case where the performance
requirement of the application changes, the control logic of
the runtime system can select another configuration point that
provides the requested performance level and has a high level
of energy efficiency. When the temperature of the environment
changes above a certain threshold, the power model can be
used to recompute the energy efficiency table in accordance
with the new temperature conditions. A temperature increase
in the outside environment produces an increased level of static
power in the CPU, which affects the relative efficiencies of the
configurations inside the energy efficiency table. The runtime
system can continuously monitor the power usage of the
running application in order to not exceed the Thermal Design
Power (TDP) of the CPU. By sampling the performance
counters of each running application the power model shows
the power dissipation at runtime of the running applications,
thus the runtime system can make a decision of reducing the
power dissipation of certain applications by choosing another
configuration point from the system.

The runtime system inputs temperature variations inside the
model and can recompute the energy efficiency table by taking
into account the new level of static power. The new table
needs to be searched for configuration points that satisfy the
performance request with the highest level of efficiency. A
basic schematic of the proposed approach is given in Figure 2.

V. EXPERIMENTAL SETUP

To evaluate our approach we used an ODROID XU3
development board from HARDKERNEL. The application
processor implements the ARM big.LITTLE architecture with
two clusters composed of 4 cores each. The big cluster consists
of a high-performance Cortex-A15 quad-core block, and a
low power Cortex-A7 quad-core CPU. The board description
is complete with a Mali-T628 GPU and 2GB LPDDR3 of
memory. The board contains 4 current sensors that offer
the possibility to measure power dissipation in four differ-
ent domains: big cluster (A15), LITTLE cluster (A7), GPU
and memory. Besides this, the board contains 4 temperature
sensors for the cores in the big cluster and one temperature
sensor for the GPU. The characteristics of the hardware can
be found in Table IV.

TABLE IV
CHARACTERISTICS OF THE EXPERIMENTAL BOARD

Characteristic ODROID Development Board
Model XU3
SoC Exynos 5422 Octa core
CPU’s Cortex-A15/A7

cores 4 + 4
Frequency A7 (MHz)

min 200
max 1400

Frequency A15 (MHz)
min 200
max 2000

Voltage A7 (V)
min 0.9
max 1.24

Voltage A15 (V)
min 0.9
max 1.36

To build the power model we used a set of benchmarks
from different application domains. We call the training set as
the platform characterization workloads. In the platform char-
acterization set we include a sequence of 76 workloads which
consists of a collection of synthetic and real world applications
from Roy Longbottom [4], PARSEC [7], CoremarkPro [2],
ParMiBench [13] and Multibench [3]. A full list of the used
workloads is in Table V.

The choice of the workload set is based on the idea of all-
inclusiveness of applications that characterize the embedded
systems domain.

Experiments were conducted in different environments to
account for the outside temperature change in the SoC power
dissipation. The goal here is to evaluate the change in the
energy efficiency table in accordance with temperature. For the
first environment, the board fan is running with 100% speed
with the system located in a highly refrigerated environment.
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Fig. 3. Configuration points from the model

In the second case, the board is working with the fan disabled
in a normal outside temperature to account for a high tem-
perature outside the environment. In the third case, the board
is working with the fan always on in a normal environment,
to justify the middle case. In Table, VI on Section V we will
show the result of the energy efficiency table computed in
different environments.

VI. RESULTS

By using the power and performance models defined previ-
ously we are able to derive an energy efficiency model which
is based on platform configuration points. In Figure 3 we show
the efficiency of all configuration points from the model. Each
point describes a single configuration that provides a certain
level of performance in terms of instructions per second and
energy efficiency. By going towards high levels of performance
we notice a decrease in the density of the points. This means
that fewer options for achieving good energy efficiency levels.
The list of configurations is organized as an energy efficiency
table that lists all possible configuration points with their
efficiency and performance. An example of the table derived
from the workloads in the training set of the power model is
shown in Table VII. By searching inside the table we find
several sets of configuration points that provide the same
performance but with different energy efficiency levels, some
of the sets are shown in Figure 4. First usage of the table
would be the one for choosing the optimal configuration point
based on a certain requirement for the performance level. As it
is shown by Figure 4, it is possible to gain in terms of energy
efficiency if we make the right choice for the configuration
point. As a second objective of our work, we wanted to test
the effect of temperature on the relative energy efficiency of
configuration points in the model. For testing thermal effects
on the efficiency model, we choose to run a testing application
with the system located in different environments. We run
Basicmath application from the ParMiBench suite [13]. In

environment 1, the system running in a highly refrigerated
environment (we call it “cold” case). In Environment 2, the
system is running without a fan with an outside temperature
of 25◦C (we call it “hot” case). Environment 3, consists of
the system running on a 25◦C outside temperature with the
fan always on at 100% speed (we call it “middle” case).
We noticed the relative order of configuration points changes
between the environments and so does the energy efficiency
levels achieved.

The top rows of the energy efficiency table for different
temperature environments are shown in Table VI. Different
temperature levels produce different order of configuration
points and efficiency levels achieved. This shows that there
is a need to change the platform configuration point when the
temperature changes significantly, in order to keep the high
levels of energy efficiency.

In Figure 5 we show a possible runtime scenario. We are
running Basicmath test application with a required level of
performance such as e.g. 1,61E+9 inst/s in a system with
a temperature t1, according to the model the optimal con-
figuration point for this performance level is composed by
2a7@400MHz + 4a15@500MHz. In the case, the temperature
increases to t2, then the efficiency of that configuration point
decreases and thus we need to reconfigure with the new table
that shows that we should execute the application by using the
following configuration 4a7@700MHz + 4a15@200MHz. An-
other example is shown with the performance requirement of
3,27E+9 inst/s, where again there is a need for reconfiguration
in order to keep high levels of energy efficiency.

The change in the environment temperature of the system
(from “cold” to “hot”) produces large differences in the energy
efficiency levels that the model defines as an optimal config-
uration point for the required performance. By looking at the
first 100 highly energy efficient configurations in the energy
efficiency table, we find few test cases, whereby changing the
configuration point when the system temperature changes the
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Fig. 4. List of configuration points grouped in different performance classes

Fig. 5. Reconfigure examples in two temperature environments

Fig. 6. Configuration points with high energy efficiency levels

gain in terms of energy efficiency is up to 33%. By searching
for new target reconfiguration points we account for the same
performance or 5% bigger. An interesting observation can be
noticed in Figure 3 where all points are plotted in the energy
efficiency and performance graph. If we take the points from

Fig. 7. Power errors for configuration points with high level of energy
efficiency

the upper outer layer of the scatter plot we have a situation
like in Figure 6. Those points show the configurations with the
optimal energy efficiency for a certain level of performance
at a defined temperature. Or otherwise, we can think of the
graph as the result of scanning the model from the lowest
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TABLE V
PLATFORM CHARACTERIZATION SET

List of benchmarks
Suite Workload

CoremarkPro

core
linear alg-mid-100x100-sp
loops-all-mid-10k-sp
nnet test
parser-125k
radix2-big-64k
sha-test
zip-test

MultiBench

4M-check
4M-check-reassembly
4M-check-reassembly-tcp
4M-check-reassembly-tcp-cmykw2-rotatew2
4M-check-reassembly-tcp-x264w2
4M-cmykw2
4M-cmykw2-rotatew2
4M-reassembly
4M-rotatew2
4M-tcp-mixed
4M-x264w2
empty-wld
iDCT-4M
iDCT-4Mw1
ippktcheck-4M
ippktcheck-4Mw1
ipres-4M
ipres-4Mw1
md5-4M
md5-4Mw1
rgbcmyk-4M
rgbcmyk-4Mw1
rotate-4Ms1
rotate-4Ms1w1
rotate-4Ms64
rotate-4Ms64w1
x264-4Mq
x264-4Mqw1

MiBench

automotive/qsort
network/dijkstra
consumer/typeset
telecomm/adpcm

Parsec-3.0

blackscholes
bodytrack
canneal
dedup
ferret
fluidanimate
freqmine
streamcluster
swaptions

ParmiBench

Office/stringsearch
Network/Patricia/Parallel
Automotive/Susan/Parallel
Automotive/Bitcount/Parallel
Network/Dijkstra/Parallel
Office/stringsearch/Parallel

Roy-Longbottom

rl-linpack-neon
rl-linpack-FSSP
rl-whetstone
rl-busspeed
rl-dhrystone

Lmbench

lat ctx
lat fs
lat ops
lat proc
lat fifo
lat http
lat pagefault
lat select
lat sem
lat unix connect
lat mem rd
bw mem
tlb lmb3-tlb
line

Whetstone whetstone
Drystone dhrystone

TABLE VI
TOP ENERGY EFFICIENCY CONFIGURATIONS FOR THREE ENVIRONMENTS

Temperature Environment 1
Configuration Energy Efficiency (Ins/J) Power(W) Performance(Ins/s)

4a7/200MHz4a15/500MHz 1,517e+10 0,465 1,61e+09
4a7/200MHz4a15/700MHz 1,515e+10 0,599 2e+09
4a7/200MHz4a15/400MHz 1,512e+10 0,382 1,39e+09
4a7/200MHz4a15/300MHz 1,511e+10 0,305 1,17e+09
4a7/200MHz4a15/200MHz 1,50e+10 0,219 9,37e+08

.... .... .... ....
Temperature Environment 2

4a7/200MHz3a15/300MHz 1,424e+10 0,333 9,92e+08
4a7/200MHz3a15/500MHz 1,421e+10 0,518 1,32e+09
4a7/200MHz3a15/400MHz 1,420e+10 0,428 1,15e+09
4a7/200MHz3a15/600MHz 1,420e+10 0,608 1,48e+09
4a7/200MHz3a15/700MHz 1,416e+10 0,697 1,61e+09

.... .... .... ....
Temperature Environment 3

4a7/200MHz4a15/600MHz 1,49e+10 0,586 1,82e+09
4a7/200MHz4a15/400MHz 1,49e+10 0,415 1,39e+09
4a7/200MHz3a15/700MHz 1,49e+10 0,668 2e+09
4a7/200MHz3a15/500MHz 1,480e+10 0,511 1,61e+09
4a7/200MHz3a15/300MHz 1,486e+10 0,337 1,17e+09

.... .... .... ....

TABLE VII
ORDERED ENERGY EFFICIENCY TABLE .

C C(Nl/Fl/Nb/Fb) Perf.(inst/s) Pavg(W) Efficiency(inst/J)
1 4a7/200MHz/4a15/600MHz 2.219115e+09 0.699744 7.889801e+09
2 4a7/200MHz/4a15/500MHz 1.916094e+09 0.600826 7.885497e+09
3 4a7/200MHz/4a15/700MHz 2.475814e+09 0.788427 7.872383e+09
4 4a7/200MHz/4a15/800MHz 2.723064e+09 0.873142 7.861730e+09
5 4a7/200MHz/4a15/400MHz 1.601398e+09 0.501352 7.857119e+09
6 4a7/200MHz/4a15/300MHz 1.294310e+09 0.402370 7.830159e+09
7 4a7/200MHz/4a15/900MHz 3.042998e+09 1.010040 7.765476e+09
8 4a7/200MHz/4a15/200MHz 9.541939e+08 0.293673 7.763320e+09
9 4a7/300Mhz 4a15/600MHz 2.338974e+09 0.728441 7.647120e+09
10 4a7/300Mhz 4a15/500MHz 2.035953e+09 0.629523 7.642816e+09
11 4a7/300Mhz 4a15/700MHz 2.595672e+09 0.817124 7.629703e+09
12 4a7/300Mhz 4a15/800MHz 2.842923e+09 0.901839 7.619049e+09
13 4a7/300Mhz 4a15/400MHz 1.721256e+09 0.530049 7.614439e+09
14 4a7/300Mhz 4a15/300MHz 1.414169e+09 0.431067 7.587478e+09
15 4a7/200Mhz 4a15/1000MHz 3.310742e+09 1.173238 7.580142e+09
. . . . .

4078 1a15/1800MHz 1.193975e+09 1.795146 6.651129e+08
4079 1a15/1700MHz 1.176482e+09 1.776230 6.623477e+08
4080 1a15/1600MHz 1.101565e+09 1.670471 6.594337e+08

performance point and keeping only those points which have
higher performance and the highest possible level of energy
efficiency. As a further validation of our approach, we measure
in percentage the difference between the predicted power
dissipation and the measured power in configuration points
with high levels of energy efficiency. The results are shown
in Figure 7, where we notice the highest error is 2,82%. We
measure the model errors in configurations that provide the
highest levels of energy efficiency for different performance
levels. These are more intriguing configuration points, which
give the best of the platform’s energy efficiency. Knowing that
most of the time these points will be used as configuration
options, having a low error rate from the model is very useful.

VII. CONCLUSION

In this work, we present an approach for building an energy
efficiency model which is based on platform configuration
points. The target of the approach are heterogeneous platforms
which are continuously increasing the depth of heterogeneity.
The model is based on hardware performance counters which
are widely available in today’s CPU architectures. The set
of workloads for building the model is representative of the
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embedded domain which has shown to be more critical to the
energy efficient application execution. But also, the training
set, in inclusive of the IoT world. The novelty of this approach
compared to previous works is that it doesn’t necessarily
need power sensors for measuring the power dissipation in
each configuration point, but by sampling the counters on
one configuration point we can characterize the efficiency of
other configuration points. From all the points in the model,
we show that less than 1% of them (see points in Figure 7)
represent the highest levels of energy efficiency possible, in
all the performance spectrum offered by the platform. Also,
we include the environment temperature as a variable for
defining the need for application reconfiguration. As we show
by the tests if the temperature changes, by reconfiguring the
application execution we can gain up to 33% in terms of
energy efficiency.

REFERENCES

[1] Arm DynamIQ Technology for the next era of compute
- Processors blog - Processors - Arm Community.
https://community.arm.com/processors/b/blog/posts/arm-dynamiq-
technology-for-the-next-era-of-compute.

[2] CPU Benchmark – CoreMark-PRO – EEMBC Embedded Micro-
processor Benchmark Consortium. https://www.eembc.org/coremark-
pro/index.php.

[3] EEMBC - MultiBench - Multicore Benchmark.
https://www.eembc.org/multibench/.

[4] Roy Longbottom’s PC Benchmark Collection - Free PC Benchmarks.
http://www.roylongbottom.org.uk/.

[5] Anders S. G. Andrae and Tomas Edler. On global electricity usage of
communication technology: Trends to 2030. Challenges, 6(1):117–157,
2015.

[6] M. Ashouri, P. Davidsson, and R. Spalazzese. Cloud, edge, or both?
towards decision support for designing iot applications. In 2018 Fifth
International Conference on Internet of Things: Systems, Management
and Security, pages 155–162, Oct 2018.

[7] Christian Bienia. Benchmarking Modern Multiprocessors. PhD thesis,
Princeton University, January 2011.

[8] W. L. Bircher and L. K. John. Complete System Power Estimation
Using Processor Performance Events. IEEE Transactions on Computers,
61(4):563–577, April 2012.

[9] Peter M. Corcoran. Third time is the charm - why the world just might be
ready for the internet of things this time around. CoRR, abs/1704.00384,
2017.

[10] Bryan Donyanavard, Tiago Mück, Santanu Sarma, and Nikil Dutt.
SPARTA: Runtime Task Allocation for Energy Efficient Heteroge-
neous Many-cores. In Proceedings of the Eleventh IEEE/ACM/IFIP
International Conference on Hardware/Software Codesign and System
Synthesis, CODES ’16, pages 27:1–27:10, New York, NY, USA, 2016.
ACM.

[11] C. Eibel, T. Do, R. Meissner, and T. Distler. Empya: Saving Energy in
the Face of Varying Workloads. In 2018 IEEE International Conference
on Cloud Engineering (IC2E), pages 134–140, April 2018.

[12] EIRGRID. All-island generation capacity statement 2017-2026, 2017.
[13] S. M. Z. Iqbal, Y. Liang, and H. Grahn. ParMiBench - An Open-Source

Benchmark for Embedded Multiprocessor Systems. IEEE Computer
Architecture Letters, 9(2):45–48, February 2010.

[14] V. Jimenez, F. Cazorla, R. Gioiosa, E. Kursun, C. Isci, A. Buyukto-
sunoglu, P. Bose, and M. Valero. Energy-Aware Accounting and Billing
in Large-Scale Computing Facilities. IEEE Micro, 31(3):60–71, May
2011.

[15] J. S. Lee, K. Skadron, and S. W. Chung. Predictive Temperature-Aware
DVFS. IEEE Transactions on Computers, 59(1):127–133, January 2010.

[16] H. Mair, E. Wang, A. Wang, P. Kao, Y. Tsai, S. Gururajarao,
R. Lagerquist, J. Son, G. Gammie, G. Lin, A. Thippana, K. Li,
M. Rahman, W. Kuo, D. Yen, Y. Zhuang, U. Fu, H. Wang, M. Peng,
C. Wu, T. Dosluoglu, A. Gelman, D. Dia, G. Gurumurthy, T. Hsieh,
W. Lin, R. Tzeng, J. Wu, C. Wang, and U. Ko. 3.4 A 10nm FinFET

2.8GHz tri-gear deca-core CPU complex with optimized power-delivery
network for mobile SoC performance. In 2017 IEEE International Solid-
State Circuits Conference (ISSCC), pages 56–57, February 2017.
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Abstract—Start-up businesses are often not primarily con-
cerned with the overall sustainability impact of their business
idea. However, designing sustainability into the start-up business
idea from the start may improve their long-term impacts and
success but requires additional knowledge and time. In this
paper, we perform a case study of the start-up Partneur, who
are developing an online platform for developing business ideas
according to the Business Model Canvas. We show the usage of
our artifact-based analysis approach and discuss observations
and lessons learned. The approach provided new insights to
Partneur, and might, in turn, inform their future users on how
to incorporate sustainability into their business idea as well.

Index Terms—sustainability awareness; requirements engi-
neering; evaluation research; artifact orientation;

I. INTRODUCTION

Society’s innovation and progress has come with many
costs whether in environmental, economic, societal, technical,
and many other dimensions. In general, sustainability is a
concern of rising importance for companies [5]. There is
an increasing number of startups, yet these new businesses
have limited resources and lack extensive knowledge on
sustainability. As a result, they resort to focusing on the
development of a minimum viable product [27]. The rise
of startups has radically changed not only the tech industry
but also commerce as a whole. The startup scene is fed
by young developers and entrepreneurs, many of which are
just about to graduate from college. To give them a better
foundation in skills that are relevant to getting a business
off the ground, CSULB founded the College of Business
Administration “Business Incubator” (https://www.csulb.edu/
cba-graduate-programs/cob-incubator). The Business Incuba-
tor consists of a group of engaged young entrepreneurs that
leads a series of talks on topics relevant to startups. The
Business Incubator is advised and supported by a business
administration professor, Prof. Wade Martin. Over the course
of a semester, interested students can participate in the talks
and receive mentorship.

Designing sustainability into a start-up business idea from
the beginning may improve the long-term impacts and success
of the business. The problem is that such efforts require
additional knowledge and time in terms of research, and then
integrating the acquired knowledge into business plan drafts,
while sustainability is not yet integrated into the traditional

curriculum and standards of business planning [18] nor re-
quirements engineering [23]. Despite showing up in research
over the past ten years, there is little strategic support by
RE for integrating sustainability into the subsequent design
process [3]. As a result, there is no strategic support tailored
towards explicitly integrating sustainability into the subse-
quent design process of a start-up business plan. In order
to incorporate sustainability into the long-term vision of a
business, we apply an artifact-based approach that visualizes
the potential goals and their impacts on sustainability in the
different dimensions.

Our contribution to easing the challenge of limited resources
and sustainability knowledge when developing a business idea
is a set of diagrams (e.g., stakeholders, goals, use cases) and
guidelines for sustainability awareness (e.g., five dimensions
of sustainability) as initially proposed in [23].

We contribute a case study that serves as an example to
start-ups demonstrating how they can visualize the goals of
their business and align them with sustainability. While we
do this for a business that uses the Business Model Canvas
(BMC) as their main guideline to develop their prototype, we
are not attempting to constructively critique any specific type
of business model but instead offer an artifact-based approach
rooted in requirements engineering to explore any type of
business model with regards to their sustainability impacts.

The diagrams and models serve as a mapping of concept to
clarify and help in the development of their business idea in the
short run and long run. The implementation of sustainability
principles (as proposed, e.g., in the Karlskrona Manifesto [4])
from the start of a business idea diminishes long run risks
and allow for greater success [15]. This paper completes a
case study with a local startup, Partneur (www.partneur.com)
and provides models of their stakeholders, goals, system
vision, use cases, and sustainability awareness diagram. They
give an overview of the most important requirements for the
system development of Partneur. With the analysis, Partneur
is equipped with the resources and knowledge needed to gear
their business toward a resilient and sustainable business.

The impact of this case study of an artifact-based approach
to systems engineering for sustainability serves as an example
for other companies in early development stages, or even
companies that are further down the road and want to improve
the long-term plan for their business. The case study of this

https://www.csulb.edu/cba-graduate-programs/cob-incubator
https://www.csulb.edu/cba-graduate-programs/cob-incubator
www.partneur.com


paper can be followed and replicated to provide businesses
with the guidance they may otherwise not yet have available.
Thus, the study contributes to a knowledge base [29], [3] and
facilitates designing sustainability into new business idea and
systems development.

II. RELATED WORK AND BACKGROUND

We introduce our foundation work on Requirements Engi-
neering for Sustainability and sustainability awareness diagram
that helped assess the Partneur prototype.

A. Requirements Engineering for Sustainability (RE4S)

Partneur is developing a software system to support their
business process, and requirements are the key leverage point
for practitioners who want to develop sustainable software-
intensive systems [3]. We use the term RE4S as defined in pre-
vious work [21]: Requirements Engineering for Sustainability
(RE4S) denotes “the concept of using requirements engineer-
ing and sustainable development techniques to improve the
environmental, social, and economic sustainability of software
systems and their direct and indirect effects on the surrounding
business and operational context” [21]. In order to develop
such systems, we need awareness (by education) and guidance
(e.g., by training), and creativity (to find better solutions).
The RE4S approach uses an artifact model, guiding questions,
checklists, and reference models to elaborate the requirements
for a system under development. The entire approach is
described in detail in [21] and example specifications have
been provided in [26], [7]. Furthermore, example artifacts are
provided in the results section of this article. A customized
version of the AMDiRE artifact model [10], the RE4S artifact
model as adapted for this case study is depicted in a simplified
manner in Fig. 1. It contains a stakeholder model, a goal
model, a system vision, a usage model, and a sustainability
awareness diagram (explained in detail in the next section).

B. Sustainability Awareness Diagram

The Sustainability Awareness Diagram (SuSAD) [3] is a
diagram to provide an overview of the impacts of system
on the five dimensions of sustainability [24] in the three
orders of effect [13]. The dimensions are environmental,
economic, social, individual, and technical [3]. The environ-
mental dimension refers to the usage and protection of natural
resources. The economic dimension refers to the ability to
preserve value and capital. The social dimension refers to
the ability of societies to preserve the solidarity and services.
The individual dimension refers to the ability of the people
to live their lives and express themselves in freedom. The
technical dimension relates to the longevity of socio-technical
systems. Impact on sustainability can be observed via impact
on one or more of its dimensions. As a result, it is advocated
that sustainability requires simultaneous consideration of these
interrelated dimensions [4]. Nevertheless, interdependencies
exist between these dimensions including tradeoffs that may
have to be negotiated for a system under analysis [3]. In
addition, we can also consider the five dimensions in relation

to three orders of impacts or effects of software systems [4],
[6]. Immediate effects are attributed directly to the lifecycle
of the system through the resources used for its production,
usage, and disposal. Enabling effects are caused by the usage
of the system in its application environment, and potentially
by many users over a period of time (months to a couple
of years). The structural effects show when accumulating the
aggregated effects of usage by many users over an extended
period of time (years or decades) [13].

The work by Seyff et al. [29] presented a tabular version
of the sustainability analysis using as elicitation method a
modified WinWin Negotiation Model and the EasyWinWin
method to support the negotiation of requirements and their
impact on sustainability. This includes identifying affected
sustainability dimensions, discussing how immediate, enabling
and structural effects are manifested, and how these effects
should be taken into account in the development of a system.
The results support the authors’ view that every requirement
affects sustainability and each such effect should be considered
if the full view of the system’s impact on sustainability is to
be observed [29].

C. Case Study: Partneur

This explorative study was conducted with the start-up
company Partneur. They were selected upon discussion with
various start-up companies based on the common interest
of learning more about how Partneur could strengthen their
business vision in terms of sustainability. Furthermore, the
Partneur founders are involved in the Business Incubator that
serves as multiplier and knowledge disseminator amongst
aspiring start-up founders on campus but also from the public
community in and around Long Beach.

Their main business idea is to provide an online platform
for collaboration on the development of business plans. The
underlying model they use for these business plans is the
Business Model Canvas (BMC) [18].

D. Business Model Canvas

As explained in [18], a business model can “best be de-
scribed through nine basic building blocks that show the logic
of how a company intends to make money”. The nine blocks
cover the four main areas of a business: customers, offer, in-
frastructure, and financial viability. The business model is like
a blueprint for a strategy to be implemented through organiza-
tional structures, processes, and systems. The original business
model canvas is a template with blocks for customer segments,
value propositions, channels, customer relationships, revenue
streams, key resources, key activities, key partnerships, and
cost structure. An organization serves one or several customer
segments. It seeks to solve customer problems and satisfy
customer needs with value propositions. Value propositions are
delivered to customers through communication, distribution,
and sales channels. Customer relationships are established and
maintained with each customer segment. Revenue streams re-
sult from value propositions successfully offered to customers.
Key resources are the assets required to offer and deliver the



previously described elements by performing a number of key
activities. Some activities are outsourced and some resources
are acquired outside the enterprise to key partnerships. The
business model elements result in the cost structure [18].

Note that this paper does not endorse one type of business
plan over another but that our case study partner Partneur is
developing an online platform to enable people to collabo-
ratively work on a business model canvas, and that is the
business idea that we are analyzing using the artifact-based
requirements engineering for sustainability (RE4S) approach.

III. RESEARCH DESIGN

This exploratory case study [9] was carried out in the Fall
semester of 2018 at the California State University, Long
Beach. The research objective was to perform a structured
approach to requirements engineering and a sustainability
awareness diagram for a local startup company.

The selection of the case study partner was based on
availability and potential for impact. Partneur is a local start-
up company in its first steps that is founded by four young
entrepreneurs who graduated from CSULB and run the Busi-
ness Incubator on campus. Thus, a successful application of
the RE4S and SuSAD approach could inform many start-ups in
the making and support their business and system development
as the Business Incubator serves as a knowledge disseminator.

The research objective was to apply the artifact-based re-
quirements engineering approach including the sustainability
awareness diagram to the case of a local start-up company in
their early development stages, and to evaluate the usability
of the approach for the (inexperienced) requirements engineers
and usefulness of the results for the founders.

IV. CASE STUDY: RESULTS

This section presents the results from the requirements
elicitation that was performed by analyzing an early prototype
of the Partneur online platform and in interview sessions with
two of the founders.

A. Stakeholder model

In the requirements engineering domain, a stakeholder is
commonly defined any individual, group or a business who
has a stake in the system, i.e, an entity who is affected by the
system and/or affects the system through some component [1],
[28], [12]. But this doesn’t mean that every stakeholder is
interested in the project’s success. For example, although
legislators influence the way a company or system works, they
are usually unaffected or little affected by the system’s success
or failure. Stakeholders can be identified through iteratively
analyzing the goals to deduce key role-players who influence
the system, inspecting the business and operational context of
the system under development, instantiating a generic refer-
ence list, and so on. In general, stakeholders can be classified
based on their roles and function. A generic list of categorizing
stakeholders by their roles are: users, creators, developers,
institutions etc. Based on their functions, stakeholders can
be categorized into the following groups: Decision makers,

Information providers, Regulatory, Implementers, End Users
and Post Implementation support [25]. A stakeholder model
is used to define the various stakeholders of a system, and
visually represent them along with their connection to the
system. It can be represented through UML actor hierarchies,
informal hierarchical graphics or natural language [25].

The stakeholder diagram is a UML representation of the dif-
ferent classes of stakeholders of Partneur. Here, the stakehold-
ers are classified into groups based on their role in the system.
Firstly, we have the founders of Partneur who presently have
a majority stake in the system. They are the founders and key
innovators of this tool. They are responsible for the planning,
decision-making, execution and control of the system. They
are advised by a team of Experts, namely Business Analysts
and Domain Experts. Business Analysts advise the Owners on
the best ways to optimize the business, predict future trends for
the system and improve the decision-making process. Domain
Experts provide feedback and solutions about a specific topic
or area of interest in this industry.

Next, we have a team of developers who are collectively
responsible for the creation, maintenance and security of the
Partneur website and online tool. They include Engineers, IT
Security, Troubleshooting team and Testers. We also have a
Marketing team to analyze the positioning of the product,
devise strategies to gain more users and effectively reach out
to the target market. Further, there is a Legal team and a team
of Online regulators to check the decorum of the users in using
the tool, safeguard the intellectual property of the system and
keep a check on disruptive teams or negative activity.

The primary users of Partneur are individuals with little
or almost no background in business. The aim of the tool
is to guide the users through a step by step process in a
creating a business plan for their idea and assisting them until
they launch the product. The secondary users are students
in universities across the country. The tool would serve as
an educational tool in building a business plan for initiatives
or student clubs encouraging entrepreneurship. Mentors are
experienced individuals with several years of experience in the
field of Entrepreneurship. They voluntarily take the initiative
to provide guidance to the teams and advise them in their
key decisions. Educational institutions, Partners and Sponsors
provide visibility and support to Partneur. They assist in
marketing efforts to gain more users and help in growing
the platform with insights and/or monetary aid. Finally, Com-
petitors are other online platforms that provide support for
creating a business plan from scratch. A few of Partneur’s
key competitors are liveplan.com, businessplanpro.com, and
planbuildr.com. However, Partneur are the only ones who
focus especially on team building around a business plan in
the making.

B. Goal model diagram

Goals are targets for achievement, which determine the
driving force behind the system. They help in establishing
a framework for the system. They define the high-level ob-
jectives of the system and guide decisions at various levels



Fig. 1. Stakeholders of Partneur

within the enterprise [10], [32]. Goals are subdivided into three
categories: Business goals, Usage goals and System goals.
Business Goals are the key goals of the business that lay the
foundation for other goals. They have a direct impact on the
entire system and provide motivation for the system. Usage
Goals determine how the primary, secondary and tertiary users
work with the system. They are related to the functional
context of the system. System Goals explain how the system
is supposed to work to achieve the above goals. They are
system-related goals that target system characteristics [22].

Each goal can be further decomposed into smaller sub
goals. These sub goals ensure that certain pre-requirements
are met before moving on to achieving the larger goal. This
helps in addressing issues and resolving conflicts during the
implementation of the system. Further, the goals are analyzed
to see if they have a sustainable factor, i.e., does the goal bring
out sustainability in any of the five dimensions (individual,
social, technical, economic and environmental).

A goal model diagram is used to depict the decomposition of
goals into subgoals, and the respective interdepencies between
the goals. This forms the basis for early identification and
resolution of conflicts, and defining the rationale of a require-
ment. In most cases, a Primary Goal is subdivided into several
Business goals which are further decomposed into Usage goals
followed by System goals. Further, every goal improves the
sustainability factor of the dimensions listed at the top of the
goal.

The goal model diagram depicts the goal model for Partneur.
At the top, we have the primary goal of Partneur. This is the
mission statement of Partneur which is to “formulate, build and
execute business ideas”. This primary goal is decomposed into

several Business goals (which are highlighted in blue). The
business goals include: attracting possible investors to fund
the projects, impacting the Long Beach community with the
launch of these innovative projects, creating a reliable interface
for users to connect and build these projects, providing a trans-
parent, financial model to users so that they know exactly what
they are paying/signing up for, and finally aiding educational
institutions and users by providing them Partneur as a learning
tool.

The Usage goals (highlighted in yellow) tell us about what
the users can achieve with the system. By attracting investors
(Business Goal), the users can network and make connections
with the investors and can create a pitch deck of their project
to show them. Users can create innovative, impactful projects
which will in turn benefit the Long Beach community at large.
Using the reliable interface of Partneur, users can connect with
a team, discuss and share skills and information securely, and
legally protect their project ideas. Transparency in the financial
model can be achieved by having few economic variables
for the membership pricing: i.e. the membership pricing may
depend only on a few key factors like number of projects etc.
Users can learn and apply real-life skills in their projects and
receive mentoring. This way, Partneur succeeds in providing
an online learning tool for individuals.

The System goals (highlighted in green) are broad system-
related goals, which relate to the overall functioning of the sys-
tem. They include high availability the total system (includes
website, security, privacy and mentoring), excellent system
security to protect user’s information and privacy, and easy
navigation features which will enable the system to be a user-
friendly interface.



Fig. 2. Goals of Partneur

Usually, the parent goals and subgoals work toward im-
proving a common sustainability dimension. For example,
the Business goal of impacting the Long Beach community
helps in expanding the Social dimension of sustainability
by improving the community and standard of living. It also
positively enhances the Environmental aspect of sustainability
by launching projects which are aimed at being eco-friendly
and bringing about a “green” change in the society. This
can be followed by the Usage goal of connecting a team of
entrepreneurs. It positively impacts the sustainability of the
social dimension by bringing people closer in a community
and creates an environment where people can work collectively
to achieve a common goal. Lastly, the Usage goal can be
achieved by having a user-friendly interface (which can be
achieved by having an easy navigation amongst other things)
and a high availability of the system. These goals enhance the
technical aspect of sustainability by ensuring that the system
functions according to the requirements set by the developers
and/or expectations set by the users.

C. UML use case overview diagram

Use cases are used to represent a business function, process,
or activity performed in the modeled business. A business actor
represents a role played by some person or system external to
the modeled business, and interacting with the business. A
business use case should produce a result of observable value
to a business actor [22]. An adapted UML depiction of these
use-cases (Fig. 3) outlines all the possible use-case scenarios
of the primary, secondary and tertiary users of the system.

Partneur has three types of end users: Individual users,
Investors and Mentors. Each of these users are business actors
to Partneur and play a particular role in the system. The

Fig. 3. Use case flow of Partneur

primary user is an individual user, who is seeking to utilize
the Partneur tool in bringing his business idea to life. He can
choose to initiate a project or simply join an existing team. He
takes the first step by creating an account with the website.
Next, he can choose to create a project of his own and choose



a Business model best suited to his idea. This is followed
by the Team Development process which includes connecting
with people to create a team. If an individual user doesn’t
choose to initiate a project, then he can request to join an
existing project. The Team Development phase is followed by
the Development phase. It includes Market Research, choosing
a Financial Template, creating a Business plan and choosing
the Services required to develop the project. A Mentor is
a secondary user of the system who provides his valuable
insights and assists the team in making key decisions in the
Development phase of one or more projects. Service providers
are tertiary users of the system. They are not key business
actors since they don’t create an account with the system and
are not personally involved with the project which the goal
of success. However, they do impact the system by providing
their services (such as Accounting, Website development etc.)
to various teams who contact them for their services. Finally,
Investors are important business actors of the system. They are
secondary users of the system who launch the various projects
after they are completed. First, they create an account with
Partneur. Next, investors choose certain criteria about the kind
of projects they would be interested in funding. And finally,
they select one or more project and help in launching them by
providing monetary funding.

D. System Vision as Rich Picture

A system vision diagram is a joint vision of the system
agreed by all stakeholders. One way we can create this big
picture is through graphically depicting the entire system in
a rich picture format. A rich picture is a holistic thinking
approach for a complex system with several stakeholders [22].
It consists of text, symbols, icons and thought bubbles to
illustrate the main elements and relationships that need to
be considered in trying to intervene in order to create some
improvement. It includes a broad view of the stakeholders,
processes and elements of the system. The thought bubbles
are queries/thoughts/ideas of the specific stakeholder in this
situation. A rich picture helps in understanding the complexity
of an entire situation. It points out relationships and connec-
tions that we may otherwise miss. A rich picture helps to
open discussion and come to a broad, shared understanding of
a situation. We have used icons from the sustainability library
that was created at the ICT4S 2018 conference [31].

The system vision diagram (Fig. 4) depicts the system vision
of Partneur in a rich picture format [17]. Firstly, let’s begin
with the owners of Partneur. They overview and manage all
the processes and key decisions of the system. They own the
Partneur website and are responsible for its overall functioning
and issues. The owners are usually concerned about issues
such as: How to get more users? How to get more schools on
board with Partneur? How to achieve credibility of the system?
How to manage legal issues? How to get more funding?

Next, we have the team of IT Developers who develop the
code and database to build the website. They work together
with the Support team to ensure that the system has a
reliable, secure, user-friendly interface with high availability.

In addition to individual users, we also have students from
schools/educational institutions who are the secondary users
of Partneur. Thus, Partneur has partnerships with a few local
schools/institutions who utilize Partneur as a learning tool to
enhance the teaching process. Next, we have the Mentors
who overlook the teams and projects and provide guidance
throughout the process. Some Mentors might belong to an
educational institution but not necessarily. Next, we have mo-
tivated, passionate individuals who have signed up and created
an account with Partneur. They may belong to an educational
institution, but not necessarily. Since these individuals usually
have little or no prior experience in entrepreneurship, they
have concerns such as how to identify suitable partners, how
to obtain funding, and how to estimate operating costs. Further,
these individuals form separate teams to create their projects.
Each team member has concerns like “I hope this team sticks
together”, “I hope our ideas are not stolen” etc. Every team
works on one or more projects. They create a Business model
and pitch deck. Investors fund the project if they like the pitch
deck. Investors think about factors such as Does the project has
a high ROI, low risk etc. A legal team backs the project pitch
deck to ensure that the Intellectual Property (IP) is protected.
After the investment in the project, the project proceeds to
becoming a final product. The final product ends up having a
positive effect on the community at large.

E. Sustainability Awareness Diagram (SuSAD)

Now that we have a clear picture of the whole system,
its processes, stakeholders and motivation, we can combine
our insights to create a sustainability awareness diagram of
the system. This is a diagram which details the immediate,
enabling and systemic effects of the entire system. A SusAD
diagram can be graphically represented in several forms. Here,
we have utilized a pentagon radar diagram. Each side of the
pentagon represents one of the sustainability dimensions.

The diagram is split into three levels. At the innermost level,
the immediate effects of the system are listed, according to
the dimensions of sustainability that they impact. Immediate
effects include the direct effects of the production, use and
disposal of the software systems. The middle level and the
outermost level detail the enabling effects and systemic effects
of the system. Enabling effects arise from a system’s appli-
cation over time. This includes the opportunities to consume
more or lesser resources amongst the other changes induced
by the system. System effects represent the “persistent changes
observable at macro level”.

One way of making use of the contents of the SuSAD is
to connect this to sustainability patterns, which can be found
in the Sustainability Pattern Catalogue (https://patternscatalog.
herokuapp.com) [8]. Table 1 shows which patterns we have
identified as applicable for Partneur.

In detail, these patterns are characterized by the following.
For details on examples from companies where these patterns
have been successfully applied, please see [8].

HR 2: Data Privacy and Security Policy — With the raise
of the Internet of Everything (IoE), people can now share

https://patternscatalog.herokuapp.com
https://patternscatalog.herokuapp.com
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Fig. 5. Sustainability Awareness Diagram of Partneur



1st order 2nd order 3rd order
individual HR2: Data Pri-

vacy and Secu-
rity Policy

social G3: Collaborate
with peers

technical ENV4:
Resource
Efficiency

economic G5:
Transparency

environmental ENV3: Design
ecological
products

TABLE I
PATTERNS FROM CSR CATALOGUE THAT CAN BE USED TO IMPROVE THE

IMPACTS IDENTIFIED IN THE INDIVIDUAL CELLS OF THE SUSTAINABILITY
AWARENESS DIAGRAM.

and access business or personal data from anywhere at any
time. Therefore, data privacy and especially security is a huge
concern in the world, especially for the IT industry that is
at the basis of this IoE. To fight these issues, 75% of the
companies established a Data Privacy statement where they
explain how they use our data. These statements constantly
evolve to meet the new regulations as we saw recently in
Europe. Moreover, since the most private data is the one that
is unreachable, companies also include Data Security in the
conception of their products or services that allows them to
increase the trust of their customer.

G3: Collaborate with peers — According to the UN, collab-
oration is one of the keys to meet Sustainable Development
Goals. By participating to the creation of laws or standards
companies, most of the companies try to increase their co-
operativity. Moreover, most of the companies also decided to
go further than local regulation in different places where they
operate, especially when they are in the third world. These
initiatives can lead to an international recognition in specific
fields for companies, and even sometimes to be defined as
“an example to follow”. Finally, local and internal cooperation
is also very important this is why more than half of the
companies implemented stakeholder engagement mechanisms
to define their own sustainability objectives (see pattern G1).

G5: Transparency — Publish sustainability data to the
public audience and make pricing transparent. All of the 20
companies investigated in [8] provided environmental data
such as CO2 emissions, electricity consumption, resources
consumption, etc. They also published their different dona-
tions, and few even reported their political contributions or
stated that they weren’t involved in it. On one hand, this
practice, allows companies to keep a track on the level of
advancement of their different sustainability strategies and give
the possibility for public institutions to confirm it. On the other
hand, they can inform customers about their different impacts
on sustainability.

ENV3: Design ecological products — In order to reduce
their environmental impacts, companies decided to design
more ecological products regarding the materials used to
build them. This is concretely translated in two ways. First,

reuse materials into the manufacturing process, also known as
circular economy. Second, reduce or eliminate the proportion
of toxic or harmful materials from the products. In order to
be even more efficient, this strategy is most of the time com-
bined with the implementation of an end of life management
program which allows companies to directly refurbish, recycle
or reuse the products they sold (see patterns CONS1).

ENV4: Resource efficiency — To limit their resources’
consumption companies, and then reduce their environmental
negative impacts, companies decided to set up initiatives to
economize different type of resources. Most of them decided
to focus on waste generation from office and water efficiency
both from office and from operations. We can also notice
that more than half of the companies decided to set up
paper efficiency strategy, mainly by optimizing their printing
policies. To maximize the impacts of this strategy, employees
need to be fully aware with environmental issues [8].

V. ANALYSIS AND DISCUSSION

This section analyses and discusses the results of the case
study summarized in the above presented artifacts.

A. Usability of artifacts & approach by the requirements
engineers

In creating each diagram for the case study, we found a fresh
perspective in understanding the system. It helped us get a
thorough big picture of the stakeholders, functions, processes,
goals, possible use-case scenarios and sustainable dimensions
underlying in the system.

While creating the Stakeholder model diagram, we started
by categorizing the possible stakeholders of the system into
three groups: Individual, Business and Systemic. Each group
represents an increasingly larger set of people. Individual
stakeholders are single body stakeholders who play a role in
the system such as an owner or an individual user. Business
stakeholders are enterprises or organizations that play a role
in the system for example competitor businesses, educational
institutions etc. System stakeholders are larger, organizational
bodies that play a role in the system for example the local
community, environment etc. It was important to remember
that these stakeholders can be affected directly or indirectly by
the system. Not all stakeholders are direct users of the system.
We derived the list of stakeholders by iteratively assessing
the generic lists of stakeholders based on their functions
and roles and critically analyzing the possible stakeholders
that could exist in the three categories (Individuals, Business,
Systemic). In the future, it is planned to expand the stakeholder
analysis to include other sustainability actors (environment,
future generations etc.).

Next, we assessed each of the different stakeholders from
the different ways in which they are categorized and derived
a list of goals specific to each stakeholder. Then we organized
the goals into a hierarchy of three categories, Business goals,
Usage goals and System goals, based on their overall objective.
Business goals are usually set by the Owners, Advisors,
higher level management etc. Usage goals are the standards



or expectations set by the direct users of the system. System
goals are goals about the system-characteristics which are set
by the development team to ensure the success of system.
Collectively, these goals work together to ensure the success
of the previous higher hierarchy of goals and ultimately the
Primary goal or the mission of the system. Finally, for each
goal, we noted which dimensions of sustainability satisfied
or improved by it. We noticed that these dimensions of
sustainability are common for related goals in the hierarchical
order, i.e., parent and child goals collectively improve common
dimensions of sustainability. Further, every goal higher up in
the hierarchical order (i.e., Business and Usage goals) must
have more than one subgoals. This ensured the cohesiveness
of the goals of the entire system.

We followed this by creating a UML use case diagram.
Out of the list of stakeholders, we focused on the direct
users of the system. These are the primary, secondary and
tertiary users of the system. We mapped out all the possible
scenarios and actions they can perform in the system and
created a consolidated UML diagram. This diagram depicts
the relations between the direct users and their action flow
in the system. Next, we created the Rich picture diagram to
provide a big picture which is inclusive of all the stakeholders
in the system. It details all the processes occurring in the
system and interdependencies between the stakeholders of
the system. Every stakeholder can impact several processes.
Further, to enhance the big picture, the concerns of every
stakeholder are represented in their thought bubbles. This
shows us how different stakeholders have different objectives
from the system.

Finally, we consolidate all the insights and information from
the above assessment of the system and produce the SusAD
diagram. We critically assessed the various stakeholders, their
goals, interdependencies and actions to achieve these goals in
the entire system to derive the possible immediate, enabling
and structural effects it creates. We classified the effects based
on the dimensions of sustainability they impact. This provided
us with the overall impacts created by the system and the
underlying process behind them. This helped in identifying the
ways in which we can optimize the processes of the system and
update the goals to make it more sustainable and impactful.

B. Usefulness of the results for the start-up founders

We elicited and structured information under the dimensions
of sustainability that the founder team had not previously
thought about in that manner. Their perspective was more
informed by an economics background and therefore applying
a software and systems engineering approach brought new
insights. In addition, the sustainability awareness diagram gave
more of a long-term view than the planning horizon a start-up
would usually analyze. While resources in terms of working
power and time are limited, just a discussion of 2 hours
brought a more than adequate amount of insights for the time
invested in the task. For example, the founders saw some good
points to highlight sustainable businesses on their platform.
All together they gave us the feedback that they gained some

additional insight from the analysis that can be beneficial to
their company going forward.

The visual library used for the system vision had been
developed at ICT4S 2018 [31]. It was perceived as a useful
and adequate set of illustration icons by both the requirements
engineers and the start-up founders.

C. Lessons Learned

Looking back on the analysis of the research, there are a
couple of ways in which we could optimize the research to im-
prove the preciseness of details, results and impact of this case
study. An alternative way to initiate the sustainability analysis
part of the research from scratch would be by interviewing the
founders of Partneur about their perspectives of sustainability,
their sustainability analysis for the system thus far and their
future goals. In our case we had a general interview and
then some document analysis, which also led to a number
of insights but it would be interesting to compare the two
ways of approaching the creation of the sustainability analysis
and understand which way is potentially more effective and/or
efficient.

After eliciting the requirements and concepts from the
information given to us, in a replication of this study we
could equally focus on drafting a clearer picture of the system
vision in direct iterative collaboration with the founders and
brainstorming the impacts of the system instead of creating
a draft and checking with them. This could be enhanced
with several in-depth conversations about the details of the
processes, the motivations of the stakeholders and creating
solutions for the concerns of every stakeholder.

In this exploratory case study we have only one system
under development and therefore there was no ground to
perform any type of quantitative analysis, but once we can
replicate this study with several companies [2], it would be
interesting to reuse rating scales for usability and usefulness
from previous work in the evaluation of artifact-based require-
ments engineering [20], [16], [19].

D. Limitations and Threats to Validity

The main limitation of the approach, i.e., what the approach
is suitable and intended for and what exceeds that, is that it
looks at a given scenario or situation in a development setting
and extrapolates the impacts that could potentially occur if the
system was going to be wildly successful. It does currently not
include the support for looking at alternative scenarios, which,
in the case of Partneur, could involve taking a closer look at
circular economy informed models [11], [30] or regenerative
approaches [14].

The threats to validity include that of the three researchers
working on the analysis, two were only recently introduced to
the techniques that were applied. Furthermore, we could only
interview two of the four founders of Partneur, but the other
two were looped in by email to confirm preliminary results
and double-check we had not misunderstood anything in our
conversations.



VI. CONCLUSIONS

Most businesses and startups today depend on or are facili-
tated by software. This paper showed a case study that employs
requirements engineering for sustainability and a sustainability
awareness diagram to help in the long-term estimation of
sustainability impacts. It is an artifact-based approach that
relies on several types of diagrams end our partner was a start-
up company for online business model and team development.

The presented diagrams and analysis are tools that can
support the critical assessment of the system or idea under de-
velopment. Stakeholder modeling and goal modeling can help
to resolve conflicts and find solutions for stakeholder concerns,
as well as explore the motivations of the stakeholders. The
sustainability awareness diagram helps to get better awareness
for the dimensions of sustainability impacted by the system.

In order to further this research, we plan to observe Partneur
and follow them through their 5-year plan. Questions of
interest are: Are there differences in their long-term impacts
because they explicitly incorporated sustainability goals? What
are positive impacts? Are there negative side effect? How to
assess and judge that value difference?

We are currently planning the next iteration and phase via
a facilitated team workshop with moderated discussions of
the sustainability dimensions with regard to Partneur’s latest
development status.
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Abstract - The building sector is responsible for a major share of 

the final energy consumption in the European Union. Most 

attempts to improve this situation to date have focused on 

construction or retrofitting measures. In contrast, this article 

centers on the role of building energy management systems and its 

ability to improve energy efficiency as well as to increase the 

consumption rate of renewable energies in the building sector.  

The authors present findings from two research projects in 

Germany that have analyzed applications of the technology for 

reducing heating demand and electricity consumption in 

residential buildings and households. Particular attention was 

paid to life-cycle-wide and rebound effects of the technology to 

ensure that the applications achieve net savings. 

The results also illustrate that building energy management 

systems can facilitate the implementation of the next phase of the 

energy transition, which will require flexibility from the building 

sector to adapt energy consumption to more volatile production 

patterns from renewable energies. Open architectures, standards, 

and interfaces play a crucial role in this process. 

 

Index Terms 

Building energy management, energy transition, flexible energy 
consumption, demand-side management 

I. THE ENERGY TRANSITION IN THE BUILDING SECTOR 

The building sector is of considerable importance for the 
transition and decarbonization of the energy system. Almost 
80% of total final energy consumption in the EU is used for 
heating and hot water in residential and non-residential buildings 
[1]. Moreover, approximately half of the stock of residential 
buildings in European countries was built before thermal 
regulations or building codes were introduced in the 1970s [2], 
resulting in poor insulation and high thermal losses. 

The EU has therefore agreed on two policy goals for 2030. 
First, energy efficiency should be improved (in all sectors) by 
27% and greenhouse gas (GHG) emissions reduced by at least 
40%. Second, the share of renewable energies is to be increased 
to 27% of the energy supply [3]. These policy goals present two 
challenges to the building sector: an increase in efficiency and 
the integration of fluctuating renewable energy sources into a 
system with a steady demand. 

                                                           
1 These principles and strategies are integral parts of building codes and 

directives for energy performance (see, e.g., the Energy Performance of 
Buildings Directive (EPBD) and the Energy Efficiency Directive (EED)). 

Although efficiency measures (e.g., high-quality building 
insulation, solar architecture) and decarbonization strategies 
(e.g., using more renewable energies), are widely applied in the 
construction of new buildings,1 retrofitting the existing 
residential building stock is extremely challenging. High costs 
and inadequate financing schemes [4] and [5], long life cycles of 
materials and appliances, as well as social constraints 
(increasing rents and housing prices) and cultural constraints 
(preserving historic buildings and urban centers) delay the 
implementation of efficiency measures and the roll-out of 
renewables in the building sector. 

Another approach to increasing efficiency is through smart 
building technology, in other words, distributed, intelligent, and 
networked hardware and software systems that can reduce and 
shift energy consumption in buildings and households (see 
Section II). Smart building technology is becoming more 
important for the following reasons: 

• Networked information and communication technology 
(ICT) in the energy sector: autonomous and ubiquitous 
sensors, smart measuring technologies (smart meters 
and smart meter gateways), and open platforms and 
interfaces are sweeping the building sector, becoming 
integral components of existing technologies and 
products (heating, cooling, appliances, etc.) [6]. Energy 
networks and infrastructure (transmission and 
distribution networks) are also being equipped with 
smart technologies, gradually allowing communication 
across different levels of the energy system (see II.B). 

• Demand for energy management in buildings: in 
addition to the objectives for energy efficiency, the 
increasing share of fluctuating energy production from 
renewable sources is creating a need for more demand-
side flexibility in the energy system and the building 
sector [1]. Smart building technologies provide 
solutions for managing energy consumption in buildings 
and households, for coupling heating and electricity 
consumption, and for adapting energy consumption 
patterns to fluctuating energy production. 

• User and behavior orientation: finally, users are an 
important factor in the transition towards an efficient 



 

 

and flexible energy system. Besides rapidly developing 
technology and improved usability, behavior is crucial 
for mobilizing efficiency and flexibility potentials in the 
building sector. Smart building technology and 
applications can facilitate and incentivize a change in 
consumption patterns (e.g., through visualization and 
efficient feedback mechanisms) [8] and [9]. 

Against this background, the objectives of the present paper are: 
(1) to summarize and demonstrate that state-of-the-art smart 
building technology can contribute to significant (net) energy 
savings, and (2) to describe how the technology can be applied 
to use inherent flexibility2 and demand management potential in 
the building sector for the energy transition. 

The findings presented in this paper were gained from two 
research projects and selected pilot installations of smart 
building technology in Germany. Although the German 
objectives and strategies for a transition of the energy system 
result from national policies and a specific building stock, the 
findings can be transferred to other countries. 

II. ROLE OF SMART BUILDING TECHNOLOGY FOR THE ENERGY 

TRANSITION 

A. Definition of Smart Building Technology and Building 

Energy Management Systems 

Smart building technology is based on building automation 
systems (BAS). A BAS is used to monitor and control 
mechanical devices, lighting, heating, ventilation, and air 
conditioning (HVAC) systems, etc. in buildings [10]. BAS can 
generally be used in residential as well as commercial and public 
buildings, and also in industrial sites, where microcontroller-
based automation emerged back in the 1970s [11]. The 
following definition focuses solely on residential buildings and 
their role in the energy transition, which is different to industrial 
applications. 

Building energy management systems (BEMS) are a 
subcategory of BAS that are specifically used for energy 
management in buildings and households. BEMS consist of 
distributed sensors (temperature, humidity, motion, etc.) and 
actuators (pumps, radiator valves, vents, etc.) in rooms, 
apartments, and buildings that are hierarchically linked to 
control units (apartment manager and building manager, see Fig. 
1). Their main function is to control and monitor heating demand 
in buildings [6] and to adapt the central heat generating unit (gas 
boiler, district heating station, combined heat and power (CHP) 
plant, etc.) according to the demand of the building and its 
residents. The difference between BEMS and simple thermostat-
based heating control derives from the architecture (hierarchical 

                                                           
2 This preliminary definition of flexibility for the energy system was 

developed as part of the research project WindNODE (see Section VI). 
3 Connected Living is an innovation center and association that aims at 

creating a network and platform for a cross-sector and cross-producer smart 
home platform (https://connected-living.org/en, retrieved December 2018). 

4 A number of open standards have been established. OpenTherm is a 
standard communications protocol used in central heating systems 
(www.opentherm.eu, retrieved December 2018), and the Open Metering System 
is a standard for manufacturers and utilities for communication between different 
utility meters (www.oms-group.org, retrieved December 2018). 

optimization vs selective optimization) and the number and 
accuracy of the measured variables and values used for 
optimization [12]. While thermostat-based heating control often 
relies on one or a small number of measuring points, BEMS take 
many measured values from individual rooms, user preferences, 
building characteristics, and the weather forecast into account. 

B. Evolution Toward Open Standards and Platforms 

Smart building technology is undergoing a radical change. In 
the past, BAS and BEMS were known for their proprietary 
approaches and communication protocols that often led to 
technological and financial dependencies [14]. Furthermore, 
applications were often user-unfriendly, forcing customers to 
adapt to autonomous control systems and leaving very little 
room for interaction. This situation has changed significantly 
over the past decade. Many (although not all) systems are based 
on interoperable hierarchical architectures and (semi-)open 
standards and protocols (e.g., Connected Living,3 OpenTherm, 
Open Metering System).4 The energy sector itself is a strong 
driver for open architectures and interfaces with the objective of 
creating integrated and networked smart energy systems and 
markets, integrating energy generation, distribution, and 
consumption (see e.g., USEF,5 VHPready,6 and EEBUS.7) 

Finally, BEMS user interfaces and feedback mechanisms 
have improved significantly, benefiting from the general 
development of smart devices such as smartphones and tablets 
[13]. Another advantage of BEMS open architectures for users 
is that these allow the integration of additional services from 
other smart building domains such as facility and service 
companies (e.g., assisted living or security services).  

 

 
Fig. 1 BEMS with sensors, actors, and control units and an open platform for 
services (source/©: © Riedel Automatisierungstechnik GmbH) 

5 USEF is a foundation created by organizations active in the smart energy 
industry. Its goal is to develop a framework and market model for an integrated 
smart energy system (www.usef.energy, retrieved December 2018). 

6 VHPready is an open industry standard for the control and integration of 
decentralized power and heat generation plants, consumers, and energy storage 
systems into virtual power plants and smart grid applications 
(www.vhpready.de/en/home/, retrieved December 2018). 

7 EEBUS is an initiative that seeks to introduce a global language for devices 
in the energy sector to communicate with one another (www.eebus.org/en/ 
vision/language-for-energy/, retrieved December 2018). 



 

 

C. Building Energy Management Systems: Interoperable 

Platforms for Flexibility  

The evolution of BEMS toward open and interoperable 
systems and platforms has unlocked new areas of application. 
While in the past systems often focused on the optimization of 
energy efficiency in single apartments and the behavior of 
individual residents [15], [16], and [17], new interoperable (best 
available) technology takes into account the optimization of 
whole buildings and neighborhoods8 as well as the supply 
system with increasing shares of renewable energies, a more 
decentralized energy production (e.g., integration of solar 
panels, heat pumps, or CHP) and consumption (e.g., storage in 
batteries, electric mobility) (see Fig. 2) [21]. 

Fig. 2 The role of energy management in buildings against the background of 
a changing energy system (source: according to [7]) 

BEMS can be used to optimize complex systems and 
facilitate and allocate flexibility.9 Flexibility is becoming more 
important with the increasing share of fluctuating renewable 
energies (solar, wind, etc.) in the grid. Alternative strategies for 
dealing with a fluctuating energy supply are demand response 

                                                           
8 A neighborhood is defined in this paper as an aggregation of several 

(multistory) residential buildings. 
9 Flexibility is understood as the capability of elements in the energy system 

to actively react with adapted performance to an external signal that reflects the 
variability in electricity production and consumption. (This preliminary 
definition of flexibility for the energy system was developed in the research 
project WindNODE, see Section VI). 

10An aggregator is a generic market role combining electrical appliances to 
make their energy and flexibility more valuable on the market.  

management, storage technologies, and dynamic pricing 
schemes [18] and [19]. 

BEMS provide interfaces to receive signals for external 
incentives for flexibility (see Fig. 3). The signals might be either 
control, price, or other incentives that ensure that an economic 
optimum is achieved at the local level. The system is able to react 
flexibly to external events such as surpluses from wind energy 
or bottlenecks in the electricity grid. Signals can either be used 
to stimulate adaptive behavior or for autonomous optimization 
with BEMS. Signals can be emitted by market participants (e.g., 
aggregators10) that collect smaller flexibilities and trade these 
either via virtual power plants11 (VPP) or directly on energy 
markets. New flexibility markets and models of the above-
mentioned aggregators are described for example in “The 
Framework explained” by Universal Smart Energy Framework 
(USEF) [19].  

III. RESULTS FROM THE DEVELOPMENT AND APPLICATION 

OF BEMS IN A GERMAN NEIGHBORHOOD 

The results presented in the following section were derived 
from two joint research projects funded by the German Federal 
Ministry for Economic Affairs and Energy (see Section VI).  

The objective of the projects was to integrate an existing 
BEMS into an open smart building platform and to further 
develop its optimization functions. The improved technology 
was implemented in two different neighborhoods in Germany 
and the effects of the energy management were monitored over 
a period of several years.  

A. Integration of BEMS into an Open Smart Building Platform 

In a first step, an existing BEMS for the optimization of the 
energy consumption (heat and electricity) in households and 
buildings was integrated into an open smart home platform.12 
This allows the system to communicate and interact with 
standardized bus systems and interfaces from the home 
automation sector (IP-Bus, EnOcean, wireless M-Bus, etc.). A 
Smart Home Internet Protocol (SHIP) connects proprietary with 
open standards (see Fig. 3). 

During integration and further development, particular 
attention was paid to the usability of the BEMS. A newly 
designed graphical user interface and feedback mechanisms for 
single room temperature control were implemented. 

Integration of BEMS into interoperable platforms is a 
prerequisite for the fast-developing demand for flexibility and 
energy management in a future smart grid (see Section IV). The 
main driver for this is the increasing share of fluctuating 
renewable energies (solar and wind) in the grid [18].  

 

11 A virtual power plant is an approach to connecting decentralized energy 
systems to capitalize them in a combined form and it appears on the market like 
a traditional power plant.  

12 The existing BEMS of the German company Riedel 
Automatisierungstechnik GmbH was integrated into the open smart home 
platform concept of the German Connected Living Association (see 
www.connected-living.org/en). 



 

 

 
Fig. 3 Open architecture of BEMS (source/©: Riedel Automatisierungstechnik 
GmbH) 

B. Reduction of Energy Demand in Residential Buildings 

In a second step, the BEMS was installed in a neighborhood 
consisting of six multistory residential buildings with 224 
apartments in Berlin, Germany. These buildings, owned by a 
cooperative, were built in the 1950s/1960s and partially 
refurbished in the 1990s (with new windows and moderate 
insultation on walls and attic). The buildings are supplied with 
locally produced heat and electricity from a CHP plant (34 kWel/ 
78 kWth), operated by a contractor, and additional boilers. 
Subsequently, the energy consumption of the individual tenants 
and apartments for heating and warm water in the complex was 
monitored from 2015 to 2018. 

The introduction of the BEMS in the neighborhood led to an 
average reduction of heat demand of 24% (80.8 kWh/m2a to 61.4 
kWh/m2a). Residents’ operating costs were cut by 17% [21].  

Although the heating energy savings depend on the 
characteristics of the building (size, building material and 
physical properties, structure of residents, behavior, etc.), similar 
savings (approximately 20%) have been documented in 
comparable projects and types of buildings in Germany [21], 
[22], and [23]. The results also show that efficiency gains are 
higher in multistory buildings with multiple apartments and 
distinct heating demands than in individual or semidetached 
houses with simple heating patterns [22]. 

In the same neighborhood, the BEMS was used (in 
combination with smart meters) to visualize electricity 
consumption of the residents in the apartments. Although 
transparency of electricity consumption can lead to individual 
savings (e.g., through exchange of appliances with high energy 
consumption and behavior change of residents) [8], there are 
currently no incentives for residents in Germany (e.g., dynamic 
prices) that would encourage an adapted consumption to a 
fluctuating energy supply. 

C. Mobilizing Thermal Storage Capacity of Buildings 

In a third step, the objective was to prove that BEMS can be 
used to mobilize flexibility in the building sector. This can be 
done either by shifting energy consumption in households and 

                                                           
13 The results of the survey have not been published. The data are the 

property of the building cooperative. 

buildings to times with lower grid loads or by actively feeding 
energy (electricity from CHP plant) into the grid. 

In the above-mentioned case of the neighborhood in Berlin, 
it was done by using the thermal building mass. Simulations of 
the buildings have demonstrated that up to 16% of the yearly 
heating demand in the multistory buildings can be shifted by the 
temporary adaption of average room temperatures by ±1 °C in 
apartments [21]. This thermal storage capacity of the building’s 
mass can be made accessible through BEMS, as the system 
allows precise predictions of heating demand.  

Combined with technologies such as CHP, heat pumps or 
electric heating, this thermal flexibility can be made available to 
adapt the dynamic electricity consumption/production profiles 
of these systems [24]. Furthermore, the technology enables the 
efficient allocation and coordination of small price-incentivized 
flexibilities. 

The simulation was verified in the buildings with short trials 
of adapted operation modes of the CHP plant. This result is of 
interest for various reasons. First, it indicates that the inherent 
building mass can be used to reduce and shift energy 
consumption in households and buildings. Second, it provides 
inexpensive flexibility that can be used and increased with 
manageable additional measures (see Section IV). 

D. BEMS and User Acceptance 

The introduction of BEMS in the selected residential 
buildings was accompanied by an intense and continuous 
discussion with the residents of the apartments. The residents 
learned to operate the BEMS and to adapt the standard operating 
scheme of the single room temperature control to their individual 
needs. To avoid a rejection and malfunction of the system, the 
following steps were taken: 

• High priority during the development of the BEMS was 
given to a user-friendly design and the user interface of 
the control system (apartment manager) with simple 
feedback mechanisms. 

• The cooperative (owner of the buildings) asked the 
residents ahead of implementation to endorse 
introducing the efficiency measures and achieved an 
approval rating of over 75%. 

• The residents were trained to use the systems. Their 
concerns regarding comfort and costs were respected 
and they learned how to change the settings if so desired. 

Two years after implementation, a survey with all residents 
was conducted. Acceptance of the system was unchanged and 
reduced operating costs, energy efficiency, and comfort were 
discussed with representatives of the residents.13 

E. Assessment of Environmental Effects of BEMS 

Finally, assessment of the life-cycle-wide energy and 
resource consumption of BEMS is of interest in order to judge 
whether the technology can contribute to net savings. Research 
by the authors has proven that: 

• Potential net emissions savings through the application 
of BEMS strongly depend on the heat energy saved 



 

 

(functional unit: 1 kWh saved), and can vary from 
approximately 0.4 kg CO2 equivalent (for natural gas 
heating avoided) to over 1 kg CO2 equivalent (for 
electric heating avoided in regions with GHG-intensive 
electricity generation). At present, BEMS typically 
avoid at least 40 times as many GHG emissions as they 
produce over their entire life cycle if they are used in 
regions with moderate to cold climates [12]. 

• A comparison of building insulation and BEMS in 
Germany showed that CO2 abatement costs for building 
insulation (approximately. €100/tCO2) are at least three 
times higher than the costs for BEMS (approx. 30 
€/tCO2) [25]. It follows from this that BEMS can be 
efficiently used to quickly reduce energy consumption 
in the building sector, even when cost restrictions for 
refurbishments or strict conservation codes for buildings 
apply.  

Finally, as with other technologies, BEMS can have rebound 
effects [26]. Direct or primary rebound effects deriving from 
BEMS can be eliminated with a high degree of certainty due to 
the high efficiency achieved by the technology. Indirect or 
macroeconomic effects are more difficult to assess. At this point, 
it can only be assumed that these effects are not dominant 
because of rising operating costs (heating and electricity) for 
residents in the German housing and rental market. 

IV.  FUTURE APPLICATIONS OF BEMS FOR THE ENERGY 

TRANSITION 

The results presented in the preceding section indicate that 
BEMS can successfully be used to manage complex buildings 
and neighborhoods with multiple power generating units (e.g., 
boilers, CHP plants). In these applications, BEMS serve as a 
platform for complex controlling and optimization processes. 
They minimize costs (e.g., residents’ operating costs) and 
environmental effects (e.g., GHG emissions) and translate this 
into specific objective functions of the BEMS, using priority 
circuits for CHP plants (to prevent wear and tear)) [6]. Hence, 
BEMS can also be used to facilitate and allocate flexibility or 
grid-reactive behavior of buildings by using inherent storage. 
Thus, buildings can provide affordable alternatives in 
comparison with other storage solutions (batteries, power-to-x, 
etc.) [18].  

A key insight from research projects to date is that, although 
technically possible, the mobilization of flexibilities from the 
building sector is highly dependent on (financial) incentives. 
These incentives could be, for instance, dynamic pricing 
schemes that take into account availability of renewable 
energies, storage options, and grid capacity. Dynamic pricing 
would be a strong driver for the allocation of (relatively 
speaking, compared to other sectors such as industry) smaller 
flexibilities from residential buildings. Such smaller flexibilities 
could then be allocated to dimension in the GW range with 
significance for the energy system. Further research by the 
authors therefore focuses on two questions: 

                                                           
14 The installation of PtH elements in warm water storage/buffer tanks is 

inexpensive and can be performed by plumbers in a few working hours.  

• How can smaller flexibilities from buildings be 
complemented with other approaches or technologies to 
form bundles that are technologically and commercially 
useful?  

• What are use cases, value chains, and business models 
that allow the aggregation of smaller flexibilities from 
buildings and how can they be realized? 

The following sections will describe how these questions are 
being pursued in ongoing research of the authors, using the 
technology and neighborhood described in Section III above.  

A. Increasing the Flexibility Potentials from Buildings 

With residential buildings, there are several options to 
increase flexibility potentials. Although BEMS were primarily 
developed to control and optimize heating systems and 
electricity consumption in buildings, thanks to their open 
architecture and interfaces, they can also integrate (existing and 
additional) sources for flexibility, such as cooling, air 
conditioning, heat pumps, electric mobility, etc.  

One option that can easily be realized in residential buildings 
is power-to-heat (PtH) elements in existing warm water buffer 
systems. These can be retrofitted in existing hot water storage 
tanks and local district heating networks and they provide 
inexpensive solutions for flexibility by converting excessive 
renewable energies (e.g., PV or wind) into heat14. PtH elements 
are therefore simple solutions for coupling the electricity sector 
to the heat sector.  

The neighborhood in Berlin, Germany described in Section 
III.B was equipped with such PtH elements (6 x kW = 48 kW) 
in existing warm water buffer tanks. The PtH elements were 
integrated in the BEMS (see Fig. 1) and are now, together with 
the CHP plant (36 kW), part of the flexibility potentials of the 
buildings. The flexibility can be used to: 

• consume electricity from the grid by turning off the CHP 
plant and charging the warm water storage tanks 
(negative balancing power in times of high grid loads) 
or by 

• feeding electricity into the grid from CHP plant and 
slightly overriding the present temperatures in the 
complex by max 1°C and using the buildings as inherent 
thermal storage (see Section III.C) (positive balancing 
power in times of low grid loads). 

Control via the BEMS ensures that costs are minimized and 
changes made due to flexibility options will be in line with the 
temperatures preset by the residents with minor alterations. 

B. Analyzing Value Chains for Energy Flexibility of 

Residential Buildings 

For the commercialization of flexibility of the building 
sector, it is important to understand the flexibility needs in the 
energy market and to identify approaches or instruments that can 
serve these market needs. Although demand for flexibility is 
subject to national (in this case, German) regulations, some 
general rules apply. First, flexibility is needed to balance 
upcoming supply and demand on the market (day-ahead and 



 

 

intraday). Second, there is a need for flexibility to stabilize the 
transmission grid (frequency control) and to avoid network 
bottlenecks (congestion management). Third, electricity 
suppliers (the balance responsible party) have to supply their 
electricity to customers continuously and precisely as required. 
They need to be flexible for short-term adaptation to 
unforeseeable fluctuations in electricity generation and 
consumption [27]. Finally, flexibility can be used to achieve a 
high self-sufficiency rate. For prosumers, this means that their 
own production is able to meet their needs most of the time, so 
that they rarely have to buy energy from suppliers.  

These needs have a strong impact on the technological 
options for flexible energy supply of buildings. At present, 
market demand for flexibility is almost exclusively met by 
bigger power plants (multiple MW each). Market access for 
smaller (individual) plants, for example, from the building 
sector, is therefore difficult to realize. 

For this reason, instruments that might help operators of 
smaller plants or units to achieve flexible energy supply are 
being examined. Digital platforms and virtual power plants are 
one approach for overcoming the existing barriers for smaller 
flexibility providers. They can efficiently pool flexibilities by 
streamlining processes and minimizing costs that arise, for 
instance, through registration and trading.  

Marketing via VPP can also allow producers to offer 
flexibility to more than one market at the same time (“multi-
use”). Based on precise predictions, it is possible to sell 
electricity (e.g., from CHP) on the market 24 hours a day and 
simultaneously hold back negative balancing power for 
frequency control. Therefore, CHP units are usually operated at 
full power. If, for example, high loads occur in the grid (e.g., due 
to surplus feed-in from wind generators), the output power of a 
CHP unit can be reduced at short notice to support grid 
balancing. 

C. Identifying Use Cases and Market Incentives for Digitally 

Enabled Flexibility Services Provided by the Building 

Sector  

To explore options for flexible or grid-reactive behavior of 
buildings and to align them with market demand, research on the 
current electricity system/market was conducted together with 
relevant stakeholders. Potential models were drafted from a local 
consortium consisting of a BEMS supplier, a CHP operator, a 
housing company, and two research organizations. These drafts 
were presented and discussed at a stakeholder workshop in 
Berlin in 2017.15 

On the basis of these workshops, potential models for 
flexibility services of local neighborhoods were developed. Two 
models that fit the current framework of the electricity system 
best are presented below: 

 
 

                                                           
15 Participants in the stakeholder workshop were: housing companies, CHP 

operators, BEMS suppliers, TSOs, DSOs, energy legal experts, energy 
consulting companies, energy suppliers, and research organizations. 

16 TSO: transmission system operator, the party responsible for the 
electricity transport grid. 

1) Grid Services for a DSO/TSO Flexibility Platform 

The first model aims at offering flexibility to the electricity 
grid. It combines the functions of a TSO16/DSO17 operational 
online platform (acquiring flexibility from plant operators) and 
a coordination platform (optimization between TSO and DSO, 
in this case, a project specific platform, see Fig. 3) according to 
USEF [28].  

 

 
Fig. 4. Flexibility of buildings through TSO flexibility platform (source: own) 

Offers for flexibility can be submitted both a day ahead and 
intraday for individual quarters of an hour (96 values per day). 
The call for flexibility can be both day-ahead and intraday.  

Flexible systems can be registered and offers submitted 
either manually via a browser interface18 or automatically via 
transfer of an xml file. An automated process fundamentally 
reduces the specific registration/transaction costs per kilowatt. 
This is of importance for small flexible devices/systems wishing 
to compete with larger ones in the future.  

2) Market Flexibility via Virtual Power Plant 

The second model aims at integrating flexibility into the 
market through a virtual power plant (VPP). VPP operators 
usually control various plants for the generation and 
consumption of electricity in order to be able to react flexibly to 
demand on the energy market and to generate optimum results 
across their entire portfolio.  

 
Fig. 5. Flexibility of buildings through VPP (source: own) 

This case allows VPP operators to react to predictable 
fluctuations of electricity production in advance by optimizing 

17 DSO: distribution system operator, the party responsible for operating the 
distribution grid (sometimes called DNO, distribution network operator). 

18 See www.flexplattform.de (retrieved December 2018). 



 

 

schedules. In an ideal market, only facilities that produce the 
smallest specific emissions at the lowest cost, just enough to 
cover the load (see Fig. 4), will operate.  

A control box (gateway) is installed in one or more buildings 
to connect the neighborhood to the VPP operator. The box 
interacts with the BEMS which determines the local flexibility 
options and optimizes their operation. 

D. Testing of Use Cases 

The two cases developed for the building sector (DSO/TSO 
flexibility as well as market flexibility for VPP) will be 
implemented and verified with tests in the neighborhood in 
Berlin, Germany (see Section III.C). Time-limited trials (24-48 
hours each) under changing conditions (different seasons) are 
planned. A major challenge is the requirement to not interfere 
with the need for continuous supply of heat and electricity for 
the residents. 

The trials will encompass the processing of external signals 
for flexibility (e.g., signal from platform or VPP operator) via 
interfaces of the open BEMS architecture (including interfaces 
between the BEMS and the plant/units for flexibility), as well as 
the ability of the buildings to react to the signals.  

It is expected that the flexibility potential will depend on 
various factors such as building physics (building construction, 
materials, etc.), utilization of the building, and types of heating 
and hot water systems. 

It is also expected that, due to the current market and pricing 
scheme (fixed prices for electricity, no incentive for flexibility, 
etc.), options for commercialization of the flexibility will be 
limited (see Section B), but that with dynamic prices in the future 
(due to higher shares of renewable energies) new business 
models will develop. 

V. CONCLUSIONS 

Results from the research, development, and trials with 
BEMS allow the following conclusions. 

A. BEMS and their Contribution to Energy Efficiency in the 

Building Sector 

The building sector plays an important role in the transition 
of the energy system and BEMS can help to make the building 
sector accessible for this development. The technology can 
improve energy efficiency in buildings and households by 
significantly reducing heating demand. If state-of-the art 
knowledge and technology is applied, 20% of heat energy can 
be saved in partially refurbished residential buildings in 
moderate to cold climates. This can be done in an economically 
reasonable way, without interfering with the autonomy and 
comfort of the residents, and with net energy savings over the 
life cycle. 

B. BEMS Foster the Integration of Renewable Energies into 

the Grid 

In addition, BEMS can act as a key technology to balance 
fluctuating electricity production from renewable sources with 
the need for a steady energy supply in households and buildings. 
The technology (together with smart meters) can be used to 
increase transparency on energy consumption. When combined 

with dynamic pricing, decentralized production (e.g., CHP or 
PV) and power-to-heat technologies, BEMS can serve as an 
optimization platform for coupling the electricity and the heat 
sector.  

Although the individual flexibility from buildings and 
neighborhoods appears small (below 100 kW), the total for this 
sector in Germany amounts to gigawatts [29]. Thus, the building 
sector with its inherent flexibility potential can be made 
accessible for a renewable energy supply. 

C. The Role of ICT Open Architectures, Standards, and 

Interfaces 

ICT and autonomous algorithms that optimize energy 
management on different levels of the system (building, 
neighborhood, local (distribution) grid, and transmission grid) 
are prerequisites for the efficient organization of a future energy 
system. Not only does the technology make it possible to balance 
energy production and storage, but it also allows the integration 
of decentralized flexibilities of buildings and private households 
(including appliances such as refrigerators, air conditioners, 
etc.), which can serve as additional reserves for demand-side 
flexibility. 

Although open standards and interfaces in the home 
automation and energy sector are currently developing, we are 
still a long way from having open, interoperable, and (inter-) 
nationally accepted architectures that cover different sectors of 
the energy transition (energy production and distribution, 
industrial production, buildings and mobility).  

D. Economic Incentives for the Energy Transition 

Finally, it can be concluded that financial incentives play an 
important role in the energy transition. Initial assessments 
indicate that under today’s regulatory and pricing scheme (in 
Germany), only small revenues can be obtained from these 
decentralized flexibilities in the building sector. However, it is 
also assumed that automated handling of flexibilities from the 
building sector with BEMS, platforms, and marketplaces will 
significantly lower the costs of aggregation.  

Thus, it is likely that handling and trading of smaller 
flexibilities will become more efficient. Together with 
incentives for flexibility (e.g., dynamic pricing schemes for grid-
reactive behavior, a flexible grid fee or tax) the development of 
viable business models will be possible in the near future. 
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Abstract— The time-use (or activity) patterns individuals per-

form on a typical day – their individual lifestyles – fundamentally 
shape our society and the environment we live in. Not only are 
lifestyles evolving over time, driven by societal and technological 
change, they also significantly contribute to the achievement of 
Sustainable Development Goal 12 “responsible consumption and 
production”, namely through the resource use and emissions 
associated with goods and services consumed to perform 
activities. We created an interactive, browser-based tool to visu-
alize and intuitively explore statistical time-use data. The visuali-
zation helps to gain an overview about the available data, identify 
and compare common time-use patterns and draw up hypotheses 
about the relationship between changes in lifestyles and their 
social and environmental consequences. We use the tool to com-
pare time-use data from different regions, time periods as well as 
socio-economic and demographic backgrounds and estimate the 
associated energy consumption. From a time-use perspective, any 
technological change which triggers changes in time allocation 
can only be environmentally sustainable if the environmental 
impact of the total of the activities performed after the change is 
lower than before. 

Index Terms— Time use, time-use data, lifestyles, activities, 
energy intensity of activities, visualization, sustainability. 

I. INTRODUCTION 
Achieving “responsible consumption and production” 

patterns has been manifested as Sustainable Development Goal 
12 by the United Nations [1]. Individual lifestyles, for this 
study defined as “dynamic pattern[s] of consumption activities” 
[2, p. 111] directly impact the environment through the 
resource use and emissions associated with goods and services 
consumed to perform the activities.  

Lifestyles can be analyzed from various perspectives, e.g. 
from a functional perspective (products fulfilling stable needs), 
from a neo-classical budget constraint perspective (products 
fulfilling individual needs with a budget-constraint on 
consumption) or from a time-use perspective (individual needs 
and utility with a time constraint on consumption) [2]. Time 
use is a suitable perspective for the analysis of lifestyles, 
because time budget is naturally limited and constant (24 h per 
day) and the activities to which people assign their time can be 
related to environmental impacts [2], [3]. For example, 
someone can spend an evening reading a book at home or 
taking a trip with a private car (activities with significantly 

different environmental impacts). In that sense, goods and 
services are “best perceived not as ends in themselves [...], but 
as instrumental to the performance of an activity” [4, p. 825]. 
Building on these premises, time use of individuals has been 
the subject of interest in various disciplines yielding scientific 
theories such as the theory of time allocation [5], the time-use 
approach [2], social practice theory [6], [7], time geography 
[8], wealth in time [9], [10], or activity-based models of 
transport demand [11].  

At the same time, individual lifestyles are subject to contin-
uous change driven by societal and technological developments 
[12]. For example, as people are increasingly moving to urban 
environments, the commuting patterns – and thus the time 
spent in transport – can change. Also, the increasing use of 
information and communication technology (ICT) leads to a 
relaxation of some time and space constraints of activities [13]. 
For example, “virtual mobility” solutions, such as 
telecommuting or videoconferencing, can have direct impact 
on the time spent in transport [14]–[16]. They can even 
eradicate the need to live close to the employer and thus change 
land-use patterns (e.g. the attractiveness of living in urban or 
rural environments) and commuting patterns in the long run 
[17], [18]. To summarize, individual lifestyles (i) are a major 
determinant of environmental impact, (ii) are subject to 
continuous change, and, (iii) for these reasons, have been of 
interest in many academic disciplines. 

Today, large collections of time-use data – diaries of the 
time individuals spend on activities – from various countries 
and time frames is available [19]–[21]. In this paper, we pre-
sent a tool for visual exploration of time-use data (VETUS), 
developed to process the data provided by the Multinational 
Time Use Study (MTUS) of the Centre for Time Use Research 
at the University of Oxford [20]. The tool can be used to com-
pare individual time-use patterns (the time individuals spend on 
various activities on a 24-hour day) from different regions, time 
frames as well as socio-economic and demographic back-
grounds, and to draw up hypotheses on environmental impacts. 
As humans are good at visual perception [22], visualization of 
time-use data can help researchers to explore time-use data in 
an intuitive way [23]. 

We analyzed existing work in the field of time-use re-
search, environmental impact assessment of everyday activities 



and data visualization, developed the tool considering visuali-
zation trade-offs and appropriate visualization idioms, and used 
it for environmental assessments of lifestyles extracted from 
time-use data. 

II. TIME-USE DATA, ACTIVITIES AND ENVIRONMENTAL 
IMPACTS 

The time-use approach is a perspective to analyze lifestyles 
from a consumption perspective focusing on temporal con-
straints (as opposed to financial budget constraints). A time-use 
pattern is an observable set of activities and the time spent on 
these activities, in our case by an individual in 24-hours. Time-
use data provided by the MTUS describes the time (in minutes) 
individuals spend on distinct activities on a specific day and 
combines over a million diary days from 23 countries from the 
1960s to the 2010s [20].  

Jalas describes sustainable lifestyles as “the requirement of 
no increase in the materials-intensity of everyday life” [2, p. 
113]. By applying decomposition analysis on household ex-
penditure, energy consumption, time-use and input-output data, 
he estimates the energy intensities of activities for Finnish 
households considering direct energy use (e.g. the fuel con-
sumption of a car) and indirect energy use (“energy use of pro-
ducing the goods and services that are needed in the activity” 
(p. 114) – Tab. I).  

Due to the high energy intensity of transportation, outside-
of-home activities, even if not very energy-intensive as such, 
can cause relatively high energy consumption if transportation 
is included. Sleeping has an energy intensity of zero since 
domestic heating is not allocated to any activitiy. Work has an 
energy intensity of zero since no final consumption is allocated 
to it. 

TABLE I.  ENERGY INTENSITIES OF ACTIVITIES IN FINISH HOUSEHOLDS 
1998-2000 BASED ON [24]. ACTIVITY CATEGORIES ARE BASED ON 

DRUCKMANN ET AL [3] AND ARE USED LATER IN THE STUDY. 

Activity Energy 
intensity 
[MJ/hr] 

Activity category  Avg. energy 
intensity 
[MJ/hr] 

Leisure-time travel 83 Private travel (PT) 83 
Work- and education-related 
trips 

73 Work travel and 
commute (WTC) 

73 

Having meals 41 Food and drink (FD) 41 
Services and civic matters  46 Personal, household 

and family care 
(PHF) 

30 
Personal hygiene, dressing up 36  
Phone calls 27  
Shopping, family business 24  
Housework 19  
Culture and amusement events 8 Leisure and recrea-

tion (LR) 
4 

Hobbies 6  
Reading 3  
Sports and recreation 2  
TV viewing 1  
Sleeping 0 Sleep and rest (SR) 0 
Paid work 0 Paid and voluntary 

work (PVW) 
0 

 
 
 
 

Many researchers followed this approach, e.g. Aal et al. 
[25] estimated the energy intensity of leisure activities in Nor-
way in 2001, Minx and Baiocchi [4] estimated activity material 
intensities in West Germany in 1990, Yu et al. [26] activity 
CO2 intensities in China in 2008 and Druckmann et al. [3] ac-
tivity greenhouse gas intensities in Great Britain in 2005. 

The time-use approach can also be used to explain indirect 
environmental effects of technological change. For example, 
telecommuting allows employees to work from home, save 
commuting time and the related energy consumption. However, 
net energy savings depend on how the time saved is spent. De-
pending on the energy intensity of the substitute activities, the 
environmental benefits can be partially compensated or even 
overcompensated for – a phenomenon called time rebound 
effect [2]. The time-use approach is especially useful to inves-
tigate such rebound effects because of the hard 24-hour con-
straint, which provides a natural system boundary to behavior. 
Exemplary research questions that can be investigated with the 
time-use approach are: Does a given ICT use case increase or 
decrease the environmental impact? Does a given ICT use case 
increase or decrease the time individuals spend in transport? 
Does a given ICT use case increase the pace of life (“the speed 
and compression of actions and experiences” [27, p. 8/9])? Do 
people who live in urban environments spend less or more time 
traveling than people who live in rural environments? 

III. VISUALIZATION 

A. Data Visualization 
Visualization “transforms the symbolic into the geometric, [..] 
offers a method for seeing the unseen” and “enriches the pro-
cess of scientific discovery and fosters profound and unex-
pected insights” [23, p. 3]. Specifically, as the volume of avail-
able data is increasing at a tremendous pace, it becomes more 
challenging to derive meaningful insights from the data without 
adequate visualization [28]. Visualization helps especially re-
searchers who want to explore data to find interesting hypothe-
ses. Visualization methods are suitable where human pattern 
recognition capabilities are to be supported, rather than re-
placed, in our case for the exploratory analysis of time-use pat-
terns to support environmental assessment of lifestyles [29].  

B. Used data 
For developing the application, we focus on the ‘adult’ ag-

gregate dataset using the 69-activity typology. In this dataset, 
each record represents a 24-hour observation day, providing the 
time spent on 69 activities plus socio-economic and demo-
graphic variables of the diary person. We compared the varia-
bles with socio-economic and demographic indicators com-
monly used to describe populations (e.g. by federal statistical 
offices) and selected 96 variables (all 69 activity plus 27 demo-
graphic and socio-economic variables, Tab. II) to be used as a 
core set for visualization We did not include energy intensities 
of activities directly into the visualization because such data is 
only available for few time frames and regions and has to be 
considered in a later step of the process. 



TABLE II.  VARIABLES INCLUDED IN THE ANALYSIS.  

Variable Description 
COUNTRYA Country where the study was conducted 
DAY Day of the week the diary was kept 
YEAR Year the diary was kept 
BADCASE Marker of low quality observations 
HHTYPE Household type (e.g. couple) 
HHLDSIZE Household size (number of people) 
NCHILD Number of children under the age of 18 
OWNHOME Does the diarist own or rent the home 
URBAN Does diarist live in an urban or rural area 
COHAB Are household members married or cohabiting   

COMPUTER Does the household have a computer and/or internet 
access at home 

VEHICLE Type and number of private vehicles in the household 
(e.g. non-motorized, motorized) 

SEX Sex of diarist  	
AGE Age of diarist  	
EMP Is the diarist in paid work  	
UNEMP Is the diarist unemployed 

WORKHRS Number of paid working hours incl. overtime in the week 
prior to the survey 

OCCUP Diarist’s (most recent) occupation (e.g. medical, legal)  
SECTOR Sector of employment of diarist (public or private) 
STUDENT Whether diarist is a student 
RETIRED Whether diarist has retired 
EDCAT Harmonized highest level of education 
CITIZEN Is the diarist citizen of the country he lives in 
CIVSTAT Is diarist in a couple and lives with the spouse/partner 
EMPSP Employment of spouse (e.g. full-time, part-time) 
FAMSTAT Age of diarist and age of co-resident children (if any) 
SINGPAR Is the diarist a single parent 
MAIN1– 
MAIN69 Time spent on 69 distinct activities 

C. Visualization requirements and trade-offs 
The visualization tool should enable the user to browse 

through available time-use data in an exploratory, tentative way 
and allow to derive initial interpretations of differences in time-
use patterns among regions or time-frames or among groups 
defined by socio-economic and demographic properties of in-
dividuals. Therefore, the tool needs to display the time spent on 
activities in an intelligible and comprehensible way and allow 
the researcher to set filters on geographic, temporal, socio-
economic and demographic variables. After having applied 
filters to the dataset, visualized the data and derived an inter-
pretation, the user should be well prepared for applying statis-
tics software, e.g. to test a hypothesis1.  

To meet these requirements, we needed to address several 
trade-offs caused by three limitations of resources (humans, 
computers, displays) [30]: 

1) Cognitive limitations of humans: The dataset contains in 
total 69 activity variables and 27 demographic and socio-
economic variables. This choice could be criticized for induc-
ing a bias by limiting the flexibility for the researcher. On the 
other hand, including a high number of variables in the core set 
can harm the simplicity and usability of the tool.   

2) Limitations in displays: To increase usability, we decided 
that the tool should be accessible through a standard web 
browser and show all required information on one single page, 
without the need to scroll. Therefore, space for visual elements 

                                                
1 For detailed investigations of MTUS data users should also refer to the 

MTUS User Guide: https://www.timeuse.org/MTUS-User-Guide 

is limited by the size of the page, which is bound to (normal) 
display size.  

3) Limitation in computing power: The number of included 
variables, the size of the dataset and the used visual elements 
impact the performance of the tool with respect to response 
time in displaying data. 

D. Selected visualization idioms 
 “A vis idiom is a distinct approach to creating and manipu-

lating visual representations” [30, p. 10], i.e. “any specific se-
quence of data enrichment and enhancement transformations, 
visualization mappings, and rendering transformations that 
produce an abstract display of a scientific dataset” and are usu-
ally based on “intuitive analogies between familiar objects and 
[…] physical abstractions” (e.g. bar, scatterplot or line charts) 
[31, p. 77].  

We first created a prototype to test different visualization 
idioms and then developed the final version, which is described 
in the following. 

1) Time spent on 69 activities by day of the week: Time-use 
patterns can significantly change from day to day, especially 
between working and non-working days. Therefore, we visual-
ize the average time spent by individuals on 69 activities in 
minutes by day of the week. This yields a matrix of 69 activi-
ties by seven days. Displaying such a large amount of infor-
mation is challenging and can best be done with heat maps 
(Fig. 1), an intuitive way to display matrix alignment of two 
key attributes. Each matrix cell holds an area mark denoting a 
quantitative value attribute encoded with color (time spent on 
activities). Additionally, when hovering over a field, the aver-
age time spent on the activity on the respective day will be dis-
played.   

2) Time spent on activity categories: Visually comparing 69 
distinct activities is cognitively challenging, which is why we 
show the average time spent on eight activity categories as 
described in column 3 of Tab. 1. For displaying this variable, 
we use a pie chart, to visualize how the single parts (activity 
categories) contribute to the whole (24 hours) [30].  

3) Day of the week, age group, family status, working hours: 
Days of the week and family status are categorical variables, 
whereas age and working hours are continuous variables 
which are often transformed into categorical variables by cre-
ating bins (e.g. age groups “18-30” or “30-40”). These varia-
bles are mainly used to filter the data set and compare time-
use patterns among individuals with different demographic 
and socio-economic backgrounds. Also, the number of obser-
vations for each category of a filter variable can be displayed 
to provide information on the distribution of the socio-
economic and demographic variables. We used bar charts (Fig. 
2) to visualize the distributions of these variables because they 
are useful to compare quantitative values of different catego-
ries of a variable [30].  

4) Occupation: The occupation of the diarist is also a cate-
gorical variable, however with significantly more categories 
than the variables described above (MTUS distinguishes 14 
occupation categories such as “farming, forestry and fishing”). 



We used a pie chart (Fig. 3) because bar charts require much 
space as the number of categories increases. The limitation of 
display size then pose a harder constraint than the fact that the 
legibility of pie charts suffers with increasing numbers of cat-
egories. 

5) Country where the survey was conducted: The most nat-
ural way to display the country where the survey was conduct-
ed is a choropleth map (Fig. 4). This is a geographic map of 
regions which displays a quantitative attribute (i.e. the number 
of observations from each country) encoded as color over the 
different regions [30]. In our case, the more color-intense a 
country, the more observations for that particular country are 
contained in the dataset.  

 
Fig. 1.  Heat map for time spent on activities by day of the week (only 29 of 

69 activities selected for visualization in this example).  

 
Fig. 2.  Bar chart showing the number of observations (value attribute) for 

each age group (key attribute). 

 
Fig. 3.  Pie chart showing distribution of observations across exemplary 

occupations.  

 

6) Year the survey was conducted: For visualizing the year 
the diary was kept, we created a timeline using a vertical bar 
chart (Fig. 5). The vertical axis denotes the number of observa-
tions and the horizontal axis shows the years. Users can filter 
the dataset by selecting a time frame using a draggable selector 
frame. 

7) Further demographic and socio-economic variables: Fi-
nally, we wanted to improve the filter options for the user, 
while staying within the display limitation of one single page. 
For this purpose, we added additional select lists for variables 
with few filter options at the bottom of the page (Fig. 6). The 
number of observations by category for these variables is dis-
played as a number in the end of each category name. 

At startup of the tool, the whole data set is loaded and the 
visualization idioms are created showing the average time spent 
on activities and the number of observations by category for the 
described variables. In order to compare time spent on different 
activities by regions, daytimes and other variables, users can 
filter the data set by clicking on variable categories in the visu-
alization idioms (e.g. the bar representing a specific age group) 
and select/deselect it. When deselected, all observations of the 
respective category are filtered and the displayed values for 
each other variable are recalculated and updated in all visuali-
zation idioms. 

 

 
Fig. 4.  Choropleth map, using geo data to encode an attribute (number of 

observations) with color.  

 
Fig. 5.  Bar chart showing the number of observations (value attribute) for 

each year (key attribute) and a draggable selector frame. 

 
Fig. 6.  Select lists for additional demographic and socio-economic variables 

(excerpt).  



  
Fig. 7.  Final dashboard. 

Finally, we show the number of currently selected observa-
tions at the top center of the page, and a menu for options in the 
sidebar. The whole dashboard (Fig. 7) can be considered a vis-
ualization idiom itself, combining the idioms described above. 
All charts are interconnected and changes in one chart trigger 
changes in the other charts.  

IV. IMPLEMENTATION 

A. Software technologies 
For building the tool, we needed three main components: an 

output panel which displays the visual representation, a visuali-
zation engine which transforms the data into the visual repre-
sentation and a database storing the data.  

We developed the tool as a web application to make it ac-
cessible to anyone with a standard web browser (output panel). 
As database system, we used MongoDB and as a visualization 
engine the JavaScript libraries D3.js and dc.js, which together 
can be used to create and render charts providing instant feed-
back on user input [32], [33], [34]. To layout the charts, we 
used the frontend framework Bootstrap, as it is particularly 
user-friendly and easy to implement [35]. A repository on 
GitHub was used for version control and documentation: 
https://github.com/Sonnenstrahl/datavis [36]. The dashboard 
can be accessed at: https://files.ifi.uzh.ch/datavis 

B. Performance and testing 
In a first step, we created the dashboard without the heat 

map. The performance was exceptionally good and had no in-
put lag when displaying all observations for Europe. In a se-
cond step, we added the heat map, which significantly lowered 
performance, as it is multidimensional and requires two key 
attributes (day of the week and activities). Therefore, we creat-
ed custom launch parameters which enable the user to launch 
the application without the heat map or grouped activities (this 
functionality is not available in the online version of the tool). 
To inform the user that the system is busy while loading data, a 
loading wheel was added. 

The prototype and the final dashboard were tested by two 
researchers and used for environmental assessment of lifestyles 
in a pilot use case (see section V). The researchers reported that 
they successfully used the tool to compare time-use patterns. A 
list of further potential improvements can be found on GitHub. 

Additional tests would help to improve the tool, especially be-
cause of the many degrees of freedom in visualization design. 

V. EXEMPLARY APPLICATION OF THE TOOL TO ASSESS 
LIFESTYLES AND THEIR ENVIRONMENTAL IMPACTS 

We used the visualization tool for an initial analysis of dif-
ferences in 24-hour time-use patterns across regions, time 
frames, socio-economic and demographic backgrounds. For 
each time-use pattern we also estimated the total energy con-
sumption associated with the activities performed on the day 
using average energy intensities of activity categories (see Tab. 
I; energy intensities are based on an analysis of finish house-
holds in 1998-2000 and need to be interpreted with care be-
cause of their age). Tab. III shows the result of the analysis and 
potential interpretations of differences in time-use patterns. The 
table illustrates one example how the visualization tool can be 
applied to investigate time-use data and environmental impacts. 
Due to methodological differences in surveys across countries, 
different numbers of observations for each time frame and 
country, and high numbers of missing values for some varia-
bles the results need to be interpreted with caution. They do not 
imply causality and only have value as a starting point for more 
detailed investigations. In the following we describe the main 
results by variable to demonstrate the approach and the tool. 

A. Age, gender, number of children 
Younger people spend more time on pvw and wtc than older 

people, who spend more time on lr and fd. In this analysis, 
spending few time on pvw reduces environmental impacts as no 
energy consumption is allocated to pvw (0 MJ/hr), however wtc 
seems to be related to pvw and is energy intensive (73 MJ/hr).  

Women seem to cause high energy consumption by spend-
ing more time on phf (30 MJ/hr) and less time on pvw than 
men. However, this energy consumption should be allocated to 
all members of a household, as the activity phf commonly 
serves all of them, not just the person who performs the activi-
ty. Gerushny et al. [37] showed that time women spent on phf 
continuously decreases since the 1960s, and increases for men.  

Unsurprisingly, people without children seem to spend 
more time on lr and less on phf.  

B. Education, motorized vehicle computer/Internet access 
People with higher education, a motorized vehicle, or a com-
puter and/or Internet access tend to spend more time on pvw 
and travel (pt + wtc)2, which increases their energy consump-
tion. One possible explanation is that individuals with these 
characteristics have a higher-than-average income which is 
related with time spent on pvw and wtc. 

C. Working hours and employment status 
Compared to the average, people who spend more time on 

pvw and wtc (see variables employment status and working 
hours in Tab. III) mainly sacrifice time spent on phf, followed 
by lr. Sacrifice of time spent on sr, fd and pt for pvw and wtc is 
lower. 
                                                
2 We have to consider that diary years span from 1974-2010. Having a com-

puter and Internet access was not always common in this time frame. 



TABLE III.  TIME SPENT ON ACTIVITY CATEGORIES ON A 24-HOUR DAY FILTERED ACROSS DIFFERENT REGIONS, TIME FRAMES AND DIFFERENT SOCIO-
ECONOMIC AND DEMOGRAPHIC BACKGROUNDS USING THE VISUALIZATION TOOL. THE VALUES REPRESENT THE RELATIVE DEVIATION OF THE SPECIFIC FILTERED 

DATA FROM THE AVERAGE ACROSS ALL OBSERVATIONS ([tfiltered/tall]-1). FOR UNDEFINED USE OF TIME WE USED AN AVERAGE ENERGY INTENSITY OF 11 MJ/HR. 

 Variable Filter SR LR PHF PVW FD PT WTC En-
ergy 
cons.  

#records Possible interpretation 

Average of all observa-
tions [min] resp. [MJ] 

No filter 507 346 250 181 91 44 20 297 343’107 n/a 

Age <40 years -2% -9% -4% 27% -9% 9% 30% 0% 191’741 Younger people spend more time on pvw and 
wtc than older people. >= 40 years 1% 7% 4% -21% 7% -7% -25% 0% 151’366 

Gender Women  0% -5% 31% -30% -2% 2% -35% 10% 188’457 Women spend more time on phf and less time 
on pvw and wtc than men Men -1% 7% -38% 36% 2% 0% 40% -12% 154’649 

Number of children 
<18y in household 

None 2% 9% -9% -9% 0% -2% -10% -4% 201’607 Adults living without children spend more 
time on lr and less time on phf, pvw and wtc. >=1 -3% -13% 13% 12% -1% 5% 10% 6% 141’500 

Single parent/number 
of children >18y in 
household 

Yes/>=1 -1% -10% 29% -12% -16% 18% -15% 11% 7’433 Single parents spend more time on phf and less 
time on pvw and wtc. No/>=1 -3% -13% 12% 13% -1% 5% 15% 6% 134’040 

Cohabiting In a couple -1% -4% 6% -1% 8% -2% -10% 3% 163’936 People who are in a couple spend more time 
on phf. Not in a couple 2% 9% -18% 2% -3% 5% -5% -7% 71’293 

Living area Urban/suburban -1% 1% -1% 0% -3% 5% 10% 1% 184’785 People in urban environments spend slightly 
more time on travel (pt + wtc) than people 
living in rural environments. 

Rural/semi-rural 0% -1% 3% -1% 5% -9% 5% 1% 77’723 

Diary year 1974-1980 -2% 2% 4% -2% -7% -11% 15% 0% 39’566 In the 2000s, people spend more time on travel 
than earlier. 1983-1987 -6% 9% 4% -4% -11% -2% 5% 0% 40’759 

1989-1995 -2% -1% 4% 3% 2% -5% -20% -1% 124’490 
1997-2003 4% -4% -6% -2% 5% 5% 5% 0% 96’042 
2005-2010 2% 0% -5% -2% -3% 16% 10% 1% 42’250 

Occupation Management -3% -12% -22% 52% -7% 16% 65% -3% 9’611 Managers work and travel more than non-
managers. Not management -4% -5% -11% 31% 3% -11% 25% -4% 119’335 

Completed secondary 
education 

Yes -1% -5% -7% 19% -3% 11% 25% 0% 191’937 The higher the education the more people 
work and travel. No 1% 7% 9% -25% 5% -16% -35% 0% 142’348 

Private motorized 
vehicle in household 

>=1 -2% -4% 0% 13% -3% 2% 20% 1% 214’527 People who have a motorized vehicle work 
and travel more than people who do not have a 
motorized vehicle. 

No  2% 14% 3% -29% -8% -7% -20% -2% 54’813 

Computer/Internet 
access in household 

Yes -1% -10% -7% 25% -8% 16% 45% 2% 88’576 People with computer/Internet work and travel 
more than people without computer/Internet. No 1% 2% 3% -10% -2% 2% -5% 1% 134’902 

Country Austria -14% 15% 8% 1% 31% -45% -45% -2% 22’306 People from Southern European countries tend 
to sleep more than people from Norther Euro-
pean countries. 

France 6% -8% -9% 5% 21% -20% 10% -4% 14’631 
Germany -4% -15% 4% 39% -14% 5% 20% 0% 22’554 
Italy 6% -3% 6% -17% 16% -2% -90% -2% 29’973 
Netherlands 0% 0% 3% -2% -12% 11% 20% 3% 113’351 
Spain 5% -2% -5% -6% 10% 2% 0% 0% 81’347 
United Kingdom -4% 8% -4% 2% -12% 2% 10% -2% 58’945 

Employment status Full-time -5% -15% -22% 68% -4% -5% 65% -7% 136’905 People who spend much time on pvw spend 
less time on phf and lr. Part-time -2% -8% 16% 0% -11% 9% 20% 7% 45’120 

Not in paid work 5% 18% 20% -72% 8% 0% -80% 5% 138’272 
Working hours the 
week bevor the survey 

>=40 hours -6% -15% -22% 72% -7% -9% 80% -7% 83’790 People who spend much time on pvw spend 
less time on phf and lr. 

D. Urban/rural living environment 
It seems that living in an urban or rural environment has no 

strong impact on time-use patterns. People in urban environ-
ments spend slightly more time on travel. For assessing the 
environmental consequences, differences in the modal split in 
rural and urban environments need to be considered. 

E. Country and year 
In Southern European countries people spend more time on 

sr than in Northern European countries. Compared to the 1970s  

 
until 1990s it seems that in the 2000s people travel slightly 
more (see also V.F).  

Comparing results across countries and time periods has to 
be done with caution because the data from different years or 
countries usually stems from different studies which might 
differ in survey methodology. E.g., time spent on wtc in Italy 
and, on pt and wtc in Austria, seems to be implausibly low. 



F. Energy consumption 
Highest (private) energy consumption is found for women, 

people with children in the same household and part-time em-
ployees. These effects occur as we are not considering energy 
consumption at the workplace and thus people who work less 
(0 MJ/hr), spend the time on more energy intensive activities 
(e.g. phf, lr). It is an interesting question how to include energy 
consumed during the time spent on pvw in such analyses.  

Traveling should be treated with special attention, because 
it is highly energy-intensive. Time spent on traveling in the 
2000s seems to be higher than in the 1970s, a phenomenon 
which increases energy consumption (however, this also de-
pends on development of passenger miles, modal split and 
transport energy intensity). 

This result potentially contradicts results of other studies 
which find that time spent on travel did not change in the past 
25 to 30 years (based on Hungarian time-use survey [38]). This 
aspect needs to be further investigated. Also, full-time employ-
ees/people with high-working hours and people who have a 
computer and/or Internet access travel more than others.  

Finally, it is unclear if spending more time on an activity 
really increases the energy consumption for that activity. For 
example, in Southern European countries people spend more 
time on fd, but does this imply they eat more? In fact, if people 
just eat slower and therefore spend less time on other energy 
intensive activities, total energy consumption might decrease. 

VI. DISCUSSION 
The application of the visualization tool shows that it can be 

used to compare lifestyles and associated environmental im-
pacts. The chosen visualization idioms display the data in a 
meaningful way that is easy to interpret by an end user; con-
text-dependent guidance is directly provided. However, the set 
of visualization idioms provided is not exhaustive and receiv-
ing feedback from more users could yield valuable information 
for further refinement and extensions.  

Directly enhancing the tool with environmental data (in this 
case energy intensities or emission factors of activities) would 
allow users to immediately compare the environmental impacts 
of various lifestyles with the tool. However, this is also subject 
to availability of such data, which so far is only available for 
specific countries and time frames. A full list of potential im-
provements can be found on GitHub. 

VII. CONCLUSION 
We created a tool to visually explore time-use data and de-

rive initial hypotheses regarding changes in lifestyles which 
can have relevant environmental impacts. 

In our pilot application of the tool, we found initial evi-
dence that increased use of ICT does not necessarily reduce 
energy consumption of individual lifestyle. From a time-use 
perspective, any technological change which triggers changes 
in time allocation can only be environmentally sustainable if 
total environmental impacts of activities performed after the 
change is lower than of the activities performed before. 

There is much potential to improve the tool, i.e. directly in-
cluding environmental data in the tool or improving the per-

formance. We encourage researchers interested in time-use data 
to use this visualization and even add further functionality.  
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I. INTRODUCTION: METADATA FOR CHARACTERIZING 
EVIDENCE FOR WHAT MAKES FOOD GOOD 

The question "What makes food good?" lies at the center of 
contemporary agrifood activism--and also at the center of much 
antagonism in food politics, often a bellwether of broader sus-
tainability knowledge politics. Intrigued by the challenge of 
supporting productive agonism amongst a wide range of often 
competing actors in the food system in the U.S. Upper Midwest 
(a region heavily identified with its breadbasket functions of 
“feeding the world”), and informed by instructional technology 
uses of knowledge systems for sustainability [1], we have de-
veloped a translational online catalogue of multiple food 
knowledges [2]. Starting with a wide range of over 100 collab-
orative research and documentation projects exploring commu-
nity food issues, we have attempted to build orientation and 
translation frameworks in an online knowledge sharing plat-
form that foregrounds users’ justifications for the utility and 
value of various food knowledges and modes of learning. From 
this start, we have extended invitations to a series of overlap-
ping networks to support the sharing of stories in the context of 
food politics. The resulting FoodFieldGuides.com food-
movement knowledge-sharing site provides a case study for 
exploring how different knowledge cultures work together, and 
what pedagogical and public research tools can support such 
collaborative learning.  

 
Information, communication, and process tools play com-

plementary roles in the collaborative processes involved in 
curating online repositories of community knowledge. The 
field of participatory planning of complex systems has contrib-
uted a range of tools for systemic understanding that can be 
combined with tools for communicative practice [2], a combi-
nation that helps scaffold an approach to the challenge of shar-
ing food knowledge that has been built on a foundation of con-
vention theory. Convention theory [3] has helped us negotiate 
practices for sharing metadata. We are eliciting and sharing 

assessments of shared food knowledge that both assert the le-
gitimacy of multiple perspectives--when people tell their own 
stories and make their own interpretations--and also provide 
supports for participants to practice negotiating different evalu-
ative frameworks for what makes food good. Starting from an 
attempt to engage multiple communities in sharing the work of 
interpretation of a collection of food stories gathered around a 
2000-person community meal, we explore some of the ways 
that convention theory has provided guidance for navigating 
epistemological boundaries and fostering a community of ex-
tended peer review. 

 

II. SHARING COMMUNITY FOOD MOVEMENT KNOWLEDGE 
ACROSS DIFFERENT PERSPECTIVES  

 
The Food Field Guides project explores mechanisms for 

encouraging users of a shared online knowledge base designed 
to support community organizing for transformation of food 
systems toward sustainability. The project attempts to share 
food movement knowledge across different perspectives. In our 
efforts to assemble and catalogue multiple kinds of food 
knowledge, we recognize that asserting public space for legiti-
mizing marginalized experiences and discourses exacerbates 
their vulnerability to critique. Consequently, we have used In-
formation and Communication Technology (ICT) methods that 
attempt to address the likelihood that the same power dynamics 
delegitimizing these voices in broader society will also delegit-
imize them in the knowledge sharing sites we develop.  

 
In our attempt to account both for the systemic consensus 

of food practices as well as the many points of critique that 
actors level against each other and the food system [4], we've 
been inspired to approach many of the ideas set forward in 
Thévenot and Boltanski's 2006 On Justification [3]. Unlike 
many sociologists and theorists of political economy who ex-
plore critique and consensus in large part by examining social 
practices and regimes of power organizing the food system 
more directly, Boltanski and Thévenot approach power rela-
tions in part via the moments in which people evaluate each 
others' behaviors and claims. Specifically, they suggest that 
people invoke different regimes of logic (regimes de la gran-
deur) in different spheres of life that each demand their own 
types of justice. They focus on six that correspond to economic 
life, administrative live (governance), domestic life, transcen-



 

 

dental experience, and the general civic will. In addition to 
examining the general logic of these six regimes, Boltanski and 
Thévenot demonstrate that actors also seem to strategically 
deploy pieces of each in order to pursue their own interests. 
Hence, the process of establishing "equivalence" between 
events classified in normally separate spheres of life becomes a 
central strategy deployed by actors in debates about justice. 

 
For us, this is a practical problem especially exemplified in 

its embedded tagging system, FoodWords, which was devel-
oped out of engagement with community justifications for what 
makes food good. We cannot make large claims based on our 
work so far that any consensus about or translational work re-
garding the question "What makes food good?" emerging here 
provides evidence for or will lead to a cultural change, or even 
a real change in the way individual users act in their daily life. 
Instead, our project steps back from the precipice of discursive 
action and reports on our asking our users to share and expli-
cate what and how they know. Our purpose is understanding 
ICT tools can better support exploratory rapprochement be-
tween food movement positions that appear irreconcilable. 

 
Working together without unifying consensus 

If people are attempting to work together (or in alliances), 
we need to be able to address the challenge of disparate under-
standings of what’s happening and what should happen in ways 
that don’t require a unified perspective. Recognizing that there 
are many different ways to value what’s good about food, our 
project has been structured around a series of challenges facing 
food movement organizing, challenges that have become sali-
ent to our processes of trying to support knowledge exchange 
around food, in order to support people working to address 
problems together, even when they disagree or value different 
things. As an extension beyond the North American “alterna-
tive food movement,” with its operational premise that opposi-
tional “alternative” values may be widely shared outside a 
mainstream “conventional” food production system, scholar-
ship and activism more broadly aligned with the more diverse 
platforms of “food justice” and “food sovereignty” seek to 
avoid subsuming situated food knowledges into a single oppo-
sitional framework. Instead, its advocates have called for the 
institutionalization of accountability for -- and responsiveness 
to -- what Chantal Mouffe calls an agonistic pluralism of criti-
cal perspectives [5][6]. Following Slocum and Cadieux’s call 
for an approach to food justice that borrows from feminist, 
antiracist, and anti-colonial epistemologies [7][8], our work 
considers how food justice practitioners might possibly inter-
vene in progressive food policies and programs without univer-
salizing consensus about the desirability of outcomes at all 
social levels. We thereby posit one possible framework for 
sustaining productive dissonance within a social movement that 
too often fetishizes the harmonic “community” or “local” food 
system.  

 
In doing so, we recognize that many excellent community-

based research projects have helped to reveal the dominance of 
white middle class imaginaries manifested in the alternative 
food movement [9]. Our specific interests rest with the question 
of what happens to community knowledge after it arrives at the 

public university, or at any institution conventionally empow-
ered with the ability to legitimate expertise. Crucially, we note 
that legitimacy in academic circles is awarded most readily on 
the basis of publication in journals that, in turn, place public 
knowledge behind an access paywall. Particularly in food stud-
ies, we also note that knowledge legitimated within one disci-
pline or department does not necessarily become salient 
throughout the whole of the university. Instead, we observe that 
much of food studies - like much of food activism - remains 
siloed within disciplinary circles, even despite the wave of in-
terest in contemporary food politics that has swollen in recent 
years.  

 
In response, we propose a formal process designed to em-

bolden community food knowledges in a manner that improves 
their discoverability, legibility, and legitimacy within and 
beyond the epistemological networks in which they normally 
circulate.  

 
A. Discoverability of Food Knowledges 

We’ve been experimenting with ways to negotiate between 
different understandings in ways that can help people navigate 
each others’ food knowledge. We find convention theory a 
useful tool for this, because it helps us think about how to ap-
proach existing conventions for naming, valuing, and acting on 
parts of food systems, and then to name these conventions in 
ways that are recognizable to people -- and, further, to support 
the development of practices that reach between existing con-
ventions and negotiate working models of talking about food 
work that are mutually comprehensible across differences. 

 
Inspired by the work of Thévenot and Boltanski [3], we 

view food justice as more than a matter of critical social sci-
ence, insofar as critical enterprises often adopt projects inspired 
by political economy in order to identify sources of power and 
exploitation. Instead, we envision a sociology (or broader so-
cial science) of criticism that helps actors to identify existing 
conventions for naming, valuing, and acting on parts of food 
systems. Further, in the Food Field Guides project we have 
created one experimental structure designed to improve univer-
sity capacity for preserving and curating polyphonic critical 
perspectives. Our work attends to the challenges of discovera-
bility, legibility, and legitimacy each in turn through a digital 
publishing platform operating in conjunction with community 
based research projects, libraries, and public groups not directly 
affiliated with our own local public university, the University 
of Minnesota in Minneapolis. 

 
Thinking particularly about the dual problems of paywall 

access and disciplinary regimes of knowledge production, the 
Food Field Guides project seeks to expand upon conventional 
storage and retrieval practices that help to determine where 
knowledge travels at the university and amongst the public. For 
its part, the university library employs a sophisticated metadata 
scheme designed to guide user paths of inquiry through a 
standard set of search terms: these include familiar criteria such 
as author, title, publication, copyright date, and subject in addi-
tion to an unrestricted “tag” vocabulary aggregated through 
user contributions. Ultimately, however, we observe that the 



 

 

trajectory of artifacts in the library system remain anchored by 
the authority of institutional conventions and consensus, there-
by limiting the visibility of critical perspectives. 

 
To illustrate, we invite the reader to imagine one specific 

library artifact. Take, for example, a book: Julian Agyeman and 
Alison Hope Alkon’s germinal collection Cultivating Food 
Justice: Race, Class, and Sustainability [9]. Published in 2011, 
Agyeman and Alkon’s work represents the one of the first and 
most well-known efforts to bridge critical race and gender con-
cepts with the study of alternative food systems, and it is one of 
the texts most frequently cited by scholars working to develop 
a food justice literature. Yet, its trajectory remains limited with-
in a relatively small subset of knowledge regimes at the univer-
sity and beyond.  

 
We imagine several reasons why this might be so. One is 

the problem of spatial storage: like most large university librar-
ies, the Minnesota library system actually consists of a network 
of several separate buildings, each containing texts divided by 
college, discipline, and subject. For an interdisciplinary item 
like Cultivating Food Justice, curation in one building may 
signify its value within an epistemological regime tied to disci-
plinary conventions. In fact, at the University of Minnesota 
library, Cultivating Food Justice is stored alongside texts in the 
Food, Agricultural and Natural Resources Sciences library, 
some five miles from those materials deemed conventionally 
valuable to social science department. We suggest that the spa-
tial placement of Cultivating Food Justice contributes to its 
salience within the field of “food studies,” but also erodes its 
visibility in the disciplines of sociology and geography.  

 
Of course, digital library catalogues have made possible the 

listing of materials within an unlimited set of intersecting sub-
ject categories. Cultivating Food Justice, for its part, appears in 
the following subject paths: 

• Food consumption -- United States  
• Minorities -- Nutrition -- United States  
• Poor -- Nutrition -- United States  
• African American -- Nutrition  
• Discrimination -- United States  
• Social justice -- United States 

 
In addition to this list, users may also suggest unrestricted 

“tags” signifying the item’s value within any number of con-
texts. These user-submitted tags are aggregated and displayed 
in a list ordered by vote. To date, Cultivating Food Justice has 
been tagged just once each for: 

• Food Justice (1) 
• Geography (1) 
• Agri-food studies (1) 
• Sociology (1) 

 
While we applaud these efforts to democratize the process 

of evaluating knowledge across conventional boundaries, we 
note that the current system anonymizes the metadata contribu-
tions of library users while providing scant opportunity for 
individuals to contest the summary logic of an aggregate 

crowd. In short, we know nothing about the standpoints from 
which metadata contributors view the item in question. Follow-
ing Boltanski and Thévenot, we consider the process of “quali-
fying subjects” to be an integral part of evaluation and critique: 
without accountability, we find it impossible to determine what 
perspectives are represented or marginalized in discourses of 
value.  

 
Fortunately, faculty and students at the university engage 

almost constantly in the process of justifying provocative com-
binations of texts for the purpose of answering specific re-
search questions. Embedded in countless syllabi, graduate stu-
dent reading lists, and seminar blog posts are justifications of 
exactly this type. In its simplest form, then, we describe the 
Field Guides to Food project as an effort to capture this meta-
content and store it in disaggregated form at the university li-
brary. There, we link curatorial choices to individual profiles in 
order to permit users to understand for whom and in what con-
texts a particular artifact appears valuable. We envision a 
framework in which these profiles are linked to blogs or other 
knowledge sharing sites maintained by faculty, staff, students, 
and other public collaborators, who map the relationship of 
texts to specific projects--and this basic framework describes 
the aspiration of our broader project, as well, connecting the 
justifications for their creation and use to various knowledge 
artifact that we have gleaned from existing archives.  

 
Improving the transparency of systems that store and curate 

knowledge is an important first step in improving the universi-
ty’s capacity for critical perspectives. A structural improvement 
such as the Food Field Guides empowers library users to see 
that the endorsement of knowledge by a part of the university 
does not necessarily imply its endorsement by the university in 
whole. Instead, it transforms the university into a site of con-
tested knowledge capable of accommodating multiple and 
sometimes contradictory regimes of justification. Further, while 
we cannot bring whole texts like Cultivating Food Justice out 
from behind publisher paywalls, we do propose that the intro-
duction of blogging platforms may help introduce users to its 
central concepts and perceived relationships with other content-
-and parallel projects like Critical Commons provide methods 
for making fair use claims on specific content for which analy-
sis or explication of use has been provided. In this way, we 
understand the qualifications of individual curators and their 
justifications for sharing learning materials as crucial parts of 
improving the discoverability of artifacts across conventional 
disciplinary contexts and other silos separating knowledge do-
mains. 

B. Legibility of Food Knowledges  
The Food Field Guide project using the Scalar platform, a 

modular model for sharing media-rich knowledge -- really, a 
metadatabase, which we have used to attempt to make commu-
nity-university collaborative knowledge about food and feeding 
more discoverable, and also more legible. Starting with an ex-
tensive intervention in the way public intellectuals talk about 
feeding (shifting from industry-derived justifications for 
productivism to more critical frameworks for exploring how 
people ARE feeding each other), a reading and research collab-
orative at the University of Minnesota and several nearby edu-



 

 

cational institutions surveyed agrifood projects that had in-
volved both community and university researchers, and fo-
cused on knowledge likely to have ended up in binders shelved 
in not-publicly-accessible offices, defunct websites, or confus-
ing databases with obscure constrained search vocabularies. 
Addressing these discoverability challenges involved making 
different food knowledge legible beyond mere location: we 
also needed to figure out what kind of metadata, explanations, 
and justifications would be recognizable both to those who had 
contributed knowledge and those who would be looking for it. 

 
Our project started with a series of projects that had been 

sponsored by university entities with significant investment in 
and identity-claims associated with public engagement: 

• the Center for Urban and Regional Affairs (CURA, 
which sponsored 35 semester-long, community-driven 
local food projects over the five years during which 
this project was developed); 

• the Institute for Advanced Study (IAS, an interdisci-
plinary center that hosted a symposium and faculty 
seminar in 2011-2012 on the topic of how we talk 
about “feeding the world,” and which had also ar-
chived over 50 agrifood talks, and through a collabo-
ration with the television show The Bat of Minerva, 
over 50 additional long-form interviews, many with 
academics who had given the IAS talks, and addition-
al interviews with community members, including 
two series specifically about agrifood systems--in the 
heart of the SW Minnesota cornbelt and in Austria); 

• Healthy Foods, Healthy Lives and the Regional Part-
nerships for Sustainable Rural Development (two ad-
ditional research and action entities that support con-
siderable numbers of community-university agrifood 
projects); and 

• the Minnesota Institute for Sustainable Agriculture 
(MISA, a collaboration between the University and 
several locally headquartered agrifood entities, includ-
ing the Land Stewardship Project, Institute for Agri-
culture and Trade Policy, and the Minnesota Food As-
sociation), which, among other projects, holds a de-
funct website that exhaustively catalogued urban agri-
culture resources and actors in 2010. 

 
In our project, which has been structured around recurring 

consultation with different knowledge communities who have 
contributed to and might wish to access all of the above 
knowledge resources, we recognize "legibility" as relating not 
only to clarity and discoverability, but also to translation and 
preservation of knowledges. Central questions related to legi-
bility include: 

• How might our project help the university to curate 
food knowledge without appropriating / changing it in 
some way?  

• How does our project support Mouffian agonism ra-
ther than dialogic consensus? 

 
By formally separating knowledge artifacts from work per-

formed ON those artifacts (i.e. distinguishing data from 
metadata), we're working to promote CURATION rather than 

more hostile forms of criticism that seek to prove actors right 
or wrong (precisely because they fail to recognize multiple 
"regimes of justification"). Some of the features that appear to 
support this praxis supporting legibility include: 

• Helping to keep contributions recognizable to their 
contributors, and to make it possible to track the work 
that’s done on knowledge artifacts (i.e. through inten-
tional and well described versioning of documents -- 
while also avoiding being overwhelming in the pro-
cess detail). This helps authors recognize different 
voices and also acknowledges and provokes tools to 
address the common violences and conversions that 
are done to shared knowledge in knowledge shaping 
domains. 

• And addressing attention to questions of adequacy and 
fidelity: in order to help knowledge users see the con-
text in which people have developed their perspec-
tives, and to elicit enough explicit justification for the 
sharing of knowledge across different perspectives so 
that people can make more intentional decisions about 
how much context is adequate to reproduce the ideas 
they’re sharing with fidelity commensurate to their in-
tentions. 

 

C. Legitimacy of Food Knowledges 
In the space of the Food Field Guides project, we attempt to 

make it clear that: 
• Different perspectives are welcome, and that they will 

be expected to provide explanations of how their 
analyses are supported and why they are legitimately 
warranted.  

• Authorial voices may be polyvocal, and authority can 
come from different kinds of argument-making. 

• Translation between perspectives is valuable, but is 
not reserved as a role for the intellectual authority of 
designated interlocutors. 

• Compromise should not be synonymous with hegem-
ony.  

 
We operationalize these through a series of values state-

ments with accompanying evaluative questions: 
1. All people should have the chance to explore, shape, and 

tell their own food stories. 
Are we engaging an adequate range of perspectives and 

types of knowledge? 
Are we being adequately inclusive at all stages in our pro-

cess, with opportunities for all participants to define problems 
and solutions -- as well as the system in question, including 
communication and process tools to be used? 

2. People should be able to learn from each other, and nego-
tiate and tell stories in relationship, in order to figure out how 
to modify and support stories and actions that improve our 
conditions. 

How are we learning from each other? (What is surprising 
us about what we’re learning?) 

How adequately are we generating useful information for 
and from all participants? 



 

 

How are we able to put what we’re learning into action as 
we go along? 

3. Our explanations should relate our experiences to our so-
cial and environmental relationships, recognizing that different 
relationships will shape different environments and perspec-
tives, and that part of the work of our stories is translating be-
tween these. 

Are we considering the contexts of the systems in question 
and their relationships across scale? 

Are we addressing conflicts among perspectives? 
 
Following from the three principles above, the process of 

developing investigations of *how people feed each other* 
should address: 

A. The need to reorient the question of “how do we feed 
the world” to “how are people feeding each other?,” with atten-
tion to what that reorientation makes possible and what is dif-
ferent between those investigations. This reorientation helps to 
integrate the natural and technical science approaches to feed-
ing with popular approaches as well as approaches from the 
social science and humanities, and to address dissonances in 
different understandings of the challenges of food security.  

The focus here is on what works to enable people to feed 
each other—as well as on providing people with ways to ex-
plore how orthodox explanations of food security work have 
come to be dominant. (A subsidiary focus is on collecting vari-
ous ways that people set about exploring feeding on their own 
terms as a sort of collective exploratory curriculum, recogniz-
ing that assertions to deconstruct status quo explanations are 
unlikely to be as effective as more participatory investigation-
based inquiry.) 

B. The challenges of upscaling and downscaling knowledge 
practices as appropriate—challenges that are particularly sali-
ent in the context of understanding the Midwest in global con-
text. Understanding the global flows that have shaped specific 
dynamics (the shape of the current food system in the mid-
west)—and the corollary ways that specific local events, rela-
tionships, and efforts have had global effects (the role of the 
midwest in the roll out of various green revolution technologies 
and relationships) is crucial for facilitating dialogue between 
people who focus on different scales of food activity. This dia-
logue across different scales is, in turn, crucial for building 
shared understandings of how we have come to the social ar-
rangements in which we find ourselves and how we can im-
prove these to address the challenges that face us. 

Something that could really benefit from this practice of 
understanding the implications of moving across scale would 
be the development of usable public models of who has power 
over what value(s) in the food system, under what conditions. 
To use an interdisciplinary data-analysis technique as an exam-
ple, different parts of the food system could be assigned differ-
ent audio pitches for how much power over them is shared by 
the public, and that could be both very interesting to explore 
together and rewarding to enter information into, and to parse 
analytically, even for people who do not usually identify with 
such practices. 

C. The centrality of people acting in relationship and in 
place. Exploring popular understandings of food involves re-
centering the importance of popular knowledge, action, and 

relationships that may be useful in building the mutual legiti-
macy of different domains of food knowledge production. In 
turn, this public emphasis involves a participatory, transforma-
tive, and performative scholarship that recognizes the process 
of exploratory learning in relationship as central to the purpose 
of research and teaching. Rigorous collective public develop-
ment and analysis of knowledge involves a co-education pro-
cess committed to communicative participation, accountability, 
transparency, solidarity, and equity. 

Practical case studies seem crucial to this approach, as a 
domain for learning in relationship while doing—rather than 
trying to reconstruct learning processes only out of questioning 
past processes, etc. 

 
Via this work, our project makes performative claims about 

the public facingness of public institutions. For example, for 
University libraries and archives, it makes subaltern claims on 
state-centered knowledge domains. And in the community-
engaged research hubs (MISA / CURA / IAS), which are still 
within the center, it provides impetus to build network hubs 
beyond the center (how to make claims on the center for sup-
port without giving up “small data” power). This has several 
implications for the qualification of legitimacy: 

• It de-automatizes the University’s stamp as legitimizer 
(taking away automatic imprimatur of legitimacy); us-
ing convention theory to show the heterogeneity of the 
university, this approaches gives more access to spe-
cific modes of legitimacy justification via the fore-
grounding of regimes of justification, 

• It provides more access to traditionally non-legitimate 
feeling actors to make justification claims, a particu-
larly important characteristic of this approach in the 
domain of food knowledge, where everyone knows 
things, but many people’s knowledge has been con-
structed as unqualified. 

• And answering obvious challenges of such a complex 
problem, we are operationalizing the use of this plat-
form by training students (in service learning contexts 
and paid internships) to act as community process 
supporters. These students carry out the otherwise of-
ten-overlooked tasks of adding metadata. We add this 
competency to basic political storytelling training (in a 
series of existing programs), adding critical coding 
skills and metadata handling as part of a platform for 
public food knowledge engagement. 

 

III. METADATA FOR FOOD POLITICS: BEYOND WHEN EXPERTS 
RULED FOOD (FUTURE DIRECTIONS / HYPOTHESES) 

Building on the literatures of participatory planning of 
complex systems, community food systems, and conventions 
theory, we have described the development of a metadata 
standard for food politics that moves beyond existing categori-
cal descriptions of food attributes to embed possibilities for 
action into the archiving and curated sharing of systemic food 
knowledge. The knowledge artifacts shared are coded with an 
emergent metadata structure designed collaboratively to sketch 
the relational social space of food system reform, and to enable 
communities engaged in transformational food system work to 



 

 

identify models, allies, and examples relevant to their experi-
ences and goals. Distributed knowledge tools enable communi-
ties promoting alternative, socioecological models of food pro-
visioning to challenge the many social injustices and externali-
ties of status quo agrifood systems. These systems retain he-
gemony in significant part through their monopolistic control 
of (perceived) expertise and of systemic information (for ex-
ample, as agrifood surveillance has been significantly privat-
ized in the era of Big Data, food safety regulations favor capi-
tal-intensive processor, and capital flights incentivize foreign 
direct investment models of farmland stewardship).  

 
There are many ways to think about legitimation of differ-

ent kinds of food knowledge, but given the current status of 
food knowledge as significantly captured by experts (especially 
in Minnesota, the U.S. headquarters of food commodity trading 
and food processing), we highlight a few related centrally to 
Convention Theory. We argue that our structure offers greater 
transparency into the qualifications of experts. Unlike aggre-
gated metadata fields (like democratized "tags"), Scalar blogs 
invite the user to question what stakes a particular person might 
have in a topic. At the same time, our emphasis on context / 
regimes of justification makes it difficult for users to write-off 
perspectives they might disagree with (hopefully, they say "oh, 
this person is just operating within a different logic scheme"). 
Translating across different goals makes it more possible for 
people to talk about current conditions from different stand-
points, and to figure out where their actions might correspond, 
where they might form alliances, offer mutual support or en-
gage in collaborative learning.  

 
We address the messy domain of radically open collabora-

tive learning with normative and also gestural instructions. In 
building a platform to support collaboration without consensus, 
we work with the operational goal of understanding other peo-
ples’ understanding. This has implications for planning and 
policy, food procurement across a range of scales, and peda-
gogy of both public and scholarly learning. Communities pro-
moting green decision making and development in the domain 
of sustainable agriculture and community food security face 
both the daunting scale of the status quo ICT infrastructure and 
also significant literacy building challenges. Over the past dec-
ade of community organizing, the Food Field Guides project 
has been designed to encourage users to equalize power over 
food knowledge, to vouch for each others’ qualifications and 
credibility as curators and knowledge creators, and to fore-
ground metadata about the utility, legitimacy, and relational 
accountability of shared knowledge sources. 

  
We hope this project also helps people legitimate each oth-

ers’ knowledge cultures and better share intellectual authority 
in regard to experiential expertises. This would be in stark con-
trast to the existing status quo, which is characterized by expert 
capture of intellectual authority and frequent loss of painstak-
ingly gained momentum toward addressable goals. Supporting 
platforms where people can share learning without ceding intel-
lectual authority (e.g. to extractive research), we hope to sup-
port food movement work by translating across different goals 
(involving different understandings of position in relation to 

food system) and making it more possible for people to talk 
about the forces and relations that have led to the current condi-
tions, since these are the conditions that usually need to be en-
gaged in order to move toward either supportive or transforma-
tional goals. 

IV. COPYRIGHT FORMS 
[to follow] 
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Abstract— Sustainability and Green ICT are concepts that are 

usually not engineered into the design and development of ICT 

systems especially in the developing countries. This paper focuses 

on an interactive system, the Automated Teller Machine (ATM) 

in Nigeria. Current research concerning ATMs does not consider 

sustainability and green requirements in the design loop such as 

how green awareness in design can help support, for example, the 

reduction of energy consumption and paper wastage while reduc-

ing the environmental impact resulting from human computer 

interaction. This paper considers the specific case of senior citi-

zens accompanied with the general problems of adoption, and 

mastering of the ATM technology, while highlighting the inter-

play between usability, green aspects and sustainability of inter-

active services. The case study was carried out over a period of 

two months, using observations, interviews and time experiments 

to support the findings. Key findings include: (1) poor ATM de-

sign affects usability and sustainability due to paper wastage as 

the consequence of redundant menu, (2) energy wastage is the 

consequence of multiple iterations during withdrawals, visibility 

of the status of systems, menu labels, and inconsistency and, (3) 

poor feedback, learnability and memorability, efficiency as well 

as aesthetics and user satisfaction resulted in a quest for a better 

ATM design in Nigeria. 

Index Terms— Sustainability, Green awareness, Automated 

Teller Machine, ICT, Usability, User experience, Interactive 

system 

I. INTRODUCTION  

Nigeria, a country with a dense population of over 190 mil-

lion people [1] [2], has 53%  of her populace with active bank 

accounts who make use of the Automated Teller Machine 

(ATM) [3]. According to the World Factbook (2018), the de-

mographic distribution of Nigerians aged between 55-64 years 

is 3.97% and those aged 65 years and above is 3.13% repre-

senting a total of 7.1%, while the population within the age 

bracket of 15-54 years is 50.35% of the current total population 

of over 190 million [2][4]. Based on these facts, it can be con-

strued that the country represents a wide number of ATM users 

demographically.  

ATMs were introduced originally to allow financial institu-

tions to render transactional services to their clients without 

directly interacting with bank representatives or tellers [5]. Be-

sides, banks in Nigeria have adopted the use of ATMs and 

strongly encourage their clients to use ATMs for ease of trans-

actions  because Nigeria has yet to become a fully cashless 

society [6]. There is an on-going campaign to ease financial 

transactions through a ‘cashless policy’ and the ATM is ex-

pected to play a major role in that by encouraging more usage 

and decongesting the banking halls. ATMs deployed in Nigeria 

provide cross-bank and cross-account services as well as per-

sonal services. They are aimed at improving service delivery 



and diversifying financial services including but not limited to 

cash deposits, withdrawals, funds transfer, bill payments and 

mobile airtime top-up [7]. Veritably, ATMs are prone to many 

usability problems such as interface design, unusual fonts and 

navigation menus, which may generate paper waste resulting 

from incessant receipt printing. Day to day practices revealed 

that large heaps of paper wastes are generated from the ATMs 

by users’ transactions. Besides, it was observed that many of 

these receipts fill up trashcans and the litter is strewn all over 

the base of the ATMs. 

Most banks in Nigeria have a policy of limiting withdrawal 

amount per transaction on their ATMs. In addition, more than 

three transactions at the ATM of a different bank attract charg-

es of N65.00 ($0.17). As a result, many of the ATMs across the 

country are set to a maximum withdrawal of N10,000 ($28) per 

transaction, which leads to more money for the banks (through 

charges) especially from Fridays to Sundays. Thereby, forcing 

customers to spend more time at the ATMs. For instance, a 

customer withdrawing N100,000 (One hundred thousand naira) 

will have to make the transaction 10 times instead of twice or 

thrice at a maximum. Thus, having to pay withdrawal charges 

after the third withdrawal. This type of design is flawed and 

viewed by the customers as unfriendly and time-wasting espe-

cially to the senior citizens considering the long queues at most 

of the ATMs due to the increased amount of time spent to per-

form a large withdrawal. This practice is gradually affecting the 

so-called ‘cashless policy’ as evident in declining usage by the 

customers. This shows the lack of (social) sustainability con-

sideration – where social sustainability can encourage positive 

contributions towards a user community’s well-being and satis-

faction [8]. Figure 1 summarizes the causes and issues of poor 

ATM design in Nigeria. 

 

 

Fig 1. Fishbone Diagram of ATM Design and Usability Issues in Nigeria 

Apart from the flaws in the interactive ATM design indicat-

ed from Figure 1, which may result in social problems, the 

amount of paper generated from incessant receipt printing gives 

rise to environmental problems. The lack of proper initiatives 

to tackle the problem of paper waste generated from ATMs and 

other sectors of the economy with paper waste in Nigeria has 

led to increased environmental issues in the country. Solving 

these issues have been quite challenging due to inadequate in-

frastructure [9] [10] such as paper recycling facilities and effi-

cient waste management facilities.  

As a result, these paper wastes end up incinerated thereby 

causing air pollution, which, given that this usually happens in 

the form of mixed trash incineration, poses a serious health 

hazard to the local population. In addition to inadequate infra-

structure, there is a lack of social and environmental awareness 

among the citizens and general users of the ATMs. As a result, 

a social and environmental awareness program is required on 

the need to reduce waste (energy and paper waste) for both the 

customers and the banking institutions. This includes recogniz-

ing the need for social and environmental sustainability which 

brings the country closer to achieving the United Nations sus-

tainable development goals (SDGs) [11]. The following re-

search questions addressed in this paper were formulated con-

sidering the aforementioned issues of ATM: 

 What are the usability concerns that senior citizens 

face when using an ATM? 

 How can green requirements and sustainability as-

pects be incorporated into ATM services design? 

 What are the relationships between the factors affect-

ing usability, green requirements and sustainability 

aspects of an interactive system such as an ATM? 

 What are the factors responsible for long queues at 

most ATMs in Nigeria? 

 Can ATMs serve as a means of sustainability and 

Green awareness? 

 What are the sustainability issues of current ATM de-

sign in Nigeria? 

The next section provides background information. Section 

III presents current problems of ATM design in Nigeria. Sec-

tion IV describes the research design. Section V presents the 

results. Section VI provides a summary of findings. Section VII 

explains the design analysis. Section VIII covers discussion 

and Section IX concludes the paper.  

II. BACKGROUND 

The development of an interactive system such as the ATM 

should be user-centered. Some of the works from the HCI 

community on social sustainability (usability and loneliness) 

[12] are examples of how important user centeredness is in the 

design of ICT systems looking at the case of ATMs. Integrating 

social sustainability requirements into design can help improve 

user experience during interaction with any software interface 

which has a potential to induce sustainable behavior. Lack of a 

proper guide for designers on how sustainability can be trans-

lated into interface design for the system has hindered the abil-

ity to have sustainability considered during systems design. 

Kem-Laurin [13]  identified this challenge and proposed the 

use of a Sustainability User Experience Framework to assist 

software designers.  

HCI plays a major role in creating green user awareness 

through eco-feedback which is based on the work of Froehlich 

et al. [14] as a way of showing users their positive and negative 

habits, which in this context refers to printing receipts during 

the use of ATMs. Another role of HCI is to also provide a solu-



tion to the problem of obsolescence by considering interactions 

between the device and its owner, the user experience and how 

these two factors can affect the length of ownership for that 

device, its usage and finally disposal [15]. This will provide 

insightful solutions on the design of end user devices. Howev-

er, there is less research in the field of sustainable HCI on the 

application of sustainability by using a design framework into 

different design practices [16]. Spagnolli et al.’s [17] work on 

application of eco-feedback has shown a positive result for 

changing user behaviour towards sustainability. However, the 

major challenge for eco-feedback is the pattern and manner in 

which information is presented to the users. If the presentation 

from eco-feedback is not well structured, it can hinder the abil-

ity to promote green awareness based on user interaction [18]. 

Information from eco-feedback must be designed and tailored 

to educate and encourage users to change their habits and be-

come greener. An example of such an eco-feedback can be 

seen from Quintal et al. [19] who provide user engagement 

through art inspired tangible eco-feedback that engages users 

emotionally.  

Sustainability is not yet the core of HCI as a design disci-

pline according to Fallman [20]. However, there are strong 

supporters of sustainability in the HCI field, as seen in the work 

of Eli Blevis [21] where it was indicated that sustainability 

should be the core of HCI with the methods and reasoning be-

hind the design and development of interactive systems. This 

challenge has hindered the ability for designers of the interac-

tive system to evaluate the consequential positive and negative 

effects of different choices which can either improve users’ 

green awareness or increase their negative habit as indicated by 

Nicolas Makelberge [22]. A practical example is that the cur-

rent ATM design in Nigeria, based on observation and interac-

tions with bank staff, shows that a single ATM generates up to 

five big rolls of receipts on a weekly average. However, most 

of these receipts end up in the trashcan. This is in addition to 

the papers automatically printed as a ledger for the ATM cus-

todians (Bank) for every transaction performed on the machine. 

According to Bonanni et al. [23], sustainable HCI has a 

huge potential to facilitate and support the design and devel-

opment of new interface design that can increase sustainability 

awareness among users. This awareness can motivate positive 

environmental impact through green awareness because user 

interactions with these new interfaces can lead to new habits 

due to informed decisions on how a user’s action can affect the 

environment.   

The challenge of creating green awareness by incorporating 

sustainability into the design of interactive systems such as 

ATMs is one of the root problems for designing better ICT 

systems with sustainability and green requirements. Design 

based solutions can help improve ICT energy efficiency, pro-

mote a low carbon economy and reduce the carbon footprint of 

ICT systems [24]. However, the challenge of integrating sus-

tainability into ICT is because of the pervasive nature of cur-

rent ICT systems and its advancement in power, performance 

and affordability. This can be improved through proper analy-

sis of the first, second and third order effects of ICT systems 

design [25]. Based on the research Madden et al. [26], if ICT 

systems are designed, developed and applied badly without 

sustainability consideration, it will have adverse effect such as 

abnormal increase in energy usage, accelerate climate change, 

worsen inequality for those who do not have access and in-

crease pollution and resource use. The Global impact of ICT on 

CO2 emissions is 2% and accountable for approximately 8% of 

the European Union’s (EU) electricity consumption [27]. 

The pathway to a sustainable society is unclear since sus-

tainability means different things to different people [28]. Peo-

ple’s different lifestyles, values and practices also affect how 

sustainability is treated [29]. However, with proper design in-

spired by sustainability and green requirements, ICT can re-

duce the impact of other sectors by up to 16% [30]. Further-

more, one of the major problems for software designers is that 

even with a systems approach, there are few existing tools that 

wrap core principles of sustainability together[31]. Also, there 

are only few studies and suggestions about ‘what’ aspects of 

sustainability to measure and ‘how’ to do it with regards to ICT 

[32] that can be applied to the case of ATM.  

Adoption of green requirements for the design and devel-

opment of ATMs has the potential to educate users during sys-

tem interaction. Oyedeji et al. [33] propose to incorporate sus-

tainability and green requirements into the requirements gather-

ing process using the sustainable business goal metric approach 

(S-BGQM). Such requirements can lead to the addition of 

green and sustainable criteria in the evaluation of user inter-

face. The work of Jeffries et al. [34], Stary et al. [35] and Wen-

ham et al. [36]  for user interface evaluation shows sustainabil-

ity or green requirements are not included as a criterion used in 

any of the techniques for user interface (UI) evaluation. Park et 

al. [37] also proposed the use of the structured methodology for 

the evaluation of UI designs through usability criteria and 

measure with a process consisting of two phases: prescreening 

phase (expert judgment-based approach) and the evaluation 

phase (user-based approach). The proposed model has no crite-

ria or measures though relating to sustainability and greenness.  

Kem-Laurin’s book “User Experience in the Age of Sus-

tainability” [13] highlights some of the design issues in the 

modern-day design of user experience with consideration of 

sustainability. Kem-Laurin proposed the use of a sustainability 

user experience framework as a way to guide designers during 

design and development of systems with a set of questions. The 

framework contains a product life cycle, user-centered data, 

and list of methodologies that can be applied during design. 

III. CHALLENGES OF CURRENT ATM DESIGN IN NIGERIA 

Information available from the Nigerian Inter-Bank Settle-

ments System reveals that, as of June 2017, the total number of 

ATMs deployed in the Country stood at 17,712 (a figure ex-

pected to have further risen to about 18,000 currently). Total 

Transaction volume from January to June 2017 was 336.77 

Million and total transaction value (in Naira) from January to 

June 2017 was 3.05 Trillion [38], [39].  

Previous researches have shown that ATMs in the banking 

industry have contributed immensely to customer satisfaction 

through reliability and accessibility of services, privacy, con-

venience, user-friendly services, which have improved satisfac-



tion significantly as noted by Al-Hawari and Ward, Mwaikali 

[40], [41]. However, recent findings revealed that the current 

design of ATMs in Nigeria is flawed with many usability prob-

lems, as a result, making it very frustrating and disappointing to 

use [42]. A formerly attractive solution is fast becoming unac-

ceptable and does not reflect the progress expected in the de-

sign of such an interactive system. Thus, requiring an urgent 

need for improvement. Notable among these are poor network 

quality, card locking [41], reflective display screen, redundant 

menus, inadequate profiling of card linked to account, small 

withdrawal limit, inadequate feedback, repeated receipts print-

ed for each transaction, machine breakdown, ATMs running 

out of cash, insufficient number of ATMs in the metropolis, 

and delay in the dispensation of cash [42].  

In addition to the aforementioned problems, specific issues 

faced by adults aged 55 – 64; and senior citizens aged 65+ are 

another major grey area. Akinnuwesi et al. [43] stress that the 

addition of multi-lingual and multi-denomination features to 

the current ATM design is capable of enhancing the functional-

ities and robustness of the machine. Thus, providing services to 

users with less stress. Apart from elders, some users of ATM in 

Nigeria are also rural dwellers (who understand their local lan-

guage only – majorly Hausa, Igbo and Yoruba), having a ma-

chine that speaks their language will raise acceptability and 

users’ satisfaction among such a minority group. The lack of 

localization in the usability of ATMs in the cities and especial-

ly in rural towns usually leads to an increase in printed receipts 

for each transaction by users which ends up as litter. 

IV. RESEARCH DESIGN 

The research was conducted using observation methods and 

interviews. It was conducted in Abuja, the Federal Capital Ter-

ritory (FCT), with a population of 2.44 million [4]. The major 

reason for choosing FCT as the sample population is because 

of its strategic importance, and it has at least a branch of all the 

banks in Nigeria and therefore provides the opportunity to cov-

er as many banks as possible. ATM usage habits were observed 

across the FCT over a period of two months, focusing on all 

categories of ATM users. The exercise covered all banks across 

the metropolis. Participants were selected by actually visiting 

random ATM points within the city, and after a brief introduc-

tion, some declined to be interviewed while others were excited 

that they have the opportunity to discuss challenges faced with 

the current design and also take part in the questionnaire. There 

were 500 participants.    

Observation method [44] was first used in data collection 

from different ATM points within Abuja. This is to eliminate 

any bias in order to find truly the cause of usability and sus-

tainability problems of ATMs. Participant and non-participant 

observation was applied during the data collection to increase 

the participant sample size. 

Since the information from the observation is not able to 

provide insights such as participants’ background details, opin-

ions, what features to improve and personal preferences in us-

ing the ATMs, a second method of short personal interviews 

[45] was conducted to understand the personal usability and 

sustainability problems of each user. This also provides some 

supplementary information about each participant’s personal 

characteristics and environment. It is important to state that 

sustainability dimensions are considered from the following 

perspectives in the study design: 

 Economic: This is about maintaining a cost-effective 

design solution for ATM design while reducing cost. 

 Social: Covers the sustainability in terms of relational 

ties and trust among a community of users of ATMs. 

 Individual: Refers to the ability of each user to com-

plete their task successfully with ease regardless of 

their age (old or young). 

 Environment: Focus on how to reduce paper waste, 

encourage recycling and create awareness among us-

ers for climate issues that can generate enough con-

sciousness in users on how their actions and inactions 

affect natural resources through paper receipt wastage, 

pollution, and energy consumptions.  

 Technical: Develop sound and easy to use solutions 

for ATM design which can be deployed easily and 

maintained as requirements evolve.  

Table 1 defines the roles and responsibility of each author 

in the study. The authors initials are used in Table 1 in the 

following order: Shola Oyedeji (SO), Mikhail O. Adisa 

(MA), Bilal Naqvi (BN), Mariam Abdulkareem (MA), 

Birgit Penzenstadler (BP) and Ahmed Seffah (AS). 

TABLE I.  ROLES AND RESPONSIBILITY 

Description SO MA BN MA BP AS 

Identify primary research * *     

Define hypothesis * *     

Design interview questions  * * * *   

Background study * * * *   

Review interview questions      * 

Study evaluation     * * 

First internal validation      * 

Second Internal validation     *  

Write paper * * * * *  

Review paper      * * 

V. RESULTS 

The results of the study are categorized into demography, 

Frequency of ATM usage, Ease of Use, Sustainability and 

Green consideration. 

A. Demography: Age range was from 15-24, 25-34, 

35-44, 45-54, 55 and above. Out of the 500 partic-

ipants, senior citizens aged 55 and above covers 

slightly above half, while the rest is somewhat 

evenly distributed among aged 15 – 54 respective-

ly. At the same time, the highest responses came 

from the female participants at 59.3%. In addition, 

a little above half of the participants had up to de-

gree level of education and one-fourth had a post-

graduate degree. Overall, one-third of the partici-

pants earned over N200,000 (approx. $550) and 

approximately one-fifth earned less than $140, re-

spectively. 



B. Frequency of usage: Two-third of the participants 

had two or more ATM cards linked to their ac-

counts, with approximately half of them claiming 

to have used their cards in the last one week. 

While one quarter claimed to have used theirs 

about three or more weeks ago. 

C. Ease of use: 15.56% of the participants claimed 

that it took them less than 2 minutes to complete a 

N40,000 ($100) transaction, while 36.5% claimed 

to have achieved the same within 4 minutes, 

19.2% took 6 minutes. However, 28.7% were able 

to achieve theirs in more than 6 minutes (Figure 

2). This can be attributed to the limitation on the 

maximum amount of cash that can be withdrawn 

per each transaction from ATM.  

 
Fig. 2.  The amount of time required to complete withdrawal transaction of 
40,000 naira ($100)  
 

 
Fig. 3.  Percentage of 40,000 naira ($100) withdrawal at once 

In the same vein, 62% of the participants claimed to have 

never been able to withdrawal N40,000 ($100) at once before 

and only 8% claimed to have being able to do same before 

(Figure 3). The ability to withdrawal N40,000 ($100) appealed 

to more than 70% of participants, while 17% of them opted for 

N20,000 and just 10% agreed with the status quo of N10,000 

single withdrawals. This shows the problem of the ATM policy 

from most banks that reduce maximum cash withdrawal to 

10,000 naira per transaction. It explains one of the major rea-

sons for why most people spend more time in queue at most 

ATMs as seen in responses from Figure 4.  

 
Fig. 4. Frequency of queue at ATM  

 
Fig. 5. Percentage of user satisfaction with current ATM design and usability 

Over 60% of users are dissatisfied with current ATM de-

sign and usability and less than 20% are satisfied (Figure 5). 

Some of the issues for this level of dissatisfaction can be linked 

to withdrawal limit of 10,000 per transaction from most banks, 

long queues, security feature of re-entering ATM pin after each 

transaction. And over 50% of the users required one level of 

assistance to complete their transaction (Figure 6) mainly be-

cause of screen resolution and language. Additionally, more 

than 80% preferred to have a multi-lingual interface to ease 

their transactions (Figure 7). 

 
Fig. 6. Percentage of users that required assistance for ATM Transaction 

 

 
Fig. 7. Users response to Multi-lingual feature in ATM 



D. Sustainability and Green Consideration: More 

than half of the participants (61.5%) were used to 

frequently printing receipts after their ATM trans-

actions (Figure 8) and are unaware of the negative 

impact of such on the environment (Figure 9).  

 
Fig. 8.  Percentage for printing receipt after each transaction 

 
Fig. 9.  Level of users’ awareness about impact of printed receipts on environ-

ment 
In addition, more than half of the participants suggested that 

the banks should burn the receipts left in the trash can by the 

customers, while 10% are for recycling and 30% are for send-

ing the said receipts to a trash collector for proper disposal 

(Figure 10). Almost half of the participants also claimed to 

understand the meaning of sustainability, while 48.9% claimed 

they don't know the meaning, and less than 10% preferred not 

to respond to the question (Figure 11). Overall, 97% are aware 

of climate change according to the responses. 

 
Fig. 10. Level of users’ awareness about air pollution and recycling 

 
Fig. 11. Percentage of sustainability awareness among users 

VI. SUMMARY OF ATM USABILITY, GREEN AND 

SUSTAINABILITY DESIGN ISSUES IN NIGERIA 

Our findings reveal that many of the problems encountered 

by users of ATMs in Nigeria can be eliminated if the users’ 

expectation meets the design goal with consideration of envi-

ronmental, social and individual sustainability. As different 

technologies are invented to better the life of users, usability 

and users’ engagement studies should be periodically carried 

out to understand their challenges and how best to reduce am-

biguity without having a negative impact on the environment.  

The study outcome revealed that most ATM interfaces in 

the country are not user-friendly. The fonts are either too tiny 

or the interface screen used by some banks is reflective and not 

friendly to the eyes (in this case, the customers have to adjust 

and squint their eyes to see properly). No consideration of so-

cial and individual sustainability.  Customers have to select 

account type out of three options (Savings, Current and Credit) 

even when the card is linked to only one account number. Lack 

of feedback about the unavailability of cash to dispense, as 

customers had to insert and perform all the withdrawal steps 

before getting to know that the ATM cannot dispense cash 

(Time wastage). Most of these banks usually limit withdrawals 

to a maximum of N10,000 per withdrawal as discussed in the 

introduction and, thus, consuming more electrical and mechan-

ical energy to dispense larger sums (energy waste). 

Another major observation is the amount of paper generat-

ed as receipts, as most users often drop the said receipt right at 

the base of the ATMs. A typical ATM in the capital territory 

generated up to five rolls of receipt paper per week, most of 

which ended up as waste. Expanding this sample to another 

part of the country will reveal heavy loads of paper wastage. 

This shows lack of concern for environmental sustainability. 

Table 2 summarizes all the design issues faced by different user 

groups along with the affected dimensions of sustainability.  

TABLE II.  DESIGN ISSUES IN CURRENT ATM  IN NIGERIA 

No Design Issues Target Users Sustainability 

Dimension 

1. Font/Screen Resolution Elders/ Senior 

Citizens 

Individual, 

Social 

2. Reflective display screen All users Technical 

3. Redundant menu (repeated-

ly select account type) 

Users with a 

single account 

Technical, Envi-

ronment 

4. Automatic receipt printing 

after a ‘fund transfer trans-

action’ 

ATM Owner, 

All users 

Technical, Envi-

ronment 

5. No choice of language 

selection 

All users Individual, 

Social 

6. Withdrawal limit of 

N10,000  

All users, 

ATM owners 

Technical, Envi-

ronment 

7. No choice of currency notes 

selection 

All users Technical 

8. Incessant network failure 

without corresponding 

feedback from interface 

All users, 

ATM owners 

Technical, Indi-

vidual, Envi-

ronment 

9. Feedback on card 

jam/capture 

All users Technical, Indi-

vidual, Social 

10 No display of account bal-

ance after the transaction 

All users, 

ATM owners 

Technical, Envi-

ronment 



The design issues summarized in Table 2 and results from 

section five show the need to rethink the design of ATMs in 

Nigeria in order to promote sustainability and reduce business 

costs. To fix the identified issues, analysis how usability heu-

ristics can help improve the current interface design influenced 

by the framework for sustainability of software system design 

[46] was carried out. The framework shows the need, during 

system design, to incorporate sustainability goals such as de-

sign for sustainable efficiency, reusability, increased sustaina-

bility awareness among users, design for reuse, and localiza-

tion. It suggests using sustainability concepts such as cradle to 

cradle, biomimicry, life cycle sustainability assessment, social 

return on investment, and sustainability awareness diagrams.  

The ten usability heuristics for user interface design by 

Jakob Neilsen [47][48] were adapted for sustainability. Table 3 

highlights the details of the green and sustainable guidelines 

based on Jakob Neilsen heuristics [48] used as a guide for the 

proposed new ATM design.  

TABLE III.  GREEN AND SUSTAINABILITY HEURISTICS GUIDELINES 

(BASED ON NIELSEN HEURISTICS) 

Name Description  

Visibility of system 

status 

The interface should not be reflective, so as to enhance 

readability. Green awareness should be made visible 

from the UI through appropriate warnings within 
reasonable time.  

Match between 

system and the real 

world 

The system should use phrases and terms that users are 

familiar with to pass the message of green awareness 

in a natural and logical order. This is supported with a 
multi-lingual option (to address the need of those that 

speak mainly native language) 

User control and 
freedom 

When users make the mistake of selecting to print 
receipt and wants to cancel, there should be a clear 

way for users to undo the action without difficulty 

(without going through an extended dialogue)  

Consistency and 

standards 

All screens should have consistency in order not to 

confuse user, for example green awareness campaign 

message should be consistent in all transaction screen.  

Error prevention The user interface should be designed in a way to 

avoid errors during transactions especially during 

currency/multi-lingual selection and when deciding to 
print or not to print receipts  

Recognition rather 

than recall 

Make objects and options visible for users, options of 

green and sustainability must be clear enough to avoid 

making users recalling information from one part to 
another.  

Flexibility and 

efficiency of use 

The user interface should be designed to suit all 

categories of users. All unnecessary steps towards user 
goal during usage should be avoided. (e.g. asking user 

to select account type when the card is linked to just 

one account which just increases the number of steps 
in the transaction and increase energy used)   

Aesthetic and 

minimalist design 

Information on the screen should be precise to make 

users locate information easily. This will ensure users 

are aware of their actions during each transaction and a 
structured information would help create green 

awareness. (Avoid using a reflective screen that affects 

visibility of  menus) 

Help users 

recognize, 

diagnose, and 

recover from errors 

Error message should be in simple and plain language 

to express the problem and suggest solution. (e.g. 

information on Card Capture Resolution should be 

visible when such error occurs) 

Help and 

documentation 

There should an easy help function to guide and assist 

users whenever needed. This can also be a good 

avenue to propagate green awareness.  

VII. DESIGN ANALYSIS AND RECOMMENDATION 

This paper is proposing a redesign of the current ATMs in 

Nigeria that will address all the aforementioned issues in Table 

2 and use the guidelines from Table 3 as a solution path. The 

redesign will target all demographics including the Nigerian 

elderly citizens (who complained mostly about the readability 

of fonts, reflective display screen, time to perform single with-

drawal, and redundant menu), improve human-to-machine in-

teraction, encourage re-use and promote a greener and safer 

environment. With the current ATM usage statistics in Nigeria, 

the technology could also serve as a focal point for the Green 

Awareness Campaign. Table 4 summarizes the solutions and 

the first, second, and third order impacts [49] [50] of these de-

sign changes. 

TABLE IV.  SOLUTIONS AND OPPORTUNITIES FOR USER CENTERED ATM DESIGN 

Issues Target 

Users 

Sustainability 

Dimension 

Solution/ 

Expectation 

First order 

Impact 

Second order 

Impact 

Third order Impact Opportunities  

Font/Screen 

Resolution 

Elders/ 

Senior 
Citizens 

Individual, 

Social 

Profile user by 

age and increase 
font size 

Improve 

usability by 
older users 

and those 

with vision 
problem  

Increase usage by 

senior citizens 

Reduce the amount of 

time spent on making 
each ATM transaction 

which in turn will reduce 

the amount of energy 
used  

Acceptability, 

improve usability 
for elders 

Automatic 

receipt 
printing after 

a ‘fund 

transfer 
transaction’ 

ATM 

Owner, 
All users 

Technical, 

Environment 

Allow the user 

decide if printing 
is necessary after 

fund transfer, 

show green 
campaign 

message to 

discourage 
wasteful printing   

Reduce 

amount of 
printed 

receipts 

Reduce the 

amount of paper 
waste, Reduce 

energy usage 

overtime with less 
receipt printing 

Create awareness among 

user about sustainability, 
reduce the amount of 

trees used in producing 

papers, educate users in 
the long run to use 

resources judiciously in 

their personal life 

Improve user 

behavior 
positively towards 

the environment 

and the bank 
expenses on paper 

for printing 

receipts  
 

Lack of 

option to 
track each 

printed 

receipt for 
transactions  

ATM 

owners, 
All users 

Individual, 

Social 

Green awareness 

campaign by   
tracking monthly 

printing habit with 

message 
influenced from 

Dissuade 

users from 
printing on all 

transactions 

from ATM  

Prompt user to 

stop monthly, 
quarterly and 

yearly paper 

summary of 
account 

Increase sustainability 

and green awareness, 
create a society of 

educated users about 

sustainability and impact 
on environment  

Improve usability, 

reduce energy 
usage which in 

turn reduce bank 

energy bill 



biomimicry  transaction 

Reflective 

display 

screen 

All users Technical Non-reflective 

display screen 

Improve 

usability 

Reduce time on 

performing 

transactions 

Improve user satisfaction Positive feedback 

from user and 

increase in 

patronization 

Redundant 
menu 

(repeatedly 

select 
account type) 

Users 
with a 

single 

account 

Technical, 

Environment 

Automatic 
account type 

identifier 

Reduce time 
to complete 

transaction 

Reduce energy 
usage 

Improve usability, user 
satisfaction, reduce 

queue thereby prompting 

quick transaction 

Save time, 
conserve energy,  

Improve usability 

Withdrawal 

limit of 

N10,000 

All users, 

ATM 

owners 
 

 

Technical, 

Environment 

Increase limit to 

*40 of currency 

note (N40,000 for 
N 1,000 and N 

20,000 for N 500) 

Reduce time 

to complete 

cash 
withdrawal 

transaction 

Improve user 

satisfaction 

because of shorter 
time to withdraw 

cash  

Increase the amount of 

transaction  

Improve usability, 

Save time 

 

No choice of 
currency 

notes 

selection 

All users Technical Display currency 
note available and 

allow the user to 

choose either 
N1,000 or N500 

Increase time 
for 

transaction 

due to added 
menu for 

currency 

selection 

Increase 
acceptability 

Increase satisfaction  
 

Improve 
acceptability and 

usability 

Incessant and 
un-inform 

network 

/ATM failure 

All users, 
ATM 

owners 

Technical, 

Individual, 

Environment 

Automatically 
display network 

error on the screen 

before user insert 
their card 

Reduce time 
wastage 

Reduce energy 
usage by ensuring 

user doesn’t have 

to start a 
transaction to see 

the ATM has 
problem or unable 

to dispense cash  

Increase satisfaction Promote cashless 
policy with more 

users willing to do 

other transactions 
(pay school fees, 

utility bill, fund 
transfer) via ATM 

Feedback on 

Card 
Jam/capture 

All users Technical, 

Individual, 

Social 

Display 

appropriate steps 
for resolution 

Make users 

less worried 
because of 

informed 

decision 
based on 

displayed 

information  

Reduce bank 

queue for Jammed 
/ Retained card in 

bank premises   

Improve satisfaction Improve 

Interactivity and 
usability 

No display of 

account 

balance after 
the final 

transaction 

All users, 

ATM 

owners 

Technical, 

Environment 

Automatic display 

of account balance 

after the final 
transaction 

Reduce time 

used for 

transaction 

Reduce paper 

waste because 

user don’t have to 
select option of 

print receipt after 

transaction 

Reduce energy usage 

and paper receipt 

printing 

Improve 

satisfaction  as 

user does not need 
to re-enter PIN to 

view account 

balance 

 

VIII. DISCUSSION 

The study has shown some of the problems and challenges 

of ATM users in Nigeria. Based on the results from the obser-

vation and interviews, the frequency of ATM card usage and 

the number of ATM cards owned by participants shows that 

ATM usage is high in Nigeria, and as a developing country 

where cashless policy is still in its infancy, ATMs serve as a 

major source of making transactions. One of the biggest chal-

lenges in the current ATM design is the lack of consideration 

for the older age groups (individual and social sustainability). 

This has also impacted negatively on the environment because 

a majority of the participants spend more time trying to com-

plete smaller transactions due to small fonts, reflective display 

screen, network failure and card jams which in turn lead to 

frequent incessant queues. Almost three-quarter of the study 

participants claimed to have experienced long queues during 

their transaction with two-thirds among them experiencing a 

long queue very frequently. Only one-tenth claimed to have 

never experienced a long queue. 

Furthermore, with regards to sustainability, it is surprising 

that 43.3% of the participants were aware of sustainability and 

97.8% claimed to have heard of climate change, yet 60.3% 

(Figure 10) of the participants suggested that the trashed re-

ceipts should be burnt while only 9.6% suggested recycling. 

Burning in itself will lead to environmental pollution which is 

hazardous to human health. In addition, over 60% of partici-

pants who always printed receipts at the end of each transaction 

are not aware that the trashed receipts have a negative impact 

on the environment. This is because usually most receipts end 

up in a landfill, where they will be burnt, or conversely, they 

are thrown into the drainage thereby causing blockage.  

It is therefore important to look at ways of improving sus-

tainability and green awareness among ATM users in a devel-

oping country like Nigeria in order to promote social, individu-

al and environmental sustainability. The first step will be pre-

senting the result of these findings to some of the banks where 

the observations and interviews were conducted to explain the 

advantage and benefits of incorporating sustainability and 

green requirements into ATM design. Table 4 can serve as a 

way of presenting the first, second and third order impacts with 



opportunities that can be derived from re-thinking the design of 

current ATMs. The second step will be creating sustainability 

and green awareness for example: 

1. Add a tag message “Track your commitment to a greener 

environment, do no print receipt except if necessary” on all 

screen during ATM transactions 

2. On the screen to print receipt, display of a tag message 

“Consider your environment, printed receipt has negative im-

pact on the environment” 

3. On the printed receipt itself, a tag stating the total amount 

printed receipts from the user in relation to trees killed in the 

forest can be added for example 35 receipts printed this week = 

two trees killed, is shown on the receipt. While the third option 

might not be supported by a bank as it might potentially put 

their customers off, it is a simple way to directly show and give 

eco-feedback on how the impacts of individual users’ choices 

accumulate. 

IX. CONCLUSION 

This paper addressed the issue of usability, sustainability 

and green awareness challenges that the users of current ATM 

design in Nigeria experience. The study targeted senior citizens 

(age 55 and above) who often felt disenfranchised in the usabil-

ity consideration of the technology, and also other users (age 

range from 15-54).  

The proposed green and sustainability heuristics guidelines 

provide a means for evaluating ATM design towards changing 

users’ habits, emotions, and behavior concerning the environ-

ment. The proposed redesign highlights how green ATM de-

sign can provide suitable feedback to users on their printing 

habits, and subsequently promoting green awareness. Through 

green awareness, users can be more aware of their actions to-

wards the environment. The aim of this paper is to encourage 

software designers to consider the different usability, green and 

sustainability issues in their development work to improve usa-

bility, learnability and sustainability of ATM in Nigeria. 

The ATM case study presented in this paper refers to a de-

pendency between sustainability and usability. The major focus 

of designers and developers is to ensure ease of use and pro-

vide rich user experience, whereas dimensions like social and 

individual sustainability are usually ignored. This paper is an 

attempt towards incorporating all sustainability dimensions in 

design of ATM. 

This paper aims to open a discussion among the conference 

participants on designing usable sustainability and green user 

experience – or: on how best to design and evaluate usable 

green-aware interactive systems. In addition, we hope to raise 

interest among participants to further research on the best 

guidelines to assist designers in developing countries and pro-

vide techniques that consider green and sustainability require-

ments. Further research investigations are needed to: 

 Get to know the user experiences and interactions 

with software systems regarding sustainability. Where 

are they being used and what are their impacts in 

terms of sustainability? 

 Develop a theoretical framework to understand the 

best green UX design practices. How can sustainable 

user experience design help to design software prod-

ucts that are sustainability-centric?  

 Perform a larger observational study and describe the 

experiences and feelings of users about the sustaina-

bility of interactive system. How do people interact 

with systems while being more aware of their impacts 

on the environment? 
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Abstract—As the climate change pressures mount, the need to
transition to clean (non-fossil fuel based) energy systems becomes
ever more apparent. Such a transition requires availability of
trained workers to install and control the new energy systems,
as well as skilled governance and regulation to guide such a major
societal change. This paper takes the first steps to explore the
issues related to said skills and training provision, using group
discussions with the UK’s energy researchers and practitioners. It
reports on the areas of currently perceived skills gaps, and argues
for the need to research on the future skills shortage prediction
and training provision. This work aims to prevent such shortages
from arising in order to facilitate a successful transition to clean
energy systems.

Index Terms—energy systems transition; skills gap; skills
shortage, skills training, low-carbon energy system.

I. INTRODUCTION

Global energy demand has grown steadily at around 2.4%
per year since 1850, nearly all of which has been obtained
from fossil fuels. Unsurprisingly, energy generation and distri-
bution is one of the highest greenhouse gas emitting sectors in
the developed countries (e.g., 3rd in the UK, after industry and
transport). Faced with the problems of climate change, most
countries have set targets to decarbonise their energy systems
[1], [2]. Realisation of such plans will require substitution of
fossil fuel-based energy sources with renewable alternatives.
Yet, the energy system underpins and is tightly intertwined
with all other sectors of economy and areas of social life:
from high-tech industrial production processes to agriculture;
from home heating to transportation. Changing energy systems
implies changing the very core of the modern societal life [3].

The transition to low-carbon and localised energy systems
is already under way. The relevant technologies1 have been
developed and continue to be improved; government initiatives
provide funding to research and support the transition [4],
[5]; and several groups have led the way with successful
decentralised and community energy projects. One such ex-
ample is Robin Hood Energy set up by Nottingham council

1To name a few: PV panels, wind turbines, tidal and wave energy stations,
anaerobic digestion systems and bore holes for heat storage, batteries and
hydro turbines, electric vehicles and peer-to-peer energy trading platforms,
smart controllable appliances for demand response, etc.

in 2015 to supply energy from mainly renewable sources
[6]. Robin Hood Energy has saved at least £200 a year
for over 100,000 customers and has also seen successes in
supplying energy outside of Nottingham through partnering
with local brands, such as Angelic Energy in Islington. Other
examples of successful local energy communities include the
Bethesda hydro-powered project in Wales [7], the Orkney
island’s energy self-sufficiency in Scotland [8], or the PV for
Schools programme that supplies solar energy generation to
UK schools [9], saving energy bills, carbon emissions, and
promoting environment-related education in schools.

Yet, all these are relatively small, disconnected projects.
In order for the transition to be adopted on a national scale,
resources must be in place that provide the necessary skills,
knowledge and most importantly, the societal will to im-
plement this change. Transition to a nation-wide low-carbon
energy system is not simply about installing some PV or
wind generation, but it is about the whole-scale change of the
energy generation, distribution, and use practices: integration
of all renewable sources (to address their generally intermittent
availability i.e. there is no solar generation during the nights);
ability to regulate demand (e.g. switching off non-critical
appliances when generation is low, and scheduling energy
use tasks when generation is high, e.g., [10]); willingness to
regulate and set policies that foster engagement of all user
groups with the energy generation and consumption issues;
enabling and mandating the transition of the incumbent large
energy companies to new business models centred around
clean energy sources, etc. All of this requires new kinds of skills
from the employees, new kinds of jobs from the employers, and
new kinds of education and training for all.

With appropriate methods, the journey to a more sustainable
future can have great potential for the job market. Although
it is critical that the appropriate training of skills is in place
in order to avoid long lead times and a widening gap between
the demand and supply of the necessary labour.

This paper explores the skills shortages that the transition
to a clean-energy society is likely to face. Section II reviews
insight from existing literature concerning the causes of a skills
shortage, how they arise and how they can be tackled. These



issues will be addressed in terms of what they mean for the
energy market, the labour market as well as for policy and
social change. To relate the findings from the literature to the
current state of practice, we carried out several small group-
based discussions which are outlined in Section III. Here
we present the emerging topics from these group discussions
between interdisciplinary experts on energy systems. Section
IV concludes this paper with a summary of our findings and
a plan of how they will be used in deriving a skills training
curriculum and skills shortage assessment model.

II. BACKGROUND

In this section we review literature relating to the definition
of skill shortages and how they can be tackled from three
viewpoints:

1) energy systems;
2) labour market;
3) policy and social change.
It is relevant to consider this issue from a top-down,

economic approach (labour market) as well as bottom-up,
industry-specific angle (the energy system). Furthermore, since
our lives are centred around energy, we conclude this section
with a discussion of the societal impacts of a skill shortage in
the transition to a low-carbon economy.

Background from the Energy Sector

The lack of required skills has been reported as the biggest
challenge facing the global renewable energy sector [11]. The
demand for necessary skills and further training is applicable
for new graduates of non-specialised STEM courses, those
with relevant skills from other sectors as well as those already
working in renewable energy in the case that their organisation
develops through digitisation or updated technology. There-
fore, it can be said that the onus to fill the skills gap is as
much on employers as it is on external education and training
institutions.

A suggested solution for educators would be to create
tailored courses. However, there is less need for specialist
education programmes in renewable energy. Existing STEM
subjects provide the necessary foundation for professional
work in this sector [12]. It would be more favourable to have
several low-carbon related modules within a higher education
course to provide students with the awareness and insight of
the benefits of alternative, cleaner energy systems.

The most recent Global Talent Index Report (GETI) [13]
carried out by 17,000 respondents from 162 countries has
shown that although there is an obvious skills shortage, the
most worrying issue for the renewable energy sector is, in
fact, the political landscape. A lack of subsidies is of huge
concern to the renewable industry, significantly more so than to
the conventional and better established non-renewable sectors.
However, the skills shortage is a looming crisis that many
are also worried about: 60% of respondents believe there is
only 5 years to act before it hits. So what talent is lacking?
The discipline of Engineering was reported to be in highest
need (50%) and project leadership following with 25%. The

latter reinforced by the lack of understanding of the system as
a whole: how multiple energy generation methods can work
together and complement each other, the role of legal experts
and policy makers in steering the path to change, the im-
plementation of effective and relevant training and education
programmes and how all of these factors come together. The
key risks to the sector, as a result of talent shortages, include
decreased efficiency, loss of business and reduced productivity.
These consequences will trigger a negative feedback loop
since it is likely that there will be less incentive to work
in the renewable energy industry if it is a failing one. The
top three methods to attract the right talent, agreed amongst
hiring managers and professionals, include better training,
clearer career progression and increased remuneration and
benefits packages. However, remuneration was one of the
least common reasons for choosing to work in this sector.
A possible explanation could be that the majority of the
workforce in the renewable industry are between the ages of
25-34. The concern for the climate is more apparent among
the younger employees who may enter the sector as they wish
to take action against global warming rather than for gaining
“job perks”.

A novel solution to deal with skills shortages has been
implemented by Business in the Community through the Ban
the Box campaign [14]. By engaging with employers on
specific programmes, the 20% of the UK workforce with
criminal convictions can be given the support and training to
close the skills gap.

Over the past decade we have seen a rise in automation
which can be argued to have a positive effect on decreasing the
skills shortage. Whilst it is true that automation has put many
out of work, with the right systems in place, automation can
allow members of the workforce to engage in less repetitive
tasks and transfer their talent to more technical areas of their
company.

In summary, factors that should be taken into account in the
skills shortage assessment model to be developed include the
view of consumers, employees, employers and educators on
the areas where training is necessary, including both technical
skills training and policy-related education. This knowledge
will help in preparing for the changing technological land-
scape, as well as in directing the action of policy makers in
requesting funding or regulation in specific areas. Contribu-
tions to a skills training curriculum aimed at preventing the
looming skills shortages for energy systems transitions, should
include both general and tailored STEM courses and project
leadership for the proliferation of the low-carbon and localised
energy systems.

Background from the Labour Market

In economic theory, a skills gap is regarded as a disequi-
librium phenomena between the skills available by workers
and those demanded of them by employers. Such a gap is
a common cause of structural unemployment. The Oxford
dictionary of Economics [15] defines structural unemployment
as unemployment due to a lack among unemployed workers



of necessary skills which can occur as a result of changes in
demand leading to the decline of industries which previously
provided jobs. Furthermore, structural unemployment cannot
be cured by simply increasing demand or cutting wages but
rather, it requires major investment in education and training
or subsidies to support the migration of jobs to depressed
areas. In other words, there must be a boost in the supply
of labour. It is important to note that structural unemployment
focuses on those who are unemployed and are out of work
as a result of a shift in the economy and it relates less so
to those who have the relevant skills but are employed by
other institutions. Therefore, its application is not a perfect
match to our case since, under the traditional interpretation of
structural unemployment, people who have suitable skills to
be employed in the low-carbon energy sector may simply be
working in other industries. Nevertheless, this area of labour
economics provides a starting point for our analysis of skills
gap understanding and modelling.

An example of structural unemployment was seen in the
coal mining industry when employment fell by nearly 80%
between 1980 and 1990 as a result of a change in governmental
policy along with the growing unrest in the industry. The
scale of the coal mining industry decay is shown in Figure
1. Many of the miners did not have the skills or experience
that would transfer to other sectors. Given that the majority
of the population of mining towns were inevitably miners, the
changes put excessive pressure on the unemployed miners to
relocate geographically as well as occupationally to find work.

Fig. 1. Number of people employed in the coal mining industry in the United
Kingdom from 1920 to 2017 (in 1,000s). Figure obtained from [16].

The solutions introduced by the UK government to regen-
erate the areas of ex-coal mining industries included funding
to support upcoming small businesses, investments from large
automotive and technology companies who built sites in the
affected areas and provision of higher education courses with
strong connections to manufacturing and IT industries [17].

Structural unemployment is typically long-term unemploy-
ment as a result of ‘shocks’ that the economy needs to take
time to adjust to. We expect that in our transitional scenario,
structural unemployment is both about decarbonisation and the
decline of the fossil fuel industry as well as the adoption and
development of low-carbon and decentralised energy options.

This results in workers becoming displaced since their occu-
pations cease to exist as well as new jobs being introduced
causing a shortage of workers with appropriate skill sets and
to some extent, an overlap between the two.

The shocks in economic activity that can lead to structural
unemployment in the area of low-carbon and localised energy
systems can arise from three main drivers:

• Firstly, as industries become more energy efficient and
less polluting, the demand for occupations such as drilling
engineers decreases whereas there is an increase in the
demand for others, such as solar panel technicians. In
some cases the occupations are relatively transferable. For
example, an individual working on oil or gas drilling sites
will be able to transition to the geothermal industry which
relies on similar methods for heat extraction. The change
in market behaviour can also be encouraged by consumer
habits, for instance, through mass pressure for greener
energy which in turn causes the industry to adapt in order
to meet the demands of their customer base.

• Secondly, entirely new occupations can emerge as a
result of developments in technology. Occupations are
also limited by this factor since a technology may not
be available in a certain country or relocation to an area
where the occupation is vacant may not be a feasible
option.

• Thirdly, the introduction of regulation and environmental
policy can force the industry to alter its structure. For
example, policies may be put in place that ban certain
materials or processes with negative environmental im-
pacts [18]. All of these factors are geographically specific
and will be taken into account when developing a model
for assessing a skills shortage with the constraint of
localisation.

Over time, the labour market adjusts to equilibrium com-
monly through increasing wages to attract skilled workers from
other firms or from unemployment. Alternatively, training can
be provided to increase the supply of skilled workers, yet the
length of a training course may cause long lead times and it
is also necessary to incentivise individuals into enrolling in
the training programmes in the first place. One way to speed
up this process is for companies to offer apprenticeships and
teach workers the skills or training ‘on-the-job’.

Furthermore, a transparent labour market with available in-
formation to technological innovators, firms and educators is a
fundamental criterion of an efficient market. This transparency
will minimise the time taken for information to flow about new
opportunities from firms to the educators who will provide
future workers with the suitable skills [19]. According to the
GETI [20], when asking hiring managers in the renewable
energy industry how employers can overcome the skills gap,
45% believed this could be done through partnering with
colleges and education boards. Yet, it is worth noting that
this part of the GETI survey was a closed set of answers and
although multiple answers could be selected, the options did
not include a choice of closing the skills gap via is input from



policy makers, which, as noted before is a key influence area
to be considered.

From bans on harmful products to the introduction of a
carbon tax, the government has an extraordinarily influential
power in promoting a smooth transition to low carbon and
more localised energy systems through legislative prohibitions
as well as by providing both incentives and disincentives. This
is clearly shown in Figure 2 that illustrates the success of
encouraging installations of solar panels through the introduc-
tion of the Feed-in Tariff in 2010. The growth in the number
of installations post April 2016 could partly reflect the rush
to set up projects before further reductions in subsidies take
effect. Nonetheless, this example of a positive incentive for
participation in cleaner production methods should be learnt
from to support the transition.

Fig. 2. Quarterly breakdown of number of installations and total installed
capacity accredited under the Feed-in Tariff. Figure obtained from [21]

The background research into the effects of an energy
transition for the labour market demonstrates that we can
learn from previous periods of structural unemployment in
developing models for skills shortages prediction and preven-
tion. For example, the measurement of how many skills are
transferable from jobs in industries that are declining could
provide an indication of how investment should be injected
back into geographically affected areas, i.e. which companies
should be encouraged to open their doors to those affected
by structural unemployment, and which should invest into
development of new business opportunities. Furthermore, to
make the labour market more transparent, the firms creating
technologies should be motivated to state the occupations and
skills that will be required to maintain and operate the new
products and services. In this way a relevant skills training
curriculum can be devised and kept up to date with emerging
technologies.

Background from Policy and Social Movements
The transition to low-carbon and localised energy systems

is as much a change in the way we use our energy as it is the

way we think about it. We consider the ‘mindset transition’
to be a skill shortage in the green energy industry in the
same way that there is a shortage of engineering skills in this
sector. Whilst it is crucial that the right policies are put in
place to secure enough investment in skills development, the
attitudes towards the benefits of low-carbon energy alternatives
need to be addressed: firstly to ensure people are willing to
work in the industry, secondly, that they are willing to accept
relevant policy and regulations, and finally, to encourage
participation of end users (including end user companies) both
as consumers, investors and producers (where possible) in
one’s local energy system. The investment in skills training
and the attitude of the society towards low-carbon energy go
hand in hand. For instance, according to the Solar Energy
Society of Canada, one of the reasons why solar thermal got a
bad reputation there was due to unqualified workers installing
systems that did not work properly [22], as skills in that sector
were amiss and available installation engineers did not want
to or could not afford to invest in training.

Societal change is often brought about by leaders who
believe that they can influence policy. Activism of this kind
can take the form of strikes, protests or civil disobedience.
One movement, Extinction Rebellion, urges policy-makers to
take climate change more seriously by causing non-violent
disruptions such as blocking bridges [23]. Participants include
academics and scientists from across the globe and they have
been successful in making their voices heard and raising
awareness for the lack of governmental action through gaining
media attention. However, policies to aid decarbonisation can
also create disruption and unrest, as recently seen with the
‘gilets jaunes’ in France. When president, Emmanuel Macron
proposed a rise in the tax of diesel and petrol without any sub-
sidies for the alternative cleaner, electric vehicles, protesters
took to the streets in violent clashes with the police [24]. This
is comparable to a disregard of a just transition that must be
avoided in the journey to a greener society. Just as workers
employed in the non-renewable sectors must be given the
opportunity to learn new skills, consumers need to be provided
with alternatives before enforcing change.

Other leaders who can encourage the mindset transition are
the large corporations such as Google, Apple and Facebook
who are all in a race to operate on 100% renewable energy
in their worldwide facilities [25]. Industry, being the biggest
contributor of greenhouse gases, has to pay the price for
these emissions. As well as operating in a low-carbon manner,
businesses that benefit from high profits should invest in
education programmes that will in turn reward their reputation
and help to provide an adequately skilled workforce within
their companies and in the wider industry.

The inclusion of the ‘mindset transition’ into the skills
assessment model is a real challenge. One way to address this
is through input from surveys carried out by energy consumers.
Questions in such a survey could enquire what drives or deters
consumers from using low-carbon energy methods. Once the
reasons behind the lack of willingness to transition are discov-
ered, these reasons (where relevant) could also be addressed



through the skills training curriculum, or information sharing
campaigns and/or regulations. Informational and educational
resources could also be made available to consumers through
their energy providers.

III. PILOT STUDY

As part of the UK Engineering and Science Council funded
project (EnergyREV), 34 researchers and practitioners of in-
terdisciplinary topics within energy systems were invited to
take part in small group discussions to help us understand the
current state of the skills gap with regards to the localised
renewables-based energy systems in the UK. Five groups,
consisting of 4 to 7 persons were formed (through random
allocation of the participants). The groups were set 3 questions
to address:

In the transition to localised and low-carbon energy systems,
1) What examples of skills shortages have you come

across?
2) What factors do you think cause these skills shortages?
3) How can we measure such skills shortages?
The groups recorded their answers as they discussed the

questions, and the resulting findings were collated after the
workshop. These are presented in Table I and discussed in the
remainder of this section.

Discussions of Preliminary Findings

Although the groups worked independently from each other,
several ideas overlapped and there was a clear emphasis on the
need for a combination of top-down and bottom-up solutions.

Firstly, there was a noted shortage of multi-vector energy
systems and interoperable technology. As many renewable
generation methods are intermittent by relying on natural
cycles, it is necessary to complement methods of generation
with others to provide a secure energy supply. The integration
of systems will be specific to different regions since not all
localities will have access to every form of energy generation
and some forms are more efficient than others in certain areas.
Most importantly, different forms of generation must be com-
patible when combined in the same system. Interoperability
can appear in a number of ways:

• Consumer interoperability - difficulty in switching energy
service providers,

• Data interoperability - data sharing and combined analy-
sis of data from different platforms,

• Device interoperability - compatibility of equipment
bought to monitor or manage energy usage,

Contributing factors that relate to these issues include a
lack of standards, a lack of appreciation of the commercial
value of tackling the skills shortage as well as silo training
and thinking. A standardised set of requirements to ensure
interoperability would be an effective solution if enforced as a
regulation. Additionally, a standard in education and training
programmes would provide a bigger systems understanding
rather than focusing on individual topics. This would also aid
in reducing silo approaches to the industry.

In a similar vain to the shortage of system integration, a
shortage of skills in conducting whole systems retrofitting
was reported. Adapting existing buildings or systems is a
challenging task and ever more difficult to achieve whilst
simultaneously constructing efficient and low carbon new
builds. The lack of action in this area is partly down to little
investment or available funds since retrofitting is a large and
expensive venture. Furthermore, there is low value awarded to
refurbishing a perfectly functional building when the will to
decarbonise is not a priority and the capital to complete such
a project is not readily available. Other factors that contribute
to this shortage are a traditional vision about buildings and a
lack of understanding about the relationship between all parts
of the energy system.

One suggested metric to measure the shortage of skills
in this context is by comparing the gap between sales and
certificates. With this information it is possible to to determine
approximately how many installations are associated with each
certified worker. Consequently, one can assess whether the
output per worker is a realistic quantity or if it is likely
that installers are working overtime to compensate for the
lack of skills in this area. We must also bear in mind the
possibility that non-certified individuals are carrying out part
of this workload.

Another shortage mentioned in the workshop was that of
whole systems understanding, the architects to design them
and analysts to assess their performance. Analytic skills on
carbon saving and efficiency is something we are seeing more
of in smart systems which provide the resulting information
on carbon savings and efficiency to end-users. However, the
performance of buildings in terms of their efficiency calculated
through measures such as BREEAM analysis could be useful
in clarifying whether a building operates on the level it claims
to or was designed to. Cross-certification in this respect can
imply whether there is a high enough quality of skills to
provide the low-carbon solutions that are aimed to be achieved.

It is evident that there is a shortage of policy makers
and legal experts with specific knowledge of low-carbon
and localised energy systems. The lack of government action
could be due to the lack of conclusive data which provides the
evidence that the supply of energy will be secure when gener-
ated on smaller scales or by alternative methods off the trusted
National Grid. Although some successes have been reported by
several energy communities and projects, they are viewed as
piece meal, often reported in non-comparable ways. Aggregat-
ing and integrating the data required for demonstration of such
successes across many projects is a key part of the research
carried out by members of the EnergyRev Consortium. The
factors contributing to the shortage of legal experts could again
be due to a lack of whole-systems understanding as well as
a low will and acknowledgement of the urgency of working
to support the transition. A suggested way to measure skills
gap in this area is by looking at the vacancy rates of related
jobs; how long the positions are vacant for as well as how
many vacancies there are as a ratio of total legal experts for
example.



TABLE I
COLLATED INPUT FROM DISCUSSION-BASED WORKSHOP.

Skills Shortage Examples Contributing Factors Measurement Methods
• Multi-vector qualified installers
• Minimum standards for installers
• Interoperable technology

• Lack of accreditation
• Lack of standards
• Lack of tripadvisor-style ratings
• Current lack of demand for local energy
• Lack of appreciation of commercial value in tackling
the skill shortage
• Lack of trusted advice
• Lack of expertise about wider benefits (ecological and
social)

• Number of qualified installers com-
pared with the size of the market or
compared with the number of busi-
nesses offering the service

• Local energy system architects
• Communication liaison
• Energy focused ICT/ cyber
• Whole systems understanding
• Installation, operations & maintenance
• Multi-vector systems

• Lack of training infrastructure
• Lack of thought about what is needed
• Lack of investment
• Lack of systems thinking in education
• Diversity of systems
• Lack of appropriate/static regulation
• No clear local energy project owner (not BAU)
• Poor incentives (low salaries and attractiveness)
• Unclear career path
• Broken apprenticeship schemes

• Number of people trained in specific
programs
• Number of installations etc.
• Number of school children engaged
in related activities

• Certified installation skills
• Energy efficient buildings
• System performance skills (analytics of effi-
ciency or carbon saving)
• Whole building retrofit of skills based on
outcome measures not models

• Employer-driven certification/ skills
• Regulation change

• Cross certification of existing data
• Gap between sales and certificates
• Shift in installations and projections
• Job guidance
• Job roles

• Transferable skills
• Apprenticeships
• Retrofit
• QA
• Further education
• Professional development
• System integration
• Lack of legal skills

• Policy driven peaks and troughs in market due to
funding stopping and starting
• Lack of awareness of the benefits of renewable energy
when choosing career
• Visibility
• Size of job market
• Traditional vision of building refurbishment
• Need to be multi-skilled or be knowledgeable about
whole building retrofit
• Job perks - salary
• Lack of willingness to change

• Job satisfaction
• Job adverts/ job skill surveys (ONS)
- single and multi skill
• Salaries in sectors
• Educational courses
• Post course surveys
• Professional membership figures
• Installation rates

• Evaluating social phenomenon
• Interdisciplinary technical skills e.g. energy
& digital
• System integration
• Diversity
• Local government
• Geography
• Engagement
• Management

• Not valued
• Silo training/thinking
• Cost of training
• Responsibility
• Prejudice
• Traditional mindset
• Incumbency

Final key shortages learned from the workshop were the
lack of individuals with transferable and interdisciplinary
skills as well as appropriate further education, namely in
STEM subjects, project management or more specific courses.
Financial, IT, cyber and installation skills were amongst the
highlighted skills in shortage. Reported factors contributing to
their low supply include poor incentives, such as remuneration
or other job perks, expensive courses to gain the qualification
and a lack of investment in education. Metrics to quantify
this include the number of people out of the entire workforce
with the required qualifications, enrolled in relevant training
programmes as well as the aforementioned length of vacancy
advertisements.

The preliminary workshop raised interesting points from a
range of backgrounds. Several issues that were voiced had

not been learnt from the review of existing literature such as
the lack of skills relating to whole system retrofitting and the
lack of accreditation of relevant skills. These findings, along
with those from the previously presented literature review, will
be incorporated into our ongoing research on developing a
skills assessment model. These findings include, for instance,
cross certification and skill surveys to be completed by em-
ployers (which skills are difficult to source in job vacancies)
and graduates (perceptions of working in low-carbon and
localised industry and reasons for and against). Furthermore,
it is important to have an understanding of the economic
and social impacts resulting from a given skill shortage as
well as those factors driving the shortage. Since there is no
single measure that can fully represent a skills imbalance,
a selection of metrics should be used as well as including



indicators relating to the given area where the shortage exists
and their specific economic or social impacts. Geographically-
dependent factors, such as local regulations and availability of
resources, provide useful information in assessing a lack of
skills and the potential causes for a given locality. Additionally,
as a skills training curriculum is to be developed to support
prevention of skills shortages from arising, we used the
workshop results to identify preliminary ares to be covered by
this curriculum, which are taring provision for the legal and
regulatory expertise, whole-systems understanding, systems
integration and interdisciplinary skills.

IV. CONCLUSIONS AND FUTURE WORK

This paper acts as the premise for our ongoing work on a
more detailed study to produce a reference map of knowledge
areas for the Energy Systems domain along with the skills
mapped against each knowledge area, a methodology for skills
gap assessment at various scales (i.e. local, regional, and
national) and opportunities and gaps in the skills training
provision nationally and internationally.

As part of our ongoing work, a skills assessment model is to
be designed in such a way that it will point to the key factors
that are responsible for the lack of skills. The employees,
regulators, and educational and training providers will then be
able to directly deal with these “guilty causes”. The output of
this work, when completed, will be shared with educational,
training and policy making bodies who can be advised on
the best avenues support the unfolding “energy revolution” of
transitioning to a localised, renewable-based, secure energy
systems.

The consolidated body of knowledge on energy systems,
along with the respective skills, is intended to serve as an
evolving and living schema against which the educational and
training provisions within the UK and internationally will be
assessed, akin to that of the SWEBOK [26] for Software
Engineering, or CyBoK [27] for Cybersecurity professionals.
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Abstract—With transformations happening in the electricity
sector, we need to ensure consumers have access to updated and
correct information to accompany such changes. Consumers need
to understand technologies available to them but also, learn how
to use them to optimize their personal investment in such types
of equipment. In this paper, we explore how a group of local pro-
sumers has adopted energy monitoring technologies, their day-
to-day strategies, and expectations when handling such systems.
We studied 11 prosumers and the technologies they have used
for three years, evaluated their satisfaction with the feedback
provided and analyzed how a more modern visualization of their
energy practices was introduced and adopted into their daily
lives. We conducted interviews and questionnaires to evaluate
their engagement with these tools. This initial work suggests this
particular group of users have already a high level of knowledge
about their systems, and as a result have integrated these into
their routines. However, more support would be needed from
other local actors to help them reach more benefits and as such,
more satisfaction as consumers. We conclude by reflecting on
barriers that need to be addressed to increase user satisfaction
with these systems.

I. INTRODUCTION

The increasing global population has lead to an equal
increase in energy use. Due to limited energy resources such as
fossil fuels and, climate effects, energy efficiency has become
a challenging and pressing problem across the planet [1]. Since
a large portion of energy use has been in the residential sector,
measures implemented in countries have focused on the energy
efficiency of the existing buildings. Policy measures have
encouraged investments in innovative solutions such as smart
grids, smart homes, self-generation, and storage technologies,
which are available but still not widespread [2]. Photovoltaic
systems (PV systems) for instance, are technologies that
operate in the area of clean energy, not focused on inefficiency
but replacing the energy source for renewable energy. It is a
solution that helps consumers generate their own energy, and
it is easy to integrate within existing buildings. An estimate
of 17GW solar PV has been installed in the European Union,
and it is predicted to increase up to 32GW by 2030 [2].

Consumers who use such systems are known as prosumers,
energy consumers who also produce and generate their own
energy. With the increased adoption rate and the technology
innovation of these systems, these consumers transition very
quickly from passive to active participants in the changing
energy market [3]. In other words, decisions that were pre-

viously available to electricity suppliers become accessible to
these consumers. However, there is some work to be done
until that point, since they seem to have limited access to
information about ways to optimize their current installations,
whether through upgrades or storage solutions that would be
most adequate for them [4].

Energy monitoring systems address part of that issue, as
these provide users access to the information being collected
and consequently, enable them to act on their energy consump-
tion. Energy monitoring technologies or eco-feedback are de-
fined as the use of technologies to monitor energy consumption
and production of a specific household [5]. These technologies
allow the collection of energy consumption and production
by using sensors that send information from the household
to a central system. The information is gathered and then
presented using various forms such as email, or applications
that allow consulting and analyzing the information. In fact,
research studies [5], [6], [7], [8] highlight the importance of
the mobility aspect.

In this paper, we report on a study of technology acceptance
of energy monitoring technologies with residential prosumers
using small-scale solar PV to generate electricity. This study
describes participants’ motivations to become prosumers, the
acceptance and usage of the PV system and PrsmaEnergy
the application developed within the project, and differences
between these two. The ultimate goal is to capture and
analyze the empirical data with these users of how they have
used a PV system, observe how they adopted it through a
more modern application installed to optimize it and identify
potential problems that may exist while using it. Finally,
provide recommendations that can help service providers and
the design of effective user-driven solutions.

II. RELATED WORK

Due to the diversity of existing equipment that can be used
to achieve energy generation, there does not seem to be a
precise term for residential prosumers. Generally, these are
known as energy consumers who produce their own energy
but there is not a clear term to classify these users across
countries due to differing regulatory frameworks and policies
[9]. Even within the EU there are no standard policies followed
by the member countries that help create a set of incentives
to increase the adoption rates of PV systems. Although, it



is expected for the installation of such systems to double
by 2030, there are barriers that endanger such adoption [2].
For instance, many consumers decide to install such systems
because they see these as an extra source of income, whether
through savings in electricity or earnings, they realize that
producing their own energy could be very valuable, but when
they search for the information, they realize local regulations
prevent them from doing so. In spite of some countries
have already developed remuneration schemes, few enable
prosumers to sell their electricity [2]. Consequently, reducing
the uptake of users investing in PV systems.

A. Prosumer Motivations

Recent work suggested a variety of motivations that explain
why regular consumers decide to produce energy in their own
homes. At an initial phase, the financial factors determine
the purchase of PV systems, for instance the upfront cost of
installation, borrowing costs, the scale of the financial benefit
(in terms of reduced electricity bills and available policy
support), and, the expected rate of return, earnings and savings
obtained (and payback period) of their investment [2], [10],
[11].

In some instances, consumers relied on technical reasons
to purchase a PV system, for example, ownership of an
electric vehicle, smart meters or the ability to include at a
later stage battery storage and demand response technologies.
Other motivations included the aesthetics of rooftop solar PV
panels, the security of supply, and finally, maintenance costs
and efforts over time.

The environmental impact and commitment remain a moti-
vation once the financial factors have been considered, and it
is based on the desire to protect future generations, and help
reduce the environmental impact of fossil fuel usage [11].

The prevalence of some motivations over others is not
similar across European countries, due to the varied policies
being followed [9], nevertheless, financial factors and access to
capital seem to be the most prevalent. Becoming a prosumer,
particularly installing a PV panel, often starts with financial
factors, but in a large number of cases it is a decision-based
in green and environmental motivations, and it becomes an
extension of their lifestyle [12], [13].

B. Shifting energy activities

Demand-side management (DSM) has been one of the
strategies within energy efficiency initiatives, used to reduce
or optimize the end user’s energy consumption in order to
reduce the cost and the environmental impact. One of its
mechanisms is the Demand response (DR) designed with the
objective of adjusting production demand. It does so, through
the creation of dynamic tariffs that encourage consumers to
conduct their energy consuming activities spread over time
or throughout the day, consequently avoiding consumption
peaks. From this demand-side perspective, prosumers are given
the choice of services they want to use to better match their
needs, and which ones they will want to offer [3]. Once users
have installed energy generation systems a set of practices or

changes emerge within the households. These changes are part
of what researchers have designated as “demand shifting” [14],
where consumers change their behaviors to match and use
most of the energy produced at the time it is being produced
[13]. Constanza et al. [15] used an agent-based system to study
how users would shift laundry routines based on the electricity
tariff, and its results suggested increasing user interaction
around automated systems to take more advantage of them.
Hansen et al [12] conducted a study with 20 households in
Denmark where they observed how participants changed their
practices after having smart grid technologies installed. Results
indicated participants became prosumers as they changed their
knowledge and behaviors to make the most use of the sun
while requesting more support and dialogue with the local
energy provider. Similarly, Pierce et al [16] and Smale et al
[17] conducted interviews with users participating in smart
grid trials to find cleaning practices were the ones most
suitable for DSM, while other activities (leisure, cooking and
eating) were more limited to being conducted in other times
than the ones usually taken to perform these.

Nevertheless, having access to information about energy
generation is not always possible or easy to achieve. Besides
the presence of other factors, such as social influences within
the household, there are technical limitations that prevent
prosumers from pursuing this demand shifting.

This paper describes a case study of a group of prosumers
located in a remote island, using energy monitoring technolo-
gies that keep track of their energy generation systems and
the technology acceptance observed and measured through the
period of 4 to 6 weeks. Barriers are listed and analyzed in
terms of recommendations to improve such tools for future
service providers.

III. STUDY DESIGN

This study is integrated in the SMILE project that aims to
demonstrate nine different smart grid technologies in three
islands across Europe in order to foster its market introduction.
This study was conducted within one of the pilots (Madeira
island) in the project with the main goal to smarten up the dis-
tribution grid, through the optimization of self-consumption of
renewable energy in the installations by introducing elements
like Battery energy Storage system (BESS) and specialized
battery management software. These prosumers are not cur-
rently allowed to inject the excess energy into the grid due to
local regulations, however, for the purpose of battery analysis
and testing, these will be allowed to do it.

One of the aspects of the project refers to the evaluation of
the energy monitoring technologies being used by participants.
We started by recruiting prosumers in the island that owned PV
solar systems and collected baseline information about their
usage of those systems. Around 4 weeks later, we installed a
monitoring system that collected baseline data for 6 months.
Afterward, prosumers were given access to an application
that provided feedback on their energy consumption and
production designated as PrsmaEnergy. This work describes
the technology acceptance evaluation of both the PV system



(prosumers had already installed) and the project application
PrsmaEnergy (which was integrated into the project). The
acceptance was measured using: semi-structured interviews
and a questionnaire adapted from the Technology Acceptance
Model (TAM) [18], [19], [20].

The interviews collected information related to electric
energy consumption and production, routines, expenses and
awareness about energy-related habits or strategies. All inter-
views, before receiving PrsmaEnergy and after using it for 4 to
6 weeks, lasted around 20 to 30 minutes. All interviews were
recorded and transcribed, and its data were analyzed using
grounded theory [21], [22] by grouping quotes into themes,
and coding these according to categories, which are further
explained in the coming section.

The Technology Acceptance scale was used before provid-
ing access to PrsmaEnergy, and around 4 to 6 weeks after users
were given the access credentials to use it. The scale included
32 items across 6 dimensions: perceived usefulness (PU) (9
items), perceived ease-of-use (PEU) (7 items), intention to use
(2 items), user satisfaction (7 items), ease of learning (4 items),
and attribute of usability (3 items) (see table I for more details).
The items were slightly adjusted to evaluate the acceptance of
energy monitoring technologies. It is believed the higher these
aspects are rated the higher is the user’s acceptance. The scale
was translated to the native language of the user sample and
users were asked to rate their degree of (dis) agreement on 7
points Likert scale. The internal consistency of the scale was
assessed by calculating the Cronbach alpha value of the overall
scale, which was 0.98 for evaluating the current system, and
0.76 for the PrsmaEnergy evaluation.

This study was designed to evaluate the technology accep-
tance in two moments:

1) Evaluation of the current PV system: Understand how
participants were using the PV systems they had already
installed in the homes before the project even started. The
research team conducted semi-structured interviews to collect
information on the following aspects:

1) The reasons and motivations for purchasing such a
system and becoming a prosumer;

2) Expenses before and after, as well as current ones;
3) Strategies used to optimize their production;
4) Routines and changes;
5) Use of an application that provides information about

their energy production, in case they had one. It included
a Think-Aloud while using the PV system. After the in-
terview participants were asked to fill in a questionnaire
based on the TAM [18], [19], [20].

2) Evaluation of the PrsmaEnergy satisfaction and usage:
Understand how and in which ways PrsmaEnergy changed
their behaviors or use of the PV panels. Participants were
given access to the digital platform and were interviewed
4 to 6 weeks after having used it. The interviews focused
on following up aspects from the interviews conducted in
the first moment, namely, changes in expenses, changes to
their routines using devices or the system, and strategies
they used to handle or interpret the information given. In

Fig. 1. A screenshot of the “analytics” page comparing data about production
and consumption from two different days. The user can select which day he
would to see using the top right search fields.

addition, participants were asked about: frequency of use, most
relevant information and tools used to access it, least relevant
information and suggestions. After the interviews participants
were asked to fill in the acceptance questionnaire based on the
TAM.

A. Participants

The study was conducted with 11 households (see Table
II) that were recruited through the project using information
sessions and ads in social media. During the recruitment
phase, we encountered a combination of users that reported
they wish to optimize their PV panels as a reason to get
involved in the study. All participants had a solar PV system
installed in their homes purchased with their own funds with
no financial programs or subsidies using local companies as
installers or recurring to online sales and installing these
themselves. Participants were asked to complete a baseline
survey that provided both demographic information and con-
sumption practices. In terms of demographic information, the
household size ranges from 2 to 5 people, with an average
of 3.54 people per household. Age ranges of participants and
family members vary between 2 years old and 84 (average
age is 37.3 years old). We measured participants environmental
concern by asking them to fill in the New Environmental Scale
(NEP) [23], to which all responded in agreement with the
new environmental paradigm. All participants were supportive
of the impact of human activity in the environment and its
fragility, higher scores of this new paradigm are associated
with pro-environmental behaviors [23].

B. PrsmaEnergy set up

Each participant household was already equipped with a
PV panel to which a smart meter was installed to collect
baseline data in terms of 1) energy production, 2) energy
consumption, 3) energy being sent to the grid. This data
was then stored in the projects Energy Management System
(EMS) and displayed through PrsmaEnergy designed with the
purpose of tracking the individual installations and providing
information about their systems throughout the project. In
terms of the feedback, it was decided to represent electricity
production and consumption in terms of 1) energy and power,



TABLE I
CONSTRUCT DEFINITION USED IN THE ACCEPTANCE QUESTIONNAIRE.

Construct Definition
Perceived usefulness The extent to which a person believes that using a technology will enhance her/his productivity
Perceived ease of use The extent to which a person believes that using a technology will be free of effort
Intention (to use) The intention to use the system as often as possible and as long as it is available
User satisfaction The extend to which the user feels confident in using the system
Ease of learning The extend to which the user finds it easy to learn and operate
Attribute of usability The extend to which the user finds the system to be well integrated and easy to interact with

TABLE II
PARTICIPANTS DEMOGRAPHIC INFORMATION

User ID Household size Ages Occupation (main caregiver) Time as a prosumer (years)
A 4 44,42,14,11 Nature Watcher 18 months
B 4 84,48,47,22 Teacher 1 year
C 4 56,52,23,21 Retired 2 years
D 3 42,41,6 Nurse 2 years
E 2 74, 32 Unemployed 10 months
F 4 62,32,02,44 Business 3 years
G 3 51,45,20 Construction worker 3 years
H 2 64, 64 Electrician 2 months
I 4 55,50,20,15 Teacher 3 years
J 5 42,41,13,10,7 Businessman 4 months
K 4 55,55,28,19 Government worker 3 years

Fig. 2. The three main visualization types provided by PrsmaEnergy, the first
one displays consumption, production and excess energy. The second presents
this data throughout a week. The bottom visualization provides details about
energy produced versus energy used from the grid.

2) cost and 3) environmental impact. The metrics selected
- kWh/kW, money, and CO2 - are indeed commonly used
in combination for the specific purpose of engaging different
target groups [5], [24].

The features included close to real-time feedback about
consumption and production (updated every minute), historical
feedback with three levels of temporal granularity (days,
weeks, months), and comparison between dates the users could
select to have more information. Real-time feedback (i.e. cur-
rent consumption and production), together with an overview
of recent energy use (last hour and current day/week/month),
is displayed in the “dashboard” (which serves as a landing
page), while the “analytics” feature provides users with the
opportunity of reviewing and comparing data among different
periods of time (Figure 1).

We selected three main visualization types (Figure 2): lines
chart (to show patterns over time - e.g. the period of the day
when production usually exceeds consumption), pie and bar
charts (to represent cumulative amounts of data - i.e. daily,
weekly, and monthly energy use). Households usually value
the opportunity to access feedback and check their energy
status via mobile devices. For this reason, we opted for a web-
based application designed to be responsive, so that it can be
accessed also via mobile devices (smartphone and tablets).

The work presented here aimed to evaluate the acceptance of
energy monitoring technologies by a local group of prosumers,
focusing on the following questions:

1) What motivations led participants to become prosumers?
2) How do they report themselves in terms of electricity

usage and other resources?
3) What was the acceptance for the current PV system

they had installed in their homes before we started our
research project?



4) Were there differences in terms of previous system and
PrsmaEnergy?

5) How did participants use PrsmaEnergy?
The following section summarizes the findings for each

of these questions, with a combination of qualitative and
quantitative results, gathered through the questionnaire and
the interviews conducted with the participants. The quali-
tative analysis displays more relevant and common themes
that emerged from the participants’ interviews concerning
technology acceptance. The quantitative results refer to the
Acceptance scale used to evaluate both systems.

IV. RESULTS

This section presents the key findings of the acceptance
study in three areas: a) users energy practices, b) user mo-
tivations and c) technology acceptance, of the current system
and of PrsmaEnergy. For the first two, the main themes are
described in a succinct way, and for PrsmaEnergy, Table III
presents the main themes with illustrative quotes.

A. Users energy practices

When asked about their electricity costs before (the costs
ranged from 75 to 130 euros) and after the installation of
the PV panel (the costs lowered from 45 up to 100 euros)
all participants referred to a cost reduction between 20 and
30 percent after installing the PV panels. Participants reported
the costs based on expense tracking habits they had before and
after installing the PV panel. Four out of the 11 users reported
slight increases to their energy bill, which they interpreted as
tax increases. Or even due to weather changes, for instance, the
fluctuating temperatures during the summer required the use of
air conditioning or fans in the homes. One user shared the PV
system did not allow so far savings, due to specific appliances
in the home that did not allow for it just yet, namely, the water
pump used for agriculture. In spite of these increases, all users
mentioned the decision to purchase such a system was a great
one; otherwise, their expenses would reach higher values.

To understand their routines and the use of electrical appli-
ances, users were asked to list their daily use to which they
reported the following:

• A set of devices is always used every day (coffee ma-
chine, microwave, and kettle);

• A set of devices is always used during the day when they
have the highest energy production (washing machine,
stovetop, oven, vacuum cleaner);

• When there is not enough production they postpone the
usage of the device for the next day - for instance, doing
laundry (washing machine) or cleaning (vacuum cleaner)
when it is sunnier;

• In some cases, they anticipate the realization of some
activities as early as possible to avoid using energy from
the grid at night - for example, they cook dinner earlier
than usual (they know the stovetop and oven are highly
consuming);

• They charge their phones during the day, which they tried
to implement whenever possible.

B. User motivations to become prosumers

All prosumers used their own means to install the solar
PV system, meaning they used local installers, searched for
local information, contacted the local electricity company
or used online sources. They mentioned this process to be
cumbersome, as there were no clear paths on how to proceed
whether in terms of subsidies they could apply to or even
regulation they would need to follow.

In terms of the reasons and motivations for purchasing
PV panel system, users reported this decision was aligned
to their willingness to keep up with the latest technologies
or the opportunity to have an innovative system at their
home. In other words, they are the early adopters of such
technologies and perceived their purchase as an opportunity
to try something new in the area of renewable energy.

Regarding the environmental value users, viewed it as a
way to protect the environment but also, part of a greater
goal, as they saw it as a part of a lifestyle they want to
build around environmental protection and preservation. Not
only in the field of energy but also, food production, purchase
of organic products or even sustainable home construction.
Whenever the environmental concerns were mentioned, users
had already integrated into their lives these aspects beyond the
area of energy, and these were measures they had started to
progressively adopt into their day to day living, even before
the self-consumption systems came into the market.

Other users referred to the availability of solar energy on the
island, they saw it as a valuable and ready to operate resource
that was not being used to its fullest potential. For them,
it seemed it could be even more capitalized and an obvious
choice to follow by our governments, by our local companies
and supported by all kinds of programs. It was not clear to
them why this is not supported, as it should be. As well as
why are not there more consumers investing in PV systems
for their home.

A few users mentioned their motivation to have PV panels
was associated with the need to having greater information
about the electrical appliances they have at their homes, which
consequently helps preventing future problems. Either because
they ran into device malfunctioning in the past, or had an
energy surcharge that affected their electrical appliances, or a
remote way to monitor their equipment when away from home
for longer periods of time. This allowed them to keep a record
of information they can use as justification in case they have
a situation of malfunctioning, and they need to report it to the
local electricity company.

The cost reduction was a least motivation mentioned, with
time users realized achieving full autonomy from the local grid
is still a long distant goal, however, they are pleased for being
able to use the energy produced by their self-consumption
units during the day.

C. Technology Acceptance

With regards to the acceptance evaluation, users scores were
higher for PrsmaEnergy to the exception of one user. To inves-
tigate further, we proceeded to test the differences between the



two acceptance scores. Due to the data not following a normal
distribution for some variables, a Wilcoxon Signed-Ranks Test
was run and the output indicated the PrsmaEnergy acceptance
scores were statistically significantly higher than the current
system acceptance scores Z = 26.5, p < .034.

Users scores were higher for all the sub-dimensions for
PrsmaEnergy (see Figure 3). The highest scores were on
Perceived usefulness, which means users felt the application
made them believe it would enhance their productivity, or more
specifically help them collect the most relevant information in
a fast, easy and simple way about their energy production.
The second highest scored was for User satisfaction, meaning
prosumers felt confident using the application, felt it was
working as expected and they would recommend it to a friend.
Intention to use was the lowest for both the PV system and
PrsmaEnergy.

In the following two subsections, we explore even further
the results regarding the PV system and the project application,
through a summarized description of users perceptions of both
systems.

1) PV system: Users were asked about strategies used to
optimize their production once they installed the system, and
these included the use of devices such as washing machines,
dishwasher or dryers during the day. For that, they would either
program the machines to be used in the highest sun peak hours,
or stop using these after a certain time in the day, for example,
avoid using these after 4 PM in the winter and 6 PM in the
summer. Another strategy was to purchase timers to control
device usage, especially at night to regulate their energy usage
from the grid. The overall goal was to avoid using energy from
the grid, as a result, they specified to use as few devices at
night as possible, replaced devices that were demonstrating
high consumption for more efficient ones or even replaced
some lighting to more efficient lamps.

In terms of improvements, they would like to conduct in
their installations these would be the purchase of storage
solutions to use the energy they know is not being used and
currently wasted, however, the high costs and the lack of
financial support programs prevent them from making such
investments. As well as the lack of trustworthy information of
reliable systems they can use to optimize even more the use
they make out of their systems.

Regarding the use of an application with information about
their production, only 7 out of the 11 users mentioned to have
it available everyday or rather frequently. The other 4 users
did not have access to their energy production information.
The users who did use it did it to plan their activities in the
homes, and their device usage based on that information. In
addition, they mentioned the information was useful to:

• detect consumption peaks;
• remotely control their homes when away;
• and to plan their household activities.
In terms of weaknesses, users mentioned:
• the complexity to sometimes customize the visualizations,

to the extent they had not figured these applications quite
well;

• the lack of being closer to real-time activities. In other
words, the system should be placed closer to the spaces
where devices are mostly used such as the kitchen or
easily available to other family members. In fact, the
frequent user of the application in all homes is male, the
person who decides to purchase the system, the person
who is at most ease with technology and the one most
interested in such equipment.

2) PrsmaEnergy: Regarding the application provided by
the project (see Table III), users reported using it more
frequently in the first three weeks either through their mobile
phone or their personal computer. When they wanted to take
a quick glance at the data they would use their mobile phone,
while if they wanted a more detailed analysis they would use
the computer to enlarge the graphs. Once they learned how to
interpret the production information based on their household
routines and/or weather conditions they used it less frequently.

In terms of reasons to interact with PrsmaEnergy, they
would use it to keep track of their energy production informa-
tion and keep track of their savings. All users mentioned this
reason several times. Some users were more specific in terms
of which moments led them to use the application, such as:

• to check the influence of a new appliance;
• to confirm production values according to the weather

conditions on that specific week or day (especially for
sunny days);

• to assess if certain activities could be conducted using
self-consumption;

• to identify energy peaks that could be avoided to optimize
even more their system;

• and to assess the feasibility of adding other renewable
energy systems to his home.

Users mentioned the most relevant information to be the
money being saved while using most of their energy pro-
duction, the carbon dioxide emissions and the production
information they used as a hint to start certain electrical
appliances in order to avoid using energy from the grid.

In terms of routines, users felt PrsmaEnergy was a good tool
to plan laundry and to analyze consumption peaks in order
to know where and when they could further optimize their
efforts, whether by moving one activity to another time of the
day or stop using one appliance in case there were too many
being used. One user mentioned the information was helpful to
make the family aware, however, they felt they were not taking
it to the next level and making these into actual strategies to
change their practices at home. Users continued to do the most
consuming activities during the times when there was more
energy being generated by the PV system.

In terms of suggestions one user who has batteries installed
in his home, would like to have had its information added to
PrsmaEnergy, similarly to the PV system application that was
included with it.

Users found the application user-friendly and accessible in
some cases even more than the PV current system. In terms
of family members using the application, the majority of users



Fig. 3. Technology acceptance for each system in terms of sub-dimensions

TABLE III
PRSMAENERGY THEMES

Themes User quotes examples
Production Information Now I really want to buy the (wind) turbine to see through the application how much energy can I

produce when there are windy days and perhaps take advantage of night periods to collect it (User C)
Triggers to use it I look at the production and the consumption to make sure everything is working (User D)

I was not aware of the best time to start the washing machine in the morning and now I avoid starting
it too early such as 9 am because there is not much sun yet, it is better to start it after 10 or 11 am, it’s
the time to start using more appliances (User E)
I use it mostly when it is sunny, and I’ll check several times on those days, when it’s rainy weather I
don’t even bother to look at it because I know it is not producing as much energy (User F)
The most relevant for me is seeing the bill being reduced, the more savings the better (User K)

Most relevant information I find it very interesting that you have added how much carbon dioxide am I responsible for, I find it
very interesting and it was a very great choice from your side to include it in the feedback (User I)

Ease of use Your application is much better, more reliable more complete than the one I used to use that came with
the system (User C)
I think it is very good, it gives the necessary information for regular people who are not experts, if it
had much more information I might not know how to interpret it or what it meant. It is simple and user
friendly (User D)
The information I need is here, it is easy to see and very intuitive for me (User J)

mentioned being just themselves checking the application and
using the information in their daily lives. In spite of their
efforts to captivate their attention to look at the information,
or told they should avoid using an appliance due to low energy
production, other family members would not use it.

V. DISCUSSION

Participants in this study being prosumers revealed high
scores in terms of environmental concern and had their energy
use transformed by the decision of installing a PV system.
Similarly to [12], they also changed their consumption activi-
ties to take advantage of the hours with most energy produc-
tion, with the current PV system and even after PrsmaEnergy

was installed. In fact, the application enabled them to infer
even more information, such as adding or upgrading their
current PV system with other energy generation technologies.
This follows the recommendations by [2], where consumer
acceptance can be increased if governments and local munic-
ipalities support the growth of complementary technologies
(Electrical Vehicles and storage technologies).

Users continued to use PrsmaEnergy to plan activities and
detect consumption peaks. The activities more prone to be
shifted were also cleaning and laundry, such as [17], but also,
with some prosumers the activity of cooking was considered
due to their flexible working schedules. However, in both
systems, the most frequent users were the person responsible



for purchasing the PV panel, for agreeing to be part of the
study, and the one that would already use the information.
The fact that other family members were not mentioned, in
the majority of the cases, it means PrsmaEnergy could be
further improved to engage other users within the homes,
since practices tend to be influenced by the social dynamics
of families, which has been seen in the area of eco-feedback
[25] but also, energy production [13].

In what concerns motivations to become prosumers, our
users contrary to what authors have found so far [2], [11],
hardly mentioned financial concerns or earnings. At least, this
did not emerge until PrsmaEnergy displayed such information,
but only for two users out of the 11. The remaining users
focused mostly in using the latest technology, helping the
environment and that it could be even further used, but local
authorities or organizations do not offer proper incentives for
more people to join the green energy movement. Although
users did not verbalize the financial concerns being a major
motivation, we believe that beyond the green values and
environment protection, prosumers revealed a need to have
greater control over their electricity in their own home. Since
they used both PV system and PrsmaEnergy information to
keep track of electrical appliance problems, but also problems
resulting from the grid supply, and to further learn about their
consumption and production practices.

Taking in consideration the fact that prosumers in this study
invested their own resources to pursue their motivations of
having an energy generation system, it seems that incentives
for this group of people and others in similar cases should go
beyond economical grounds. One way could be through the
creation of subsidies to help users upgrade their installations,
but also, include the access to information campaigns, or the
creation of community-based activities that allow users to
share information and experiences since the installations had
specific technical needs that could be overcome through shared
knowledge.

In terms of technology acceptance, users felt PrsmaEnergy
was easier to interpret, more complete, hence the highest
scores for the application. Consequently, users were more
satisfied with it as reinforced by their testimonies in the
interviews. The high scores can also be explained by the
fact that all prosumers decision and investment for the PV
system was their personal initiative using their own financial
resources, supported by the desire to have an innovative system
and have the opportunity to experience it first hand. One user
scored the PV system higher than PrsmaEnergy in terms of
acceptance, due to the fact that his own application included
in the equipment, provided the information about his storage
equipment. This user has the most complete PV system in
the sample, and our application will only include this type of
information at a later stage in the project. As a result, his scores
are understandable, since the user expects an application to be
even more innovative compared to the one he already interacts
with on a daily basis. Nevertheless, this user was impressed by
the addition of the emissions information, which he believes
is important to bring more people into the environmental

protection mindset.
In terms of features used, users referred mostly to the most

recent information, and hardly to historical information, which
can be explained by the fact that users would use the presence
of sun as a trigger to use the application. The fact that this
study occurred in the Winter, they felt less motivated to use the
application and conduct comparisons between dates, meaning
they would only interact with it while there were sunnier
days and less interested in exploring different production days.
Users enjoyed the application because it expanded on the
lifestyle they are trying to pursue, by having information on
the emissions they felt it came to strengthen their motivations
to use as much renewable energy as possible. Overall, partic-
ipants revealed high scores in terms of technology acceptance
for both the PV system they installed and PrsmaEnergy that
came to increase their satisfaction with the user experience
and information provided.

VI. RECOMMENDATIONS

Prosumers are a group of people with a considerable level
of knowledge and are willing to invest their own resources in
order to optimize the equipment they have already installed
in their homes. The number of prosumers is likely to increase
as the technologies become more accessible. Prosumers have
motivations that start by being financial, but just partially as
the regulation in each country will support it or not. But this
does not stop them from conducting an upgrade to the system
or even considering other energy efficiency solutions.

It is becoming more common to find regular consumers
interested in green values and environmental protection, and
not just because of their local municipality awards it. On the
contrary, this study showcased a group of prosumers that are
pursuing their goal to become more innovative and become
more self-sufficient in spite of having no subsidies or local
programs to help them improve the current installations. This
project came to help them, what they hope to assess the feasi-
bility of potential storage solutions or even just the installation
in itself. What we observed was that prosumers are more than
willing to invest in energy generation technologies if it means
having greater control of their costs, their information, their
consumption patterns and practices, as long as these work and
are user-friendly.

How can ICT help these citizens reach a more sustainable
future? We believe ICT cannot work alone if local organiza-
tions are not involved, and for that matter, ICT can help group
and gather the data and information in a more meaningful way
in order for municipalities to create tangible measures con-
sumers can easily put into practice. The following measures
could be a start to this kind of work:

• create community digital platforms that consumers can
access to have clear and neutral information about energy
generation systems and regulation;

• disseminate local experiences with these technologies;
• facilitate participatory discussions between governments,

companies, and consumers about contextual conditions



that could be implemented to optimize the local re-
sources, and motivate integrated collaborations between
all stakeholders for a greener mindset.

VII. LIMITATIONS

One limitation of this research is the fact this is a small
sample of participants that live in a specific context where they
are not allowed to inject the excess produced energy into the
grid. This alone makes them prone to become motivated to use
most of their energy production through a number of strategies.
Having an application that helps them to do so, explains their
high scores in terms of acceptance and satisfaction. Having
conducted the study in a location where prosumers could make
direct earnings from their production, we are left to wonder if
the efforts would remain the same. Another limitation regards
the fact that a large part of the savings before and after the
system, were self/reported, even though participants did keep
an accurate track of their expenses, the study would have
benefited if expenses analysis prior to our study had been
analyzed, either through the utility company records or the
participants.

VIII. FUTURE WORK

This study is integrated into a larger scale project that aims
to maximize self-consumption installations into the current
grid. The next stage consists on splitting our sample of
prosumers into two, one where prosumers will have a battery
installed in their homes, and a second one, where prosumers
will have more detailed feedback based on their production
characteristics. The goal will be to compare the optimiza-
tion strategies used within the two samples. The technology
acceptance will be evaluated again, with the introduction of
batteries and its usage in PrsmaEnergy, with an added level of
feedback. This will be essential to understanding acceptance
and satisfaction for this type of systems, and which factors may
affect its user experience or satisfaction, and market entrance.

IX. CONCLUSIONS

In this paper, we have presented the technology acceptance
of energy monitoring technologies, namely solar PV systems
and an application providing detailed feedback on energy
consumption and production designated as PrsmaEnergy. The
groups of prosumers that participated in this study are a group
of people that are deeply motivated to change their practices to
optimize even more the technology they have installed, how-
ever further support to expand such systems would be needed.
The interviews with the participants unraveled their challenges
rely mostly on getting other family members to get involved
and obtaining governmental support, their expectations are
to improve even further their systems with other generation
technologies, but also storage. PrsmaEnergy expanded their
knowledge and likewise allowed them to identify more strate-
gies to optimize even further their systems.
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Abstract— Businesses have historically had a negative impact 
on the environment by contributing to pollution, the increase of 
greenhouse emissions, neglection of responsible waste disposal, 
and deforestation among other things. In this paper we present 
an exploratory case study of an IT consultancy firm and their 
perspective and work with sustainable development. As a consul-
tancy firm, the company does not provide services directly to end 
users, but rather help clients in their business efforts. The aim 
with this project has been to explore how sustainability concerns 
can be integrated into the work processes of an IT consultancy 
firm, exploring both opportunities and challenges. 

Index Terms—Digital Sustainability, green ICT, Net Positive, 
Sustainable Development Goals, Sustainable Business, ICT for 
Sustainability 

I. INTRODUCTION  
Historically, businesses have had, and continue to have, a 

negative impact on the environment. Pollution, the increase of 
greenhouse emissions, neglection of responsible waste dispos-
al, deforestation and much more, are consequences of unsus-
tainable business [1, 2, 3, 4]. The demise of the environment is, 
and has been for years, an increasingly important issue. Focus 
on Sustainable Development have been underway for a long 
time, and already in 1987, the World Commission on Environ-
ment and Development published Our Common Future where 
they defined the term sustainable development “[as] meeting 
the needs of the present without compromising the ability of 
future generations to meet their own needs” [5]. However, 
there are still major issues facing humanity - and businesses 
need to be included in creating a better world. 

There are several research areas investigating sustainability 
and technology; Information Communication Technologies for 
Sustainability, Sustainable Human Computer Interaction, Sus-
tainable Software Engineering, Sustainable Business, and Sus-
tainability Assessment are a few examples [6, 7, 8, 9, 10]. 
These are all relevant for IT companies that try to drive sus-
tainable business. Recent research in Sustainability Assess-
ment, for example, aim to identify problems that affect compa-
nies that are trying to generate more sustainable solutions for 
technology, and to propose solutions to these problems [11, 
12]. Information Communication Technologies, being a part of 
the Fourth Industrial Revolution where new technologies fuse 

the physical, digital and biological worlds across all disciplines, 
economies and industries [13], bring a lot of possibilities but 
also responsibilities for sustainable development. Businesses 
need to take these, and other, factors into consideration and 
create strategies for developing and managing sustainable 
products and services.  

In this paper we present an exploratory case study of an IT 
consultancy firm and their perspective and work on sustainable 
development. As a consultancy firm, the company does not 
provide services directly to end users, but rather help clients in 
their business efforts. The aim with this project has been to 
explore how sustainability concerns can be integrated into the 
work processes of an IT consultancy firm, exploring both op-
portunities and challenges. The work has been delimited to the 
early phases of projects, when the IT consultancy firm gives 
clients advice on digital strategies and business development. 
The research question for this paper is hence: what can be the 
challenges and opportunities when working with sustainability 
as an IT consultancy firm in the early phases of a business of-
fer? 

As the IT consultancy firm have been working with inte-
grating sustainability in their business for some time, part of 
the result will cover the processes they have in place. The result 
will also cover how they have worked with SDGs and the Net 
Positive approach. One major finding concerns not the formal 
processes, but the prevalence of an underlying ‘tech-culture’ 
that might undermine some of the sustainability efforts. 

II. THEORY AND RELATED RESEARCH 

A. ICT and Sustainability 
Information and Communications Technologies (ICTs) of-

fer numerous of opportunities to address sustainability in socie-
ty. These include, but are not limited to, digitalisation and de-
materialization, increased energy efficiency and travel substitu-
tion [14]. Although these solutions offer contributions to sus-
tainability and sustainable development, there are negative side 
effects of ICT as well. Development of ICT products and sys-
tems, the use of the technology, and the poorly managed recy-
cling and disposal of these products and systems are some ex-
amples [15, 16, 17, 18, 2, 19]. All this further exacerbated by 



 

 

the ICT sector being driven by a Cornucopian feedback cycle 
[20], stimulating a seemingly endless infrastructural growth (c.f 
Promethean discourse [21]). Sierszsecki, Mikkonen and Stef-
fens define two different concepts within ICT and green soft-
ware; Greening ICT and Greening through ICT [14]. In the first 
one, Greening ICT, the focus is on ICT itself, and lowering its 
energy consumption. Greening through ICT on the other hand, 
focus on decreasing energy consumption of systems that ICT 
monitor or control. Hilty and Aebischer make similar definition 
in that they call for action “1. To stop the growth of ICT’s own 
footprint 2. To find ways to apply ICT as an enabler in order to 
reduce the footprint of production and consumption by society” 
[22, p. 4].  This is an important division, because in 2015 the 
ICT sector itself is estimated to have constituted 3.6% of the 
world’s annual energy consumption and 1.4% of the green-
house gas emissions [23], whilst ICT is estimated to have a 
much larger potential in reducing energy consumption and 
greenhouse gas emissions in other sectors [24, 25]. In the rest 
of the paper we will refer to these concepts as Sustainability in 
ICT and Sustainability through ICT to encompass all the poten-
tial sustainability aspects ICT have impact on.  

B. Sustainable Business 
Today there seem to be a disconnection between sustaina-

ble business and sustainable development. Firstly, there is a 
gap between academia and practice which needs to be ad-
dressed [9]. Secondly, a lot of businesses take on a positive 
stance towards sustainability with the notion that it benefits 
their company, but there is a lack of actual change on a global 
level [26]. One reason is the discrepancy between large global 
problems and considerations of sustainable business on a low 
organisational level within companies [27]. Dyllick and Muff 
[26] have in their paper sought to clarify the meaning of sus-
tainable business and the different potential levels are presented 
in a business sustainability typology, see Fig. 1.  

Fig. 1.  The Meaning of Sustainable Business, from [26] 

The typology differentiates between Business-as-usual and 
Business Sustainability. A company engaging in what is called 
business-as-usual (BAU) have mainly economic concerns, fo-
cus on creating shareholder value, and have an inside-out or-
ganisational perspective. Business Sustainability (BST) is de-
fined in three levels: 1.0, 2.0, and 3.0. In summary, there are 
three key shifts that are identified in this typology; from BAU 

to BST 1.0:  broadening the business concern to include sus-
tainability when economically feasible, from BST 1.0 to BST 
2.0: expanding the value created (to include triple bottom line), 
and from BST 2.0 to BST 3.0 changing the perspective, starting 
with the sustainability issues in the world and then building the 
business around these. This can be compared with the Mann-
Bate maturity scale (Mann Bates, also used in evaluating ICT 
for Sustainability (ICT4S) research [28]) for HCI research, that 
also proposes a larger shift in perspective in their 5th and most 
engaged stage.  

C. Sustainable Development Goals 
The Sustainable Development Goals [29] were ratified in 

September 2015 and include 17 goals and 169 sub targets. The 
Sustainable Development Goals Compass is a tool aiming to 
aid companies to align their strategies and measure and manage 
their contributions to the goals by following five steps [30]. 
The first step, “understanding the SDGs”, allows companies to 
explore the Sustainable Development Goals; what they are, 
their history, and the possibilities arising when working with 
them from a business perspective. The second step, “defining 
priorities”, enables companies to outline what their priorities 
could be using three actions: (1) Map the value chain to identi-
fy impact areas, (2) select indicators and collect data, and (3) 
define priorities. Since not all 17 Sustainable Development 
Goals might be relevant to a company, this step help companies 
see where they can have the greatest impact. The third step, 
“setting goals”, is based on the outcomes from the previous 
one. It is about specifying goals that are measurable and time-
bound. This is done by (1) defining a scope of goals and select 
key performance indicators, (2) define baseline and select goal 
type, (3) setting level of ambition, and (4) announce the com-
pany’s commitment to the Sustainable Development Goals. 
The fourth step will help companies with how to integrate the 
Sustainable Development Goals in their business strategies. 
This is done through describing how they can (1) anchor the 
goals within the business, how to (2) embed sustainability 
across all functions, and (3) engage in partnerships. The fifth 
and final step of the Sustainable Development Goals compass 
manages how to continuously report and communicate pro-
gress, which will deepen companies’ understanding of their 
stakeholders’ needs. 

D. Net Positive 
The Net Positive project aims to make businesses to go 

from ‘doing less harm’ to a more positive approach to do ‘more 
good’ overall [31]. The Net Positive project has established 12 
principles that would characterise the Net Positive approach. 
To aid companies in establishing a Net Positive mindset in their 
organisation, the project has released two guiding documents; 
Communicating Net Positive [32], and Measuring Net Positive 
[11]. In Measuring Net Positive, companies can read about how 
to measure their positive impact, through principles, required 
management steps and best practice on how to measure (some) 
material impacts. In Communicating Net Positive, companies 
can access complementary examples of how to take action to 
be Net Positive, as well as learn how the framework relates to 
other sustainability practices and terminology. To become Net 



 

 

Positive, businesses need to go beyond doing less harm or be-
coming Net Zero or Carbon Neutral; it is aiming to have a re-
storative approach to natural and social capital. 

III. METHOD 
To explore how sustainability concerns can be integrated 

into the work processes of an IT consultancy firm, one of the 
authors carried out meetings and interviews at a Nordic IT con-
sultancy. The company has about 1300 employees and offers 
services in all stages of the development of digital systems: 
creation of digital strategies, idea and prototype generation, 
system implementation, testing, and management. For this 
study, the focus was on early stages of projects where the con-
sultancy firm provides clients with advice on digital strategies 
and business development. This part of the process was chosen 
since it may be difficult to include sustainability concerns at 
later stages of projects if they are not accounted for already in a 
strategic stage. 

Initially, three meetings with the company’s head of strate-
gic advice services were conducted to get an overview of the 
processes used when providing this type of service – either 
when the company is approached by a client or when the com-
pany approaches a client to sell its services. To gain a deeper 
understanding of how sustainability is, or could be, integrated 
into the work processes, semi-structured interviews were con-
ducted with six people working with digital sustainability in 
relation to the company’s advice services (see Table I for de-
tails). The interviews were carried out in person, except from 
the interview with R3 which was carried out over Skype, and 
all interviews were audio recorded. 

The interview transcripts were analysed with a focus on 
identifying opportunities and challenges for integrating sustain-
ability concern into strategic digitalization and business devel-
opment processes. Furthermore, the company’s processes were 
mapped in relation to current sustainability efforts and sugges-
tions for how the company could continue refining their pro-
cesses were developed. 

TABLE I.  INTERVIEW RESPONDENTS 

Respondent Role description 

R1 Head of sustainability 

R2 Head of the company’s strategic advice services 

R3 Employee working with strategic advice services 

R4 Former employee who worked with strategic advice 
services 

R5 Independent consultant supporting the company in 
developing a process for digital sustainability 

R6 Employee at the company’s sales department 

 

IV. RESULTS 
In this section results from the interviews will be presented. 

This includes the company’s relation to sustainability in gen-
eral, how the company work with sustainability in their strate-
gic advice services, and the process the company is aiming for, 
and the opportunities and difficulties with being an IT consul-
tancy firm attempting to work with sustainability offers. 

A. Early Engagement in Sustainability  
The IT consultancy firm was founded in 1995, and they fo-

cus on business to business sales. One respondent argued that 
sustainability has been there since the start, although it was not 
perhaps identified as sustainability as such. Rather the focus 
was on human resources and human rights, what perhaps could 
be coined as Corporate Social Responsibility (CSR) and envi-
ronmental issues (although less specified). In 2010 they 
launched their first sustainability report and notably they were 
one of the first consultancy firms in Sweden to do so. Follow-
ing this, the company has had several internal dialogues about 
how to further improve their sustainability work. This led, for 
example, to one of the owners suggesting that they should start 
looking at what kind of external impact they could have on 
sustainability issues, rather than only focusing on their internal 
impact. After this, the company started evaluating what kind of 
environmental impact they might have, and what kind of posi-
tive sustainability effects they could deliver through their cus-
tomers.  

Today, the company put a lot of effort in using the Sustain-
able Development Goals and Net Positive in their projects. 
They make an effort to work with an outside-in perspective, 
which is to say a perspective that focus on need rather than 
product. Namely, the proposed value propositions and business 
plan innovations that the IT consultancy firm offer to their cli-
ents are based on the knowledge of their client’s marketplace. 
The greatest asset to this perspective is the customers, and the 
ability to differentiate between what the clients make and what 
the client’s customers actually need.  

Early on (even before the SDGs were launched) the IT con-
sultancy firm formulated what sustainability effects they might 
contribute to through their services to their customers, namely 
Energy savings, Dematerialization, As-a-service, Decreased 
Resource Use, Safety and Other, which are further described in 
Table II. 



 

 

 

TABLE II.   THE IT CONSULTANCY’S SERVICES AND THEIR 
SUSTAINABILITY EFFECTS 

Sustainability effect What? 

Energy savings The IT consultancy firm’s client, the 
client’s customer, or the end user can 
decrease their energy use. 

Dematerialization Physical materials or products are 
digitized/digitalized, or the same level of 
functionality can be delivered with less or 
no material. 

As-a-service From product to service for the IT 
consultancy’s client, or client’s customer. 

Decreased resource use Less or no use of non-renewable resources 

Safety Safer digital spaces and/or increased 
security 

Other product or service 
development 

Development beyond the above, that 
contributes to the Sustainable Development 
Goals and sustainable development. 

 
The IT Consultancy firm is committed to continue working 

with sustainability. One external aim is to become more proac-
tive in their sales work which hopefully would enable them to 
contribute to greater changes within sustainable development. 
To reach this aim, the IT consultancy firm has developed a 
digital sustainability offer within its strategic advice services 
[14].  

B. Strategic Advice Services 
Strategic advice services, where the IT consultancy firm 

first meet their clients is the first phase where the company can 
help their clients with digital sustainability. A simplified over-
view of their general approach is displayed in Fig. 2. 

 
Fig. 2.  Overview of the general approach used in Strategic Advice Services 

The initial Internal stage begin with research of the current 
client in order to gather an understanding of what they offer, 
what their products or services are, and how they profile them-
selves regarding sustainability. They also attempt to find possi-
ble synergies, and do a trend analysis which involves looking at 
what other companies in the same industry or with similar 
products/services do. Other than this, they create a possible 
value proposition where they do a Sustainable Development 
Goals inventory, and analyse the possibly relevant indicators 
for their client.  

After this, they move on to the second phase, External, 
which includes meeting with the client and getting their inter-
est. In addition, they collect additional information about their 

client’s products/services and their work within sustainability. 
They focus on information that they might not have been able 
to find out by themselves.  

During the second Internal phase they try to further analyse 
the client’s needs and possibilities, also with the Sustainable 
Development Goals and Net Positive in mind. This time around 
they have more information about the client’s products and/or 
services than during the previous internal step. They might also 
have gained greater insight into what the client might want or 
need. 

This then leads to an Offer, which includes a process of 
workshops in collaboration with their client, as well as data 
gathering from their client’s customers. The implementation of 
the offering usually contains three separate workshops. The 
first workshop covers inspiration and innovation, aligned with 
the client’s business. The second workshop is about business 
model innovation, and the last workshop as about tying it all 
together by refining, reworking, and defining ideas and solu-
tions. The idea is that the Sustainable Development Goals and 
Net Positive should be integrated during all the workshops. 
However, in the interviews it became clear that the above de-
scribed general approach are in practice performed differently 
within the Strategic Advice Services. During the interviews, 
two different particular approaches were identified. 

1) Approach 1 
One of the approaches used for the Strategic Advice Ser-

vices’ digital sustainability offer were described by one of the 
respondents as the double diamond. A summary of how it is 
used in conjunction with Net Positive and the SDGs is dis-
played in Fig. 3. 
   

 
Fig. 3.  Approach 1, the Double Diamond as described in the interviews 

The double diamonds approach is common in design, and 
the employee at the IT consultancy firm who use it argued that 
it is because of his/her background within industrial design that 
it is used.  

"I think that it’s probably because I’m so strongly influ-
enced by having a background in industrial design that I am 
drawn to this double diamond model, but I think even in non-
designy projects, it translates really well. You start somewhere 
and you don’t know what the problem is so you have to ex-
plore, you have to go broad and you have to maybe look for 
details, maybe you don’t know exactly what the problem is 
don’t know exactly what you’re looking for and then you start 



 

 

to design it to a more specific case [...] there’s always an itera-
tion between diverging, opening up, and converging, making 
things more specific."  (R3) 

As can be seen in the quote R3 argues that the double dia-
mond is relevant in all kinds of projects. Fig. 3 shows that the 
Sustainable Development Goals are assessed during the phase 
Discover. The questions asked during that step is “which Sus-
tainable Development Goals are relevant?”, “how is the work 
we do today related to any goals?”, “and which goals are for us 
(the client) possible to look at in the future?”. At this point an 
impact assessment is also made. To do that, the question 
“where do we (the client) want to have an impact as a compa-
ny?” attempts to be answered. The first step is rather broad, and 
it is during step two, Define, that more specific ideas and solu-
tions may form. When this narrowing down has been accom-
plished, the outcome should be one or a couple of ide-
as/solutions. These can then be assessed from a Net Positive 
approach in the third step, Develop. An important question at 
that point is “is the ideas/solutions actually contributing to 
something good, or are they only focused on not doing any 
harm?”. In the last step, Deliver and End solution, respondent 
R3 expressed that the IT consultancy firm have work to do 
regarding measuring a project’s impacts, as in the following 
quote:  

"When you come to your final solution, I think it’s gonna be 
a lot more about doing actual measurements, and I think that’s 
one of the areas where [the IT consultancy firm] maybe has… 
more space to develop, that we haven’t really done a lot of as I 
would see, fact-based impact assessments. [describes a par-
ticular case with sustainability goals but not indicators of suc-
cess] I can sort of see the intent behind that, but I think for… 
for this process to be  [...] credible, later people are going to 
ask those questions like ‘how did it actually work? was it actu-
ally more sustainable’, and if you cannot prove that you’re 
probably gonna set it off as a… as a green-washing thing or as 
a marketing, or whatever." (R3) 

Respondent R3 argued that if they were to use the last stage 
to set indicators for goals and measurement, it would be easier 
to make fact-based assessments of their impacts.  

2) Approach 2 
Another approach that emerged during the interviews is 

displayed in Fig. 4. The first step in the approach is Finding 
synergies between the IT consultancy firm and its client. It is a 
sort of evaluation of what the IT consultancy firm can offer 
their client through collaboration. Step two, Research, includes 
research about the client and their business, their prod-
ucts/services, what they do within sustainability, and their cur-
rent partnerships. The aim is to know as much about their client 
as they can to suggest relevant development. After this, a trend 
analysis is conducted. This is a benchmark of what other com-
panies or organisations in the client’s industry are doing, what 
technical developments and trends might be relevant, and what 
is being, and can be done, in the said industry regarding sus-
tainability. After these three steps, the information gathered 
makes it possible for the IT consultancy firm to create a value 
proposition for their client. The Sustainable Development 

Goals and Net Positive is to be considered during phase two, 
three, and four.  

 

 
Fig. 4.  Approach 2 as described in the interviews. 

C. SDGs and Net Positive 
When Strategic advice services assess which Sustainable 

Development Goals are relevant to a project they start by ex-
ploring the overview of the 17 goals. When they identify one or 
several relevant goals for a project, the second step is to look 
further into the goals by assessing their sub targets. The sub 
targets are presented both during the potential value proposition 
and later in their sustainability report. Two respondents ex-
pressed that the presence of or relation to the goals can some-
times feel vague, and that there is room for improvement and 
development in this area:   

”The SDGs, it’s still a bit vague exactly what we should do 
with them, how are we to address them and I believe that if we 
can get those two [SDG and Net Positive] together in a syner-
gy, then I think that is the best way forward.” (R1) 

As of now, Net Positive is integrated in the IT consultancy 
firm’s digital sustainability in such a way that they talk about 
environmental opportunities rather than obligations. They sug-
gest an approach where digitalisation might help their client to 
contribute to the environment and to society, rather than only 
minimizing their negative impact. One respondent stated that it 
is rare to do this within consultancy firms, and that the IT con-
sultancy firm aim to embrace the possibility to actively con-
tribute to a positive development within digitalisation. What 
the same respondent also expressed, was that it is still a rather 
new approach and therefore not widely accepted in different 
industries as in the following quote: 

“The drawback with Net Positive is that it isn’t used that 
much, and there aren’t that many that who understands it, and 
it is a bit difficult to actually, or not a little, it’s actually quite 
hard to measure it” (R1) 

Hence it is difficult to measure the impact or success, which 
makes it more difficult to prove that the IT consultancy firm’s 
actions actually make a difference. 

D. Consultancy and tech culture 
Being a consultancy firm makes it possible for the IT Con-

sultancy to affect companies cross-industry and this does bring 
both difficulties and opportunities to the fore. Three respond-
ents stated that they as an IT consultancy firm are used to fast 
changes, and one respondent said that they have the possibility 
to connect disruptive technical opportunities to business oppor-
tunities. The same respondent also expressed that some diffi-
culties may be that consultancies are often considered to only 
be interested in selling their services, that is making profit, 
which makes it important to be confident in their sustainability 
focused offer and be able to present the customer value of 
working with sustainability. This respondent also stated that 



 

 

“there is a ‘tech-culture’ that focuses on efficiency within exist-
ing systems among many of those who work with IT” (R5), 
which can be an issue when trying to accomplish a Net Positive 
approach. Another respondent mentioned that there are engi-
neers at the company that do not see the purpose of digital sus-
tainability and state that they are an IT firm that should focus 
on tech, as exemplified in the following quote: 

“This is a way to think, that we should use this fantastic de-
velopment [digital sustainability] in a positive way so that we 
bring value to the society, it does appeal to many of our em-
ployees and especially the younger ones, but then there are of 
course people who think it is only mumbo jumbo kind of, and 
then I think they have not really understood it, and that is 
something I sometimes meet within the company.” (R1) 

This might indicate that there are some ‘tech-culture’ mem-
bers at the IT consultancy firm a well. This respondent also 
pursued the issue with lack of data. Often, because they are a 
consultancy firm, they don’t have access to all the data that 
relates to a product or service that they contribute to. It could 
be because they sometimes are not involved in an entire pro-
ject, only parts of it, or that they don’t have access to data about 
how a product or service is used. This then makes it harder for 
them to address the right issues, or going deep enough into 
issues. 

E.  Formalizing a process - SPRING 
Just before the interview study presented in this paper was 

done, the IT consultancy firm had started to formulate a new 
more formalized process for their strategic advice services. The 
process, called Digital Sustainability - Global Sustainability as 
a Driver for Innovation and Growth, also referred to as 
SPRING, was finished during the winter of 2017/2018 in the 
form of a white paper [33]. This white paper contains a descrip-
tion of a process the strategic advice services are expected to 
use when providing a digital sustainability offer to a client. The 
whole process has at the writing of this paper, been piloted in 
one project. An overview of the process is displayed in Fig. 5. 

 
Fig. 5.  An Overview of the SPRING process from [14] 

Three of the respondents (R2, R4, and R5), have been in-
volved with the creation of the SPRING process. These three 
respondents, as well as respondent R3, were all involved in the 
pilot project at some stage. Respondent R3 expressed that the 
process seemed interesting when reading about it, but since 
he/she was only part of one stage of the pilot project it was not 
enough to understand it fully, as in this quote:  

“So, I think it looks really promising but for me, personally, 
it needs to become more concrete, like going through it like in 
a specific case, one or two times before you can actually… I 
feel like right now it’s hard to judge like, ‘oh this is missing 
and that is missing’ because I haven’t experienced it.” (R3) 

The respondent did however continue to argue that it looks 
really promising, but that it needs to become more concrete.  

Overall, three of the respondents expressed that they liked 
the entirety of SPRING and idea behind it, and that its presence 
itself urges the sustainability work at IT consultancy firm for-
ward. However, two respondents said that the process is too 
complicated, and need to be simplified or further explained as 
in the following quote: 

”So, I think the whole idea behind it is great, but on the 
other hand, I don’t believe they have succeeded in making it 
simple and understandable, I think there’s much left to be done 
there.” (R4) 

Another aspect that two respondents highlighted was that 
distributing the SPRING process and its purpose outside of 
strategic advice services has not succeeded fully as exemplified 
by R2:  

”We have not really succeeded in anchoring this with eve-
ryone else at [the IT consultancy firm] […]there are some very 
good thoughts behind this and we talk about it, but there isn’t 
always a match perhaps on how we view things, and we might 
need to revise the SPRING document compared to today, and 
the process, in order to do it more clear” (R2) 

Moreover, two respondents expressed that the customer 
value is not clear enough, and need to be further developed to a 
more tangible value.  

”Well, sometimes it is hard to explain to them, the value of 
it. It is like, when we come to them and talk about digitalization 
and sustainability and such, then it can be as if they are on a 
totally different level, and we have to start to, like, lift the dis-
cussion a bit before we can even start to talk about this pro-
cess.” (R6) 

Other than this, there was one respondent who argued that 
the process is not too difficult, but that it needs to be imple-
mented into the strategic advice service processes. 

V. DISCUSSION 
This paper has reported results from an exploratory case 

study of an IT consultancy firm, with the aim to explore how 
sustainability concerns can be integrated into the work process-
es, and the opportunities and challenges of doing so.  

The IT consultancy firm in this study has worked with CSR 
and sustainability for a long time, and communicate widely 
their sustainability engagement. Compared to many other com-
panies in the industry, they have a high profile as a sustainabil-
ity engaged company, and have the reporting track record to 
back it up. As a consultancy firm, they have the possibility to 
work with clients cross-industry, and hence have a high poten-
tial to use ICT as an enabler to reduce impact in other sectors 
[22] or in other words to work with Sustainability through ICT, 
reaching larger impact than just greening their own internal 
ICT use. Furthermore, the top-down management approach, 
with a highly engaged owners and top managers, strengthen the 



 

 

ongoing work of introducing more sustainability focus in their 
work processes. Although, there are a few challenges facing the 
company. 

A. Unclear process 
The sustainability work has evolved over the years, and 

new metrics, frameworks and ideas have been added to the 
earlier efforts. An example of this is the SDGs, that have been 
added on top of the Sustainability Effects presented in Table II. 
Furthermore, the Net Positive approach has also been added to 
the mix, without removing, or aligning this with what was there 
earlier.  

Considering the six main sustainability effects that the IT 
consultancy firm contribute to (Table II), it is not clear which 
effects are prioritized or to which effects most effort is put in 
to. As an example, the energy saving effect lies within the 
scope of sustainable ICT. Dematerialization and as a service is 
more aligned with sustainability through ICT, which has a 
greater potential of affecting the environment than sustainabil-
ity in ICT [14]. None of the respondents acknowledged these 
two perspectives of ICT and sustainability, and it has not been 
displayed as a parameter or indicator during any of the process-
es for their digital sustainability offer. Adding this parameter to 
their processes might make it possible for the IT consultancy 
firm to consciously focus more on sustainability through ICT 
projects.  

The strategic advice service is today carried out with an aim 
of considering both SDGs and Net Positive, but the interviews 
showed that this was approached differently by different people 
(as in the reported approach 1 and 2). The more formalized 
SPRING process has been developed, but not widely tested and 
spread in the whole organization. The interviews also showed 
that although the SPRING process is detailed, it is still not con-
crete enough. There is a need to clarify and break down the 
different steps, and the connection to both SDGs and Net Posi-
tive, better.  

1) Clarifying the Sustainable Development Goals 
To increase the credibility of the assessment process used 

within strategic advice services, it could be beneficial to use the 
Sustainable Development Goals Compass [30]. There are five 
steps, where step one, that includes understanding the business 
opportunities and challenges, is already accomplished by the 
current process. Step two (defining priorities) could be applied 
to any project that the IT consultancy firm is involved in. This 
step involves mapping the value chain to identify impact areas, 
select indicators and collect data, and thereafter define to which 
goals a company will have the greatest impact. The third step 
involves setting goals, that are measurable and time-bound. 
This is also a step that could aid the IT consultancy firm in de-
veloping their work with the Sustainable Development Goals 
further. Furthermore, by adding the indicators connected to this 
step, it should be easier to communicate impacts. The fourth 
step, integrating the goals within the organisation, is something 
that the IT consultancy already attempts to do. The fifth and 
final step is about reporting and communicating progress. This 
is also done by the IT consultancy firm to some extent, by link-
ing projects to specific goals in their sustainability report. 

However, since the interviews indicated that measuring impact 
is somewhat lacking today, there is room for improvement. It 
might not always be possible to measure all projects quantita-
tively, but by setting indicators and goals early on in a project 
they will have the possibility to communicate what kind of 
change or impact that their projects are striving for. That could 
be a way of making their contributions more credible [30]. By 
refining or applying the above discussed steps, the process of 
creating and communicating technical solutions within the digi-
tal sustainability offer would be improved.  

2) Clarifying Net Positive 
The Net Positive approach is still rather new and not widely 

adopted in industry, which can be considered both an ad-
vantage and a disadvantage. It can communicate that the IT 
consultancy firm is at the forefront of sustainable business 
work leading to being approached by sustainability engaged 
companies and organizations, at the same time as it to some 
might seem complex and unproven. Another drawback is that 
measuring the impacts of a Net Positive approach is not neces-
sarily easy. Good practice for measuring is still developing, and 
there are guidelines in Measuring Net Positive [11] that could 
be helpful.  

In the interviews it became clear that the IT consultancy 
firm had not communicated to their employees how to set indi-
cators for measuring Net Positive impact. The measurement 
does not necessarily have to be quantitative, and cannot always 
be presented in such a way either. A few basic questions for 
increased transparency for companies when reporting Net Posi-
tive are the following: What has changed? What was the base-
line? Has the problem shifted elsewhere (rebound and dis-
placement)? How long will the benefit continue into the future 
before it is replaced (drop-off/future benefits)? [11]. Using 
these indicators when creating and evaluating a technical solu-
tion that the IT consultancy firm has provided to a client would 
improve the credibility of the product/service. 

Another aspect to consider is wherein which area a compa-
ny, or a project in the IT consultancy firm’s case, should focus. 
There are five of these areas presented in Measuring Net Posi-
tive; carbon (including energy), water, social, material use (in-
cluding forestry and waste), and ecological (including agricul-
ture and biodiversity) [11]. The relevance of these areas will 
depend on what kind of projects the IT consultancy firm en-
gages in, and should be implemented and considered as impact 
measurement points during the strategic advice service pro-
cesses. This can increase credibility, both with clients and the 
general public.  

B. Data as a challenge and opportunity 
One challenge to the IT consultancy firm (and any consul-

tancy) in their digitalisation and sustainability work, is the lack 
of data access. Even if the IT consultancy firm aims to contrib-
ute to sustainability effects such as energy savings and products 
or services with a positive effect on the environment, how will 
they be able to prove this if they do not have long term access 
to their clients’ data? Although it is not possible to measure 
everything quantitatively, there are still possibilities to indicate 
positive changes. An area where the IT consultancy firm could 



 

 

engage in, is business to business data sharing with other com-
panies. This would correspond to changing the rules as argued 
by Dyllick and Muff [26] Today, it is most common that busi-
ness to business data is shared and re-used within the same 
sector, and the most common data to be shared is that which is 
generated by internal IT business systems and Internet of 
Things [13]. According to [13] the concept of business to busi-
ness data sharing is not yet commonly understood. The study 
claims that companies that engage in this kind of data sharing 
are not giving away complete datasets or lose “data ownership” 
rights, but they allow third-parties to get involved with the pro-
cess. The third-party might be involved as intermediaries or as 
enablers. Both technical and legal skills are of significant im-
portance if engaging in business to business data sharing [32], 
but if the IT consultancy firm were to establish that kind of 
competence this could be a way of accessing more data. 

C. Tech-culture and maturity 
Despite the high engagement of management, and despite 

sustainability being on the agenda within the company for a 
long time, there is still issues in spreading this focus within the 
organization. In the interviews it was mentioned that the 
SPRING process had not spread through the organization, and 
that there are still employees that do not understand the value 
of working with the SDGs and Net Positive. Furthermore, there 
were respondents that alluded to a ‘tech-culture’, within the 
company as well as in the industry in general, which prioritizes 
technological development above sustainability concerns, 
which can be compared to the Cornucopian paradigm described 
by Preist et al. [20]. Addressing this tech-culture might be the 
biggest challenge for the IT consultancy firm, since the sustain-
ability processes, goals and aims otherwise may be circum-
vented in the daily practice. This could be compared to the fo-
cus on computational thinking pervasive in computing educa-
tion and practice [34], which delimits the focus of computing to 
only address solvable problems without considering widened 
system boundaries. Besides this being a problem adherent to IT 
companies, or tech industry, it is also a strong discourse in so-
ciety in general [21]. In the light of maturity models and the 
Business Sustainability Typology, the highest level is when an 
organization has gone through a shift in perspective - placing 
the societal and environmental concerns at the forefront instead 
of profit. Or as argued by Dyllick and Muff, “[...] only a shift in 
organizational perspective, from inside-out to outside-in, will 
allow a company to develop strategies and the business models 
needed to make relevant contribution to overcome societal and 
planetary challenge, thereby contributing to the common good” 
[26, p. 168]. In such a shift, a majority of the employees must 
be engaged. To some degree, there are already high aims from 
the top management to shift the company towards having so-
cietal and environmental concerns as a top priority. But being a 
(profit-dependant) company within a larger economical struc-
ture, even the well-intent ambition of higher management 
might be thwarted by the over-arching system. Changing this 
system from within might be hard, but aspirational. As alluded 
to in for example [20, 26, 28], there is a larger transformational 
shift needed in both values and practices. 

D. Future work 
This study has been an exploratory case study, based on in-

terviews with respondents within the IT consultancy firm 
working with sustainability. As such, the results are applicable 
in other settings, but perhaps not yet generalizable. A natural 
extension to this work would be to not only focus on internal 
respondents, but to also interview clients of the IT consultancy 
firm. Furthermore, the focus has been on the early stages of 
strategic advice services, and the work can be extended by 
looking at later phases of the process.  

One thing that often lacks in sustainability work and initia-
tives in practice is how to make actions and results tangible 
enough. This is something that needs to be further investigated 
and explored. There is a need for longer studies that focus on 
specific projects from the start to finish, and even further than 
that. A possible obstacle with this is that actual environmental 
impacts may not be apparent until years after a product or ser-
vice has been implemented. One way of approaching this could 
be to investigate both short- and long-term impacts. Another 
aspect that should be explored further is how to agree on meas-
urements cross-industry, or at least within same industry. 
Without a generally accepted and adopted language and meas-
urement indicators it is difficult to compare different results. 
Hopefully, further work with business to business data sharing 
might contribute to general measurement indicators being 
adapted. 

VI. CONCLUSIONS 
The aim of this paper has been to explore how sustainabil-

ity concerns can be integrated into the work processes of IT 
consultancy firm, exploring both opportunities and challenges. 
As such, the IT consultancy firm in the study has already been 
integrating sustainability in its processes, and is underway to 
further integrate it. There are opportunities in using the SDGs 
and Net Positive to drive their strategic advice services, alt-
hough more clarifications are needed, as well as more work to 
spread the process within the organization. A potential threat to 
this work is a tech-culture, both within the company and within 
the industry, which may resist sustainability work. Further-
more, lack of data and measurement might undermine the sus-
tainability focus effort pushed by the IT consultancy firm, in 
general, there is a need for more fact-based assessments of sus-
tainability effects.  
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Abstract—Sustainability in software design is an evolving area 

that requires more practical guidance on how software engineers 

and businesses could innovate and design software systems that 

consider sustainability as a guiding principle for supporting a 

sustainable environment, reducing the negative impact of ICT 

and at the same time promoting software system design for sus-

tainability. This paper presents our early results for validating a 

Framework for Sustainability of Software System Design 

(FSSSD) based on the Software Sustainability Design Catalogue 

(SSDC). The SSDC exemplifies the use of Karlskrona Manifesto 

principles for sustainability design and how to promote sustaina-

bility design principles for software systems. 

Index Terms—Sustainable design, sustainability, software 

sustainability, information and communication technology, 

Karlskrona manifesto, Sustainability design principles 

I. INTRODUCTION 

Sustainability is receiving a wide range of research from 

different sectors. Currently, there is not enough research results 

with guidelines and frameworks to support software designers 

and companies on how to design and develop software with 

sustainability at the core [1]. One of the main problems for 

sustainability in software design is that for software designers 

there are few existing tools that wrap core principles of sustain-

ability together which can support effective software sustaina-

bility design and development [2].  For companies, the chal-

lenge is that there is little understanding of how sustainability 

can be understood by software and requirements engineering 

professionals to facilitate sustainability design as an established 

part of the software development process within companies 

[3][4][5]. 

The sustainable development goals (SDGs) [6] in 2015 got 

signed by more than 190 world leaders, this shows the im-

portance of sustainability today in all aspects of our lives. 

Though there is no direct mention of software sustainability in 

the 17 SDGs, software as a catalyst for all sectors of the econ-

omy [7] serves as a key element for the implementation and 

actualization of those SDGs. According to the 2016 mobile 

industry impact report [8], the United Nations Sustainable De-

velopment Goals provide the opportunity for engagement to 

address the most pressing global challenges, but they cannot be 

realized without the business community. The report stresses 

the need for companies to implement the SDGs, working with 

governments and the international community to expand con-

nectivity, lower barriers to access, and build a future of dignity 

and opportunity, where no one is left behind and ensure that 

tools and applications are developed with vulnerable communi-

ties in mind [8].  

Sustainable development is also driving software innova-

tions for creating new opportunities of cutting costs, adding 

value and for gaining competitive advantage [9]. García-Berna 

et al. [10] points out the practices applied by practitioners in 

companies for sustainability and the need for standards as a 

way of seeking more sustainable software businesses. The im-

portance of sustainability as a driving force for companies is 

further highlighted in these reports: Sustainability Nears a Tip-

ping Point [11]; Ericsson energy and carbon report [12]; Mi-

crosoft 2015 Citizenship Report [13]. In summary, software is 

a core of all human activities today and a major facilitator in 

the way humans produce and use products and services [14]. 

The way software is designed and the requirements to ensure 

sustainability in software design are factors that are challenging 

for software designers, requirement engineers and companies  

[15].  

The Karlskrona Manifesto for Sustainability Design 

(KMSD) [16] was initiated as a starting point for tackling this 

challenges in software engineering. Based on these KMSD 



principles and the Software Sustainability Design Catalogue 

(SSDC) [1], the Framework for Sustainability of Software Sys-

tem Design (FSSSD) was created [1]. This paper presents the 

first results of applying the Framework for Sustainability of 

Software System Design (FSSSD) [1].   

The next section covers related research work. Section III 

presents the study design. Section IV covers the first case study 

and section V details the second case study. Discussion is in 

section VI and concluding remarks in section VII.   

II. BACKGROUND 

Software development practices and processes that are 

widely used in industry for software design and development 

lack in addressing sustainability [17]. There is currently no 

single point of reference for researchers and practitioners where 

the sustainability measures are gathered and exemplified [26]. 

The issue of lack of understanding on how to effectively and 

efficiently integrate the different sustainability dimensions 

(economic, social, individual, environmental and technical) 

[18] into software design, development and wider engineering 

processes [9] [19] has hindered the adoption of sustainability in 

software development.  

There have been different research efforts suggesting the 

need to further research on how sustainability can be supported 

in software requirements and design stages for all the different 

sustainability dimensions [20] [21] [22]. Further research also 

shows sustainability requires multidimensional and interdisci-

plinary approach [3][7][23][24][25] in order to fully achieve 

sustainability in software design, development and measure-

ment.  

From the requirements engineering phase, sustainability has 

been considered as a non-functional requirement [26][27][28], 

and Roher et al. [29] suggests the use of sustainability require-

ment patterns (SRPs) as a way to guide software requirements 

engineers in eliciting sustainability requirements in the re-

quirements engineering process. However, there is a lack of 

examples to show how these are applied in the industry.  

Researchers from the Human Computer Interaction (HCI) 

community believe sustainable HCI can facilitate and support 

sustainability in the design and development of new interfaces 

to promote sustainability awareness [30]. Froehlich et al. [31] 

show eco feedback can serve as a key way of promoting sus-

tainability awareness among users of software systems. One 

key example of an eco-feedback application [32] shows a posi-

tive result in persuading and changing users habit towards sus-

tainability. Successful application of eco feedback is when in-

formation has been tailored to encourage users towards sustain-

ability through user emotional engagement [33] [34]. 

Some of the design issues in design of sustainability for 

better user experience of software systems are highlighted by 

Kem-Laurin [35]. Kem-Laurin propose the use of sustainability 

user experience framework as a way to guide designers to miti-

gate these problems. The challenge according to Eli Blevis [36] 

and Fallman [37] is that sustainability is not yet a core part of 

HCI. This has hindered the ability of designers to properly 

evaluate design choices for software systems especially with 

the different sustainability dimensions.  

The challenges covered in this background section motivate 

the application of FSSSD to two case studies in order to show 

and suggest how to better support sustainability in software 

design and development.  

III. STUDY DESIGN FOR FRAMEWORK VALIDATION 

This section describes the Framework for Sustainability of 

Software System Design (FSSSD) and the rationale behind 

choosing the two case studies used in the research.  

 

 

Figure 1. Framework for Sustainability of Software System Design (FSSSD) 
[1] 

The FSSSD (Figure 1) was created to assist developers to 

incorporate sustainability goals and requirements during soft-

ware system design and development covering the software 

development life-cycle (SDLC) phases. For the purpose of bet-

ter understanding, the FSSSD (Figure 1) is transformed into 

tabular form (Table 1) [1].  

TABLE I.  FRAMEWORK FOR SUSTAINABILITY OF SOFTWARE SYSTEM 

DESIGN (FSSSD) [1] 

SDLC phases 

and KMSD 

principles 

Sustainability 

goals 

Sustainability 

concepts, Meth-

ods and Tools 

Indicators 

Phase 1.  

Project Defini-

tion,  

P1, P2 and P3 

Design for 
sustainable 

efficiency, 

reusability 

biomimicry, sus-
tainable business 

canvas 

Carbon footprint, 
material foot-

print, end of life 

footprint. 

Phase 2. 

User Require-

ments Defini-
tion,  

P2 

Increase sus-

tainability 
awareness 

among users. 

Helix of sustaina-

bility. 

Total number of 

sustainability 
requirements, 

priority assign to 

sustainability 
requirements. 

Phase 3.  

System Re-
quirements 

Definition,  

P4, and P5 

Design for 
efficiency, 

sustainability 

awareness and 
interoperability. 

Cradle to cradle, 
Goal model. 

Total number of 
system goals 

relating to sus-

tainability di-
mensions. 

Phase 4.  

Analysis and 

Design,  

P2, P4, P6 and 

P8 

Design for 

reuse and effi-
ciency, locali-

zation, interop-

erability 

Life-cycle sustain-

ability assessment, 
social return on 

investment, sus-

tainability analysis 
radar chart 

Number of first-, 

second- and 
third-order im-

pacts of system 

identified. 

Phase 5.  

Development,  

P2 and P4 

Design for 
reuse, design 

for module 

replicability, 
design for 

efficiency, 

sustainability 
awareness, 

efficiency, 

design for easy 

Biomimicry, cra-
dle to cradle 

Number of cod-
ing choices 

influenced by 

sustainability, 
number of fea-

tures (functions) 

added to systems 
to inform users 

about sustaina-

bility through 



service and 

maintenance 

functions like 

eco feedback. 

Phase 6. 

Integration and 

Testing,  

P2 and P4 

Design for easy 

assembly and 
disassembly, 

design for 

durability 

Cradle to cradle, 

sustainability 
analysis radar 

chart, life-cycle 

sustainability 
assessment 

How much in-

formation from 
sustainability 

analysis chart 

was used during 
integration and 

testing such as 

the number of 
systems func-

tions tested 

against sustaina-
bility concerns 

such as the first-

order (immedi-
ate) impact, 

possible second-

order (enabling) 
and potential 

third order 

(structural) im-

pacts of the 

system 

Phase 7. 

Implementation,  
P5 and P7 

Design for easy 

use, design to 

induce con-
scious sustain-

ability aware-

ness, design to 
educate users 

about sustaina-

bility, design 
for easy recy-

cle. 

Biomimicry, cra-

dle to cradle 

The priority 

assign to sustain-

ability by devel-
opers and the 

system own-

ers/users during 
after implemen-

tation 

Phase 8. 

Sustainment/ 

Maintenance,  

P9 

Proper design 

for serviceabil-

ity, design for 
easy replace-

ment of code 

modules, de-

sign for contin-

uous user en-

gagement 
through sus-

tainability 

awareness. 

Life-cycle sustain-

ability assessment, 

sustainability 
analysis radar 

chart, cradle to 

cradle. 

Number of im-

provements to 

system based on 
sustainability 

requirements 

either from us-

ers’ feedback or 

developers. 

 

The approach applied in the selection of each case study 

was to choose two different case studies where one case study 

has the ultimate goal of sustainability from the beginning and 

the other case study uses the framework to improve an existing 

system.  

The goal is to see what difference will occur from these two 

different case studies in different application context. The first 

case study - about a pension benefit tracker application - does 

not have sustainability as the central core and the second case 

study - about an energy usage display for university staff and 

students - is motivated by sustainability.  

IV. CASE STUDY ONE:  PENSION BENEFIT TRACKER 

APPLICATION  

The pension benefit tracker is an application from a pension 

company in Nigeria that wants to track pension benefit applica-

tions submitted by clients from all over the company’s branch-

es in different states of Nigeria. Currently, the pension applica-

tions are done manually from each branch and those applica-

tions are sent via courier service to the head office. This usually 

causes the following problems: 

1. Zonal managers don’t have direct access to know the 

status of applications submitted through them and 

have to directly place phone calls to the Head office to 

know the application status.  

2. Customer service staff are unable to know why an ap-

plication is pending, unless they contact the benefit 

department. 

3. Time consumption, as all status updates are through 

customer service at the head office alone. 

4. Files can go missing in transit because application 

files are handled manually.  

5. Double application and too much physical involve-

ment because of follow up in person 

The company intended to develop a new pension benefit 

application tracker application for these key stakeholders, the 

benefit department, the customer service unit, the zonal manag-

ers and the clients with the aim of: 

1. Identifying ways of improving the pension benefit 

application process and enhance communication.  

2. Designing and implementing a web-based solution 

that will ensure effective and efficient benefit pro-

cessing for users. 

The below Figure 2 is the first Use case diagram for the ap-

plication. 

 

Fig 2. Use Case diagram pension benefit tracker 

Figure 2 shows the use case diagram of the system for pen-

sion benefit tracker application after initial analysis. Figure 3 

presents the process model of the pension benefit application 

after a second analysis, factoring in all the aforementioned 

problems without using FSSSD. Figure 3 shows that sustaina-

bility was not the core of this case study, based on the process 

model, as stakeholders are just interested in solving the prob-

lems stated in the case study.  

Table 2 presents the details for applying FSSSD to the pension 

benefit tracker application (case study one). The documentation 



for this case study using FSSSD covers the project initiation, 

user requirements and system requirements phases only (see 

Table 2) because that is the current development stage of the 

project. 

 

 

 

 

Fig 3. New Process Model for Pension Application after second analysis 

 
TABLE II.  APPLICATION OF FSSSD IN CASE STUDY ONE

SDLC Phases and Karlskrona Manifesto Prin-

ciples 

Sustainability Goals Sustainability Con-

cepts, Methods and 

Tools  

Indicators /Measure / Metric  

Phase 1.  Project Definition 

Provide end users with easy to use interface for 

tracking pension payment, ensure each module 

for tracking can be updated to include new 
branches,  

Provide flexibility such as bulk and single up-

load, ensure easy integration with other existing 
pension systems, present report of system usage 

to track energy consumption in a way to educate 

users about sustainability, add bug reports 

Design for: 

Easy integration,  

Reusability, 

Developers work satisfaction, 
Maintainability, 

Energy efficiency 

 
 

Motivated by the 

cradle to cradle 

approach ensuring 

that the pension 
tracker application is 

design and devel-

oped in a way that it 
can be reused for 

future pension relat-

ed purposes and 
easily integrated 

with other bigger 

pension system 
within the company  

1. How many state branches can 

easily integrate the systems with 

less Backlog Management Index 

(BMI)? 
2. What is the number of reports 

from IT staff about how to im-

prove system energy efficiency?  

3. How satisfied are the devel-

opers with the development of 

the application   

 

Phase 2. User Requirements Definition 

1. Provide tracking of pension benefit payment 
application from request submission to payment 

2. Status notification should be sent to users after 

each stage of the pension benefit application 

Reduce development cost, 

increase efficiency  

Sustainability re-

quirement Template  

How efficient is benefit depart-

ment able to track new pension 
benefit applications and send 

notification successfully 

Phase 3. System Requirements Definition 

1. The pension tracker application should be 

accessible online via web at any branch 

2. The application should have ability to enable 
Managers, pensioners and other stakeholders 

check application status 

3. Provide automatic status communication and 
notification at each stage of benefit application 

4. Allow bulk or single file upload 

5. Provide SMS authorization from managers in 
benefit department 

6. Send SMS notification to applicants 

7. Send Incomplete documentation notification to 

Design for efficiency, sustain-

ability awareness 

Social and individu-

al dimension of 

sustainability 

1. How satisfied are users with 

visual problem with the magni-

fying display?  

2. Do users use the option of 
email notification and does it 

reduce company cost for sending 

SMS? 

3. How many positive responses 

came from users base on the 

“Save the planet, Reduce envi-
ronmental waste” tag message? 



benefit department staff 

8. Provide email notification as an option for all 
users 

9. Provide option of different display to magnify 

fonts for users with visual problems 
10.  Provide option to preview pension applica-

tion and save electronically  

11. Add a tag message below each notification 
“Save the planet, Reduce environmental waste”  

12. Provide energy report for system usage 

4. How many initiatives were 

suggested from IT department 
base on the system energy re-

port? 

 

 

After application of the FSSSD with the sustainability de-

sign catalogue (SSDC), see Table 2, the IT department made 

some changes to the system requirements such as addition of 

the following system requirements in Table 2, SDLC phase 3:  

1. Email notification option instead of only SMS func-

tion as seen in Figure 3 in which only SMS is shown 

(system requirement 8 in Table 2). 

2. Provide option of different display to magnify fonts 

for users with visual problems especially older staff 

(system requirement 9 in Table 2). 

3. Provide option to preview pension application and 

save electronically instead of printing and filling lo-

cally to reduce cost, paper waste and energy usage 

(system requirement 10 in Table 2) 

4. Add a tag message below each notification “Save the 

planet, and reduce environmental waste” to raise sus-

tainability awareness among staff and clients (system 

requirement 11 in Table 2). 

5. An energy report that enables developers to improve 

efficiency (system requirement 12 in Table 2). 

V. CASE STUDY TWO: ENERGY USAGE AND CARBON EMISSION 

DISPLAY FOR UNIVERSITY STAFF AND STUDENTS  

This is a university setting project to raise the awareness of 

the public (university staff and students) about energy usage 

and the carbon emissions through activities in the university. 

The project requires a web application interface which will 

display the energy usage and carbon emission. The goal is to let 

the public know more about the electricity consumption of each 

building in the university and understand the relation between 

the electricity consumption and carbon emission (CO2).  

Using the FSSSD, the involved students and their supervisors 

documented the project to show how sustainability was consid-

ered in the project (see Table 3). Figure 4 shows the interface 

design for the project and Figure 5 covers an overview of the 

sustainability business canvas for the project. 

 

TABLE III.  FSSSD APPLICATION IN CASE STUDY TWO (ENERGY USAGE AND CARBON EMISSION DISPLAY FOR STAFF AND STUDENTS) 

SDLC Phases and Karlskrona Manifes-

to Principles 

Sustainability Goals Sustainability Concepts, 

Methods and Tools  

Indicators /Measure  

Phase 1.  Project Definition 

Raise awareness from the public (universi-

ty staff and students) about energy usage 
and the carbon emissions through activities 

in the university. 

Design for sustainability 

awareness, efficiency, 

reusability, easy integra-
tion, 

maintainability and 

energy efficiency 

 

 

Sustainable Business Can-

vas was used to breakdown 

the project goals and scope 
into environment, society, 

economy, process, value 

and people in order to have 
better clarity on the sus-

tainability goals of the 

project and derive basic 
benchmarks for evaluating 

the project at the end.  

1. What is the impact of the project 

on promoting sustainability aware-

ness within the university? 
2. How many users participate in 

the weekly sustainability challenge?  

3. What are the new initiatives from 
departments towards sustainability 

based on the application usage?  

 

Phase 2.  User Requirements Definition 

1. Provide information on energy usage 

within the university 

2. Show the carbon emission  

3. Allow weekly sustainability challenge 

and show winners 

4. Section for user community to connect 
and discuss 

5. Provide feature to share things to social 

media 

Increase sustainability 
awareness through ener-

gy usage and carbon 

emission information to 
users 

Sustainability requirement 
template ( template that 

shows the sustainability 

analysis of the five dimen-
sions and the three orders 

of effects from the design 

catalogue ) [1] 

1. Can users see information about 
energy usage and carbon emission? 

2. How effective is the weekly 

sustainability challenge? 

3. How many users participate in 

the weekly sustainability challenge? 

4. Do users share their experience 
via social media portal?  

Phase 3. System Requirements Definition 

1. Information about energy usage and 

carbon emission should be available via 

the central display screen and web portal  

Design for sustainability 
awareness, maintainabil-

ity and 

energy efficiency 

Environmental, Social and 
individual dimension of 

sustainability 

1. Can users understand the energy 
and carbon emission information 

presented? 

2. How easy can users join the 



2. The application should translate the 

carbon emission data base on energy usage 
into meaningful information for better user 

understanding such as distance between 

Lappeenranta and other cities 

3. The web interface should allow users 

participate in the weekly challenge  

4. Users are able to share their weekly 
challenge results via Facebook and Twit-

ter.  

5. The application should allow users form 
community of interest for different sus-

tainability goals.  

6. Provide API to allow for easy integra-
tion with other applications  

 weekly challenge? 

3. Does the application to form 
community of different sustainabil-

ity goals? 

4. Can users successfully share 
their weekly challenge on Facebook 

and Twitter? 

5. Does the API allow easy infor-
mation access? 

Phase 4. Analysis and Design 

1. Identify the first, second and third order 

impact of the application on user energy 

usage and sustainability awareness 

2. Find areas to improve the application 

implementation base on the different sus-
tainability dimensions especially environ-

ment, social and technical dimensions  

Design for sustainability 

awareness, reuse, effi-

ciency and localization 

Sustainability analysis 

radar chart was used for 

the sustainability analysis 
to show the he first, second 

and third (immediate, 

enabling, and structural) 
impacts of the application.  

1. What is the potential percentage 

of energy usage reduction in the 

university? 

2. What is the level of user aware-

ness overtime about energy usage 

and carbon emission? 

3. What is the impact of the user 

community for users’ motivation 

towards sustainability within the 
university? 

Phase 5.  Development Design for sustainability 

awareness, efficiency, 
reuse, design for module 

replicability, design for 

easy service and mainte-
nance 

Cradle to cradle concept 

influence the development 
to develop each module in 

the application in a way 

that support evolution as 
user requirements changes 

over time and ensuring 

sustainability is the core of 
all development 

1. What is the defect density of the 

application? 

2. What is the energy efficiency of 

the application? 

3. How many modules relating to 
sustainability awareness was suc-

cessfully developed? 

4. Can users successfully use the 
application for all application func-

tions such as join a community, 

participate and share weekly sus-
tainability results, understand dis-

played energy usage and carbon 

emission information? 

 

 

Fig 4.Sustainability awareness via energy usage interface 



 

Fig 5. Sustainable Business Canvas for Case Study Two   [38] 

VI. DISCUSSION 

For the project initiation in the first case study, normally 

project managers will only evaluate projects by considering 

whether the software system meets all user requirements after 

development and testing as a yardstick for satisfying all project 

requirements. The application of FSSSD in case study one (Ta-

ble 2) shows that indicators used for evaluating the project up 

to the current development stage included the level of develop-

er satisfaction (individual dimension of sustainability) and the 

number of IT staff reporting on how to improve the system 

energy efficiency (environment and technical dimension).  This 

confirms a new perspective towards software project evaluation 

with sustainability dimensions now considered by stakeholders 

in case study one. The use of FSSSD also led to new system 

requirements (Table 2) with the potential to improve the system 

efficiency and consideration of sustainability based on the sys-

tem context.  

Based on the initial response from stakeholders in case 

study one, it indicates that as a company their major interest 

was to check if FSSSD - as guide in the application of sustain-

ability in software system design and development - would  

save them cost and improve staff productivity. The use of de-

velopers satisfaction for the pension benefit tracker is one ex-

ample because the company believes if there is means of 

checking staff satisfaction, it could offer a means of improving 

working conditions which will in turn improve productivity 

over time.  This will help them reduce the cost of operations 

and improve profit margin.  

Case study two provides a different use of FSSSD as sus-

tainability is the core of the application design. As noted in [33] 

[34], with better tailored information through eco feedback, 

user habits can change positively towards sustainability over 

time. The second case study (see Table 3, Figures 4 and 5) 

shows the presentation of energy usage data converted into 

carbon emission. With the use of FSSSD as guide, the applica-

tion in case study two was designed in a way that the carbon 

emission information was displayed in order to educate users 

about their energy consumption habits in each department. The 

system presented the percentage of carbon emission in form of 

distance between one city to another with the goal to provide 

better understanding for the public about the impact of their 

energy consumption on the environment.  

Feedback and comments (Table 4) from stakeholders in 

case study one and two indicates that developers and engineers 

complained there are few industry case studies for software 

development that shows how sustainability was applied. The 

second challenge was in motivating software requirements en-

gineers and designers to incorporate the use of the new sustain-

ability artifacts for sustainability in requirements and software 

development because most of them are used to the old ways of 

developing software systems and therefore require extensive 

discussion on the usage of the artifacts in FSSSD.  

In general, the early feedback and comments (Table 4) from 

case study one and two shows that the Framework for Sustain-

ability of Software System Design (FSSSD) provides guidance 

and support for sustainability in software design requirements 

and development. The tools, methods and concepts provided as 



sample in the framework helped in providing new insights into 

how sustainability can be incorporated into software project 

design and development especially the Sustainable Business 

Canvas, Goal model, Sustainability Requirement Template, 

Biomimicry, Cradle to cradle concept and Sustainability Anal-

ysis Radar Chat diagram. In addition, FSSSD also persuades 

stakeholders to rethink their software project with sustainability 

as a means of developing a better product that is cost effective 

over a long time and supports good corporate social responsi-

bility. Table 4 summarizes the feedback on the usage of FSSSD 

from the case studies.  

 

TABLE IV.  DIRECT QUOTES FEEDBACKS AND COMMENTS FROM PARTICIPANTS AND STAKEHOLDERS IN USING FSSSD (CASE STUDY ONE AND TWO) 

Role SDLC Phase Positive  Challenges 

CTO Project Definition 1. The SSDC was good way to understand the differ-

ent aspect of sustainability for different kind of soft-
ware system. The SSDC made it possible for me and 

my team to know more about sustainability in soft-

ware development with those guidelines provided for 
each software system.  

2. The FSSSD provides new insight for sustainability 

in software project with consideration of sustainabil-

ity principles  

3. Combination of the SSDC and FSSSD provides an 

avenue to consider our software impacts and see how 
we can minimise it.  

4. FSSSD introduces new methods for evaluating our 

applications especially the environmental and indi-
vidual dimensions of sustainability 

5. The Sustainable Business Canvas brings in a total-

ly new factors into software project definition with 
sustainability concepts and dimensions as guide 

1. Very difficult to understand how to apply some of the 

sustainability concepts because its new to me and my team 

2. We have a challenge to find concrete examples online to 

see how sustainability was applied to software project defini-

tion especially in industry 

3. It was challenging to give my staff additional task of read-

ing the Framework manual to understand how to apply it 

Software 

developer, 
Project coor-

dinator 

User requirement 

definition 

1. The sustainability requirement template was use-

ful as guide during requirement gathering because it 
provides us with means of discussing sustainability 

with users and categorising user requirements base 

on sustainability dimensions   

It was difficult at first to understand how to explain the dif-

ferent dimensions of sustainability to key stakeholders (us-
ers) during discussion gathering requirements on how to 

improve the existing system 

System ana-

lyst, software 

developer 

System Require-

ments Definition 

1. I was able to learn new things about how sustaina-

bility can influence gathering system requirements 

and identifying new system requirements using the 
FSSSD 

2. The goal model diagram is really a good tool to 

breakdown sustainability goals base on requirements 
into business, usage and system goal. 

3. The goal model diagram made it easy to explain, 

discuss and improve the project goals and system 
requirements using the business, usage and system 

goal diagram. 

1. The only issue is lack of examples to show how sustaina-

bility has been used in different software requirements elici-

tation at the beginning when using FSSSD but after couple of 
meetings discussing about sustainability with the research 

guy things became clearer.  

2. Some of the research especially about sustainability in 
system requirements I saw on google from some researchers 

are too complex to apply  

System ana-

lyst, Pro-
grammers, 

Software 

developer 

Analysis and 

Design 

1. The sustainability goals and suggested tools from 

FSSSD was a good starting point to guide us during 
the analysis and design phase. 

2. The sustainability analysis radar chat was a new 

interesting tool because it shows some new require-
ments to add after brainstorming on each of the first, 

second and third impacts  

Brainstorming on how to connect the first, second and third 

order impact in each of the sustainability dimensions was not 
easy because each of us have different views on what is the 

right thing to put but eventually we looked at some of the 

examples provided by the researcher guy in using FSSSD.  

 

VII. CONCLUSION  

Software design and development in the real world is con-

tinuously changing with the adoption of new software devel-

opment methods and paradigms, such as agile, to reduce the 

development time from different SDLC phases and shortened 

time to market. However, sustainability is currently not at the 

core of the general development methodology in companies. 

Sustainability as a main principle and value provides a compet-

itive advantage for companies and software designers 

/developers but the major challenge is the lack of understand-

ing on how to institutionalize sustainability in software design 

and development projects.  



This paper summarizes our early results on applying the 

Framework for the Sustainability of Software System Design 

(FSSSD) (Figure 1 and Table 1) in two case studies. The 

FSSSD provides support for sustainability in software design 

through the aspect of promoting sustainability goals at each 

stage of a software development life cycle phase with aid from 

different sustainability concepts, tools and methods as seen in 

case study 1 (Table 2) and case study 2 (Table 3 and Figure 4, 

5). It also encourages a sustainability-oriented software devel-

opment mindset over time with usage of FSSSD, because sus-

tainability becomes part of the core fundamental values for 

software design and development practice.  

Discussions with stakeholders and feedback in each of the 

case studies (Table 4) shows the major challenge in application 

of sustainability to software design and development is the lack 

of readily available software system industry examples and best 

practices of how core principles of sustainability are applied 

and exemplified in software projects.  

 Another challenge is in shifting developers’ mindsets to 

adopting sustainability in a way that translates into their soft-

ware design and development decisions and practices. The 

concept of sustainability dimensions (social, individual, envi-

ronmental, economic, and technical) only becomes interesting 

to apply in software design if it can provide companies with 

opportunities for cutting costs and offer a competitive ad-

vantage in one way or another through usage of the framework.  

The next phase is to repeatedly apply the FSSSD to differ-

ent kinds of software projects and record best practices from 

each of these projects that can then be disseminated to interest-

ed stakeholders. Our template for documenting software sus-

tainability requirement elicitation best practice during software 

design and development [39] can serve as template for such 

documentation.  
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Abstract—[Context and Motivation] In the last years,
software engineering researchers have contributed to
defining the notion of sustainability-aware software as
a quality requirement. [Question/problem] The field is,
however, still missing instruments supporting the design
and assessment of software sustainability.
[Objective] This research aims at providing a validated
Sustainability Assessment Framework (SAF) through a
long-term empirical study in close-collaboration with the
software industry. [Methodology] By using the partici-
patory technical action-research method, we validate the
sustainability-quality model, one of the instruments of the
SAF framework, by means of investigating its applicability
in an industrial software project and detecting potential
improvements.
[Results] Our results confirm the effective applicability of
our model as most of its quality attributes (QAs) have been
either addressed in the software project or acknowledged
as relevant. The action-research method was also very
useful for enriching our model by identifying QAs missing
in the model (e.g. regulation compliance, data privacy).
[Contribution] The sustainability-quality model can
be effectively used as an instrument for identifying
sustainability-quality requirements, and creating aware-
ness on the relevance of the multidimensional sustainabil-
ity nature of certain quality attributes.

Keywords—sustainability-quality model, quality require-
ments, action research, software-intensive systems.

I. INTRODUCTION

In recent years, the concept of sustainability has
been recognized as i) a timely important concern for
researchers from different disciplines in computing (e.g.
artificial intelligence [1], human computer interaction
[2], software engineering [3], [4]; and ii) a key driver
of innovation at software companies [5]. Thanks to this
growing acknowledgment, several efforts have been put
for understanding what software sustainability means
(e.g. [6], [7], [8], [9] ) and how software engineering
can support sustainability (e.g. [10], [11], [12]]).

Lago et al. [8] and Venters et al. [7] agree on
defining software sustainability in terms of multiple and
interdependent dimensions (e.g. economic, technical,
social, environmental, individual). However, despite this
multidimensional nature of sustainability, most of the
current efforts have been put on understanding what
software aspects can impact on the environmental sus-
tainability dimension [13].

In order to provide a better characterization of the
sustainability dimensions, Condori-Fernandez and Lago
[9] proposed a preliminary sustainability-quality model
for software-intensive systems. It consists of quality at-
tributes that contribute to each sustainability dimension,
and their corresponding direct dependencies. According
to the authors [9], software sustainability is defined in
terms of four dimensions: the social dimension aims to
allow current and future generations to have equal and
equitable access to the resources in a way that preserves
their socio-cultural characteristics and achieve healthy
and modern society. The environmental dimension seeks
to avoid that software-intensive systems harm the en-
vironment they operate in. The technical dimension is
concerned with supporting long-term use and appropri-
ate evolution/adaptation of software-intensive systems
in constantly changing execution environment. And,
the economic dimension aims to ensure that software-
intensive systems can create economic value. It is taken
care of in terms of budget constraints and costs as
well as market requirements and long-term business
objectives that get translated into requirements for the
system under consideration.

As shown in Figure 1, the Sustainability-quality
model is one of the key instruments of the Sustain-
ability Assessment Framework (SAF) proposed by the
authors and consisting of three main components: the
sustainability-quality model [9], [14], the architectural
decision map [15], and the metrics [16].



In order to validate SAF in close collaboration with
software industry, we have designed a long-term em-
pirical study supported by action-research methodology
[17], [18]. In this paper, we present the overall overview
of our empirical research strategy, as well as the first
validation results as a consequence of applying the
sustainability-quality model in a software project that
focuses on the achievement of sustainability goals.

Figure 1: Timeline of the research cycles applied to
validate the SAF framework

The following sections provide a detailed account
of our study. Section 2 describes the research method.
Section 3 reports our main findings. Then section 4
discusses the validity threats and section 5 the related
works. Section 6 concludes the paper and discuss further
work.

II. RESEARCH METHOD

Our research strategy is inspired by the combi-
nation of two types of action research: (i) technical
action research because we aim to scale up the action
(treatment) to conditions of practice by actually using
it in a particular problem [17]; and (ii) participatory
because the researchers are active in making informed
decisions throughout all aspects of the research process,
as the participating organization shares experiences of
applying the action [18], [19]. According to Petersen et
al. [19], the action is the treatment introduced by the
researcher to induce a positive change in the company.
In our study, the action is the SAF framework.

The research strategy we use to validate the SAF
framework consists of four stages (grey-colored in
Figure 2): diagnosis, action, feedback collection and
reflection. These stages are carried out at two different
levels. We start the diagnosis at the product-family
level with the purpose of understanding the common
characteristics of the family of products and identifying
sustainability-related issues. The output of the diagnosis
is the selection of a product (software project), which is
then used in the following three stages. At the product
level, we plan the research to apply the SAF to the
selected software project, then we collect the feedback
from the participants and reflect on it to refine the design
of the SAF framework. As shown in Figure 1, iterative

and incremental research cycles are carried out at the
product level, where each increment corresponds to
the instruments of the SAF framework (Sustainability-
quality model, the Decision maps, and the Metrics
catalogue). Finally, the results emerging from the stage
Reflection (at the product level) are fed back to the
participating software company (at the product-family
level).

Notice that the involvement of any other project
from the product-family in the subsequent iterations
(action, feedback collection and reflection) is allowed
as long as the participants agree as part of the diagnosis
stage.

The following subsections present the research ques-
tions shaping our study, the empirical research context
(including the project and participants) and the unit of
analysis.

A. Research Questions

In order to validate the SAF framework, the follow-
ing research questions are formulated:

(RQ1) How applicable is the SAF framework to
assess the software architecture at hand?

(RQ2) Which improvements to the SAF frame-
work are realized as an outcome of imple-
menting the action research?

In this paper, we focus on answering both research
questions with a special focus on the sustainability-
quality model as illustrated in Figure 1. As such, the an-
swer to RQ1 aims at (i) identifying sustainability-quality
attributes present in the model and already addressed in
the selected project, and (ii) discovering sustainability-
quality requirements that are not yet included in the
model but are relevant for the selected project.

The initial sustainability-quality model proposed by
Condori and Lago [9], [14] was used as the starting
point for answering RQ1.

Naturally, its iterative application to the selected
products can enrich the model itself with new insights
and/or new attributes, and hence help answering RQ2.

Figure 3 summarizes the possible states that can be
determined as a result of applying the sustainability-
quality model: Quality Attribute (QA) discovered (or-
ange cell), QA covered (green cell), QA missing (red
cell), and n/a when a QA is not observable (grey cell).
These states will be used in Section III and Tables II
and III to present the study results.

B. Research context

The research context is characterized by six software
products developed by the Database Laboratory (LBD),
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Figure 2: Participatory Technical-Action Research Process

a research group of the University Of A Coruña, as
part of the GIRO Project1. A spin-off software company,
Enxenio (ENX), will maintain the software products in
the future.

1) The GIRO project: The GIRO Project, funded by
the FEDER Interconnecta program, has a reference ar-
chitecture, reused and adapted to addresses the specific
requirements of the individual customer companies.

The customer companies of the GIRO consortium
are leaders in the following market areas:

• Company A: treatment of meat by-products not
intended for human consumption, particularly
collecting dead animals in the northwest of
Spain.

• Company B: management and valorization of
organic waste by means of its transformation
in biogas.

• Company C: installation and management of
alarm systems in companies and domiciles.

• Company D: health and well-being services
offered for elderly people residing in their own
home.

• Companies E and F: prevention of occupational
risks regarding health at work.

2) Participants: The participatory-technical action
research team consisted of five participants. Two of

1Acronym used for the project name: ”Generating, Managing and
Integrating Routes using OLAP”

them acted as responsible for planning and executing
the application of the SAF framework. Both participants
are researchers, who played three different roles in the
action research [17]: (i) Designer: designing the instru-
ments of the SAF framework; (ii) Helper: using the
instruments of the SAF framework to help the software
company in getting awareness on the sustainability-
quality requirements that were addressed in the project;
and (iii) Researcher: drawing lessons learned about the
instruments of the SAF framework.

Two participants were practitioners from the
Database Laboratory and the software company (Enx-
enio), who used the sustainability-quality model to
identify relevant QAs that had not been considered in
the project, as well as missing QAs that were not present
in the Model. The roles of these participants were
software analyst and software project manager. Besides
the GIRO project counted with a software architect,
the third practitioner from Enxenio, who contributed
solving some doubts in the QAs identification process.

C. Unit of analysis and Procedure

The unit of analysis of the study is the prod-
uct family developed under the GIRO project, whose
documentation was analyzed and discussed in several
meetings as part of the diagnosis stage. The software
company is interested in knowing how sustainable is
the reference software architecture used for the GIRO
product family.

In this paper, we focus on the software product re-
quired by the company A, which is a Mobile Workforce
Management (MWM) System developed to support the
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Table I: Focus groups conducted during the first research
cycle

FG Purpose LBD/ENX ENX

FG1 Social sustainability 2
FG2 Technical sustainability 2 1
FG3 Economic-Environmental sustainability 2
FG4 Generic 1 1

dead animal collection. Its selection was as a result
of the activities carried out at the diagnosis stage. In
order to answer our research questions, the next re-
search activities (action planning and -taking, feedback
collection and reflection) were carried out at the product
level. Through an action plan defined for allowing
the application of our sustainability-quality model [14]
(action/treatment) to the selected product, we carried
out action taking (i.e. technical-documentation analysis
and four focus group meetings [20]). Each focus-
group meeting was planned by the researchers (the first
author played the moderator’s role). The purpose of the
corresponding focus groups and participants are shown
in Table I. Although these focus groups were small, the
participants reflected on the analyzed QAs, by explain-
ing their relevance for the selected project and giving
examples on how some of the QAs were addressed.
Because of this active discussion among participants
(practitioners and researchers), we considered the four
sessions as a focus group and not an interview. Each
focus group had an average duration time of 60 minutes,
and notes were taken during the focus group meetings
by the moderator (feedback collection). The following
section presents the results obtained from the reflection
on the collected feedback to contribute to the answers
to RQ1-RQ2.

Figure 3: Specific research questions investigated
through the action research

III. RESULTS AND DISCUSSION

A. RQ1: Applicability of the model

The following presents our study results. They refer
to Table II for the QAs already covered by the Model
(i.e. addressed in the project or relevant but not yet
addressed), and Table III for the new QAs that were
missing in the Model.

1) Quality attributes covered in the project: These
are:
Compatibility. This QA in terms of interoperability
and co-existence was addressed in the project since
there was a need of sharing information with some
existing systems (i.e. Libra, active directory) used by
the customer company. The relevance to the social
sustainability dimension was acknowledged because of
the greater access of information (from different sys-
tems) that can then be used by users (e.g. administrator,
planner). Moreover, the compatibility’s relevance to
the technical dimension was also confirmed since as
long as the MWM system performs efficiently, while
both environment and resources are shared with other
software system, its use will last longer.

Effectiveness. This QA was addressed in the project
and its relevance to the technical, social and economic
dimensions was confirmed. Thanks to the 1-month
testing period, developers found that the MWM system
provides a good support to accurately perform user
tasks that achieve all specified stakeholders goals such
as: the planner is able to schedule new requests from
the insurance company; the driver is able to store/track
requests until such time as they are complete, etc. It is
technical because effectiveness contribute to the long-
term usage of the MWM system. It is social because
of the accurate performance of all user tasks contribute
to their own well-being (e.g. drivers less stressed using
the MWM system for tracking new requests). Moreover,
the achievement of stakeholders goals contribute to one
of the long-term business objectives of the software
company (i.e. customer satisfaction), as well as the
saving costs for fixing failures (economic dimension).

Efficiency. Relevance of Efficiency to the environ-
ment dimension is confirmed and also partially ad-
dressed, by having a good usage of certain resources
when users perform their tasks supported by the system.
For instance, the average time used for completing
user tasks (e.g. administrator/planner for scheduling
new requests, drivers register attended requests) was
according to the expectations of the customer company.
However, other type of resources, like the amount of
energy, used by the MWM system when users perform
certain tasks, has not been yet evaluated. Similarly to
effectiveness, this QA also contributes to the economic
dimension because of the saving costs for fixing failures.
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Freedom from risk. It is addressed in terms of:
environmental risk mitigation, by means of the timely
use of the MWM system, which aims to provide support
for collecting dead animals under the European regula-
tions (CE 999/2001). By doing so, the MWM system
helps (i) avoid exposing people to potential disease-
causing pathogens (social dimension); and (ii) reduce
environmental concerns like potential contamination of
air, soil, surface and sub-surface water (environmental
dimension). In a similar way, the relevance of Health
and safety risk mitigation to the social dimension was
confirmed. The health risks to people like farmers and
potential meat consumers, can be mitigated by means
of the timely use of the MWM system. Regarding
the safety risk mitigation, this QA has not been yet
addressed for certain type of stakeholders that directly
interact with the MWM system. For instance, for drivers
who are exposed to road safety risks, the system could
allow an adaptive multimodal interaction to show the
route for reaching a target place (e.g. a farm).

Functional Suitability. This quality is addressed
in terms of functional appropriateness and functional
correctness. Practitioners confirmed the contribution of
both QAs to the technical and economic sustainability
dimensions.
Both quality requirements were verified through one-
month testing. All the functionalities implemented as
part of the MWM system facilitate the accomplishment
of tasks performed by the planner, driver, and system ad-
ministrator. For example, the planner, main component
of the MWM system, consider all relevant parameters
to provide an optimum route planning to be used by the
drivers.
Functional suitability is relevant to the technical dimen-
sion since both QAs contribute to the long-term use of
the system. It is also relevant to the economic dimension
because the software company do not have to dedicate
much effort on corrective maintenance actions.

Maintainability. The relevance of this requirement
is acknowledged with respect to the modifiability, modu-
larity and reusability attributes. As a common architec-
ture is planned to be used for the six software systems
of the GIRO project, modifiability and modularity are
key to facilitate the adaptation of the reference software
architecture to be used in the product family and its
evolution (technical dimension).
Moreover, as the company aims to create a flexible
architecture for addressing all relevant requirements of
each software system of the product family, modifia-
bility and reusability should contribute also to reduce
redesign costs and allow quicker response to company
customers. However, as the relevance of both QAs to the
economic dimension was not identified in the original
model, in Table II we mark both contributions with an
“+”.

Performance efficiency. This requirement in terms
of time behaviour was acknowledged as a good contrib-
utor to both technical and environmental dimensions.
While the system shows an efficient performance (e.g.
processing and response time) in delivering the main
functionalities (e.g. finding optimum route, allocating
new requests in the planning), its use will last longer
(technical sustainability dimension).

Reliability. There was a consensus that the MWM
system must be reliable when perform not only un-
der normal operations (maturity), but also whenever it
is required by end-users (availability). Although both
QAs contribute to the technical dimension, a greater
availability of the MWM system (e.g. visualization
of the route planning, tracking driver behaviour) will
contribute not only to the environmental and economic
sustainability dimensions, but also to the social dimen-
sion. It is social because the environmental and social
sustainability goals of this kind of systems can be
achieved only if the software services are available. The
social contribution was marked with an “+” since it was
not considered in the original model.

Satisfaction. This requirement in terms of trust
and usefulness is relevant to address both social and
economic sustainability dimensions. As practitioners
consider that the direct relation between user satisfac-
tion and the technology acceptance( [21], [22]) has a
positive impact on the social sustainability dimension
since satisfied users will be in a much better position for
getting access to social resources provided by the corre-
sponding software system. Also, the practical relevance
of both QAs to the economic dimension was confirmed
since customers satisfaction is considered as one of the
primary business objectives of the software company.
Moreover, as long as the usefulness and trust of the
system are valued by the end-users, the acceptance to
use the system will be prolonged, which means that both
QAs contribute to the technical dimension as well.

Security. This requirement in terms of accountabil-
ity, authenticity, confidentiality and integrity was con-
sidered as a good contributor to the social sustainability.
Confidentiality was addressed thanks to the Role Based
Access Control implementation, where roles previously
defined are assigned only to group of users that are
authorized to have access to the system. Authenticity
was also addressed since the login of each user has
been used as identifier. And as several user actions
can be traced, accountability was also addressed but
only for certain actions (i.e. updates of new routes).
Regarding the integrity of the system, this requirement
was also considered as a good contributor to the tech-
nical dimension because the MWM system is able to
prevent (in certain extent) unauthorized access to the
system, and does so to the extent that security controls
specified for that system cannot be compromised. This
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new contribution was also marked with an “+”.

Usability. As expected usability attributes like ap-
propriateness recognizability, operability, and user error
protection were clearly considered as relevant to the so-
cial sustainability dimension. User error protection was
addressed through the use of field-validation methods,
mandatory fields, and action confirmation. Protecting
users against making errors it is social because it
contributes not only to satisfy usability requirements but
also to the quality of user experience [23]. However,
this QA was also considered as good contributor to
both technical and economic dimensions, which were
also confirmed by two case studies. As both contribu-
tions were not considered in the original model, they
are marked with an “+”. During the testing period,
issues related to operability of the system were fixed.
Moreover, as end-users recognized that the system is
appropriate for meeting their corresponding needs (i.e.
drivers need to attend all assigned requests per day),
appropriateness recognizability was also addressed.

2) Quality Attributes discovered in the project: In
this section, we discuss the QAs that were discovered
as relevant for the selected project as a result of using
the sustainability-quality model.

Context Coverage. Practitioners agreed on the rel-
evance of addressing context coverage requirement in
terms of context completeness and flexibility. Despite
issues related to effectiveness and efficiency were veri-
fied during the one-month testing period, it is possible
that some contexts where the system could be used were
not covered by the testing process. The need of explicit
specifications about the different contexts of use was
acknowledged as a relevant requirement that should be
considered as good contributor to both technical and
economic dimensions. Moreover, if the system is not
able to work at any other potential context of use (not
explicitly specified), a higher effort and costs would be
needed to improve the flexibility of the MWS system.

Modifiability and Reusability. Although both
maintainability attributes were considered as relevant to
contribute to the environmental dimension, they were
not addressed because of the lack of facilities/tools for
determining in which extent the software artefacts (e.g.
modules) of the system that are modifiable or reusable
contribute to reduce environmental impact.

Resource utilization. This requirement was discov-
ered as relevant to the project and its contribution to
the environmental dimension was confirmed. However,
despite the contribution of the planner module to the op-
timization of resources utilization(e.g. trucks needed for
collecting dead animals, gasoline consumed by trucks),
this requirement was not fully addressed because of the
lack of a manager that could help in determining the
actual amount of resources used by the system.

Testability. It is another relevant attribute that was
acknowledge as relevant for the technical sustainability
dimension, but it was not addressed since we could not
find any evidence on how testable are the software arte-
facts (MWM system, module) to find (critical) faults.

Capacity. This QA was acknowledged as relevant
for the technical dimension but not addressed. Load or
stress testing could have been carried out for determin-
ing the weak points of the system architecture.

Accessibility. Although the company has knowl-
edge on existing standard accessibility guidelines (e.g.
ISO/IEC 40500:2012), this QA was not addressed in
the project since was not considered as very relevant
for the project. However, participants agreed that imple-
menting some accessibility features that can help certain
users like ”deaf and hearing impaired drivers” could
be beneficial to our society in long term, by removing
interaction/communication barriers.

Learnability. Although this QA was not imple-
mented, its relevance was acknowledged not only for
the social dimension but also for the economic dimen-
sion. By implementing features that aid novice users
to quickly learn and also allow steady progression to
expertise, it could results on saving training costs to
the company. (This new contribution to the economic
dimension is marked with an “+”).

Robustness. Given that the MWM system could
be affected by several unexpected situations (e.g. GPS
signal is lost), robustness is consider as relevant to
address the technical sustainability dimension.

B. RQ2: Improvements in the model

This section reports on the missing QAs that were
identified as relevant to be included in the Model as well
as their corresponding contributions to the sustainability
dimensions (see Table III):

1) Quality attributes missing in the Model: These
are:

Data Privacy. Given MWM system needs data to be
stored and shared for enabling the management of work
assignments and the tracking of real-time field workers,
data privacy is a key requirement that should be con-
sidered as good contributor to the social sustainability
dimension. Timeliness. With MWM systems, timeliness
of information is needed for allowing field workers to
continue with their job successfully (rapid collection of
dead animals). As this QA concerns on the favourable
time of having the right information(a social resource),
it has been also considered as a good contributor to the
social sustainability.
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Table II: Sustainability-quality analysis of the MWM system (Green cell= QA is addressed, orange cell= QA is
discovered as relevant, light-gray cell= QA is in the model but not relevant for the project, += new contribution)

Characteristics Attributes Definition according to [9] TECH SOC ENV ECON

Compatibility Co-existence product can perform its functions efficiently while sharing environment and
resources with other products.

Interoperability a system can exchange information with other systems and use the information
that has been exchanged.

Context cov-
erage

Context com-
pleteness

system can be used in all the specified contexts of use

Flexibility system can be used in contexts beyond those initially specified in the require-
ments.

Effectiveness Effectiveness accuracy and completeness with which users achieve specified goals.
Efficiency Efficiency resources expended in relation to the accuracy and completeness with which

users achieve goals.
Freedom
from risk

Economic risk
mitigation

system mitigates the potential risk to financial status in the intended contexts of
use.

Environmental
risk mitigation

system mitigates the potential risk to property or the environment in the intended
contexts of use.

Health and
safety risk
mitigation

system mitigates the potential risk to people in the intended contexts of use.

Functional
suitability

Functional ap-
propriateness

the functions facilitate the accomplishment of specified tasks and objectives.

Functional
correctness

system provides the correct results with the needed degree of precision.

Functional
completeness

degree to which the set of functions covers all the specified tasks and user
objectives.

Maintainability Modifiability system can be effectively and efficiently modified without introducing defects
or degrading existing product quality

+

Modularity system is composed of components such that a change to one component has
minimal impact on other components.

Reusability an asset can be used in more than one system, or in building other assets +
Testability effectiveness and efficiency with which test criteria can be established for a

system.
Performance
efficiency

Capacity the maximum limits of a product or system parameter meet requirements.

Resource uti-
lization

the amounts and types of resources used by a system, when performing its
functions, meet requirements.

Time
behaviour

response, processing times and throughput rates of a system, when performing
its functions, meet requirements.

Portability Adaptability system can effectively and efficiently be adapted for different or evolving
hardware, software or usage environments.

Replaceability product can be replaced by another specified software product for the same
purpose in the same environment.

Reliability Availability system is operational and accessible when required for use. +
Fault tolerance system operates as intended despite the presence of hardware or software faults.
Maturity system meets needs for reliability under normal operation.
Recoverability system can recover data affected and re-establish the desired state of the system

is case of an interruption or a failure.
Satisfaction Trust stakeholders has confidence that a product or system will behave as intended.

Usefulness user is satisfied with their perceived achievement of pragmatic goals.
Security Accountability actions of an entity can be traced uniquely to the entity.

Authenticity the identity of a subject or resource can be proved to be the one claimed.
Confidentiality system ensures that data are accessible only to those authorized to have access.
Integrity system prevents unauthorized access to, or modification of, computer programs

or data.
Usability Appropriateness

recognizability
users can recognize whether a system is appropriate for their needs, even before
it is implemented.

Learnability system can be used to achieve specified goals of learning to use the system. +
Operability system has attributes that make it easy to operate and control.
User error pro-
tection

system protects users against making errors. + +

Accessibility Accessibility system can be used by people with the widest range of characteristics and
capabilities.

Robustness Robustness Refers to the capability of the sytem to behave in an acceptable way in
unexpected situations

Survivability Survivability The degree to which a system continues to fulfil its mission by providing
essential services in a timely manner in spite of the presence of attacks

Regulation compliance. As the main business re- quirement of the customer company is to get that dead
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animal removal requests can be attended without delays
according to the European regulations, the software
designers/developers should be aware on them to meet
this requirement. Regulation compliance can be relevant
for contributing to i) social sustainability since health
risks are minimized, and ii) environmental sustainability
since potential contamination of natural resources (e.g.
water, air) is reduced.

Scalability. As the customer company could be
interested in scaling up number of clients(currently col-
lection services are offered only at the Galician region),
this would have an impact on the architecture because it
should meet efficiently the increased workload as well.
Thus, scalability is considered as a relevant QA for
the economic sustainability dimension because of the
significant costs saving.

Tailorability. Enabling new configuration of func-
tionality as well as control information provision con-
tributes to the technical and social sustainability di-
mensions. It is technical because the environments in
which users can both interact and engage with software
can contribute to the long-term usage. And it is social
because giving users the tailoring capability in their own
context of use can contribute to get a better access of
the information provided by the system.

C. Discussion

This study focused on validating the sustainability-
quality model by means of investigating its applicability
in a real software project (RQ1) and detecting related
improvements (RQ2).

The results shown in Table II confirm the effec-
tive applicability of our sustainability-quality model
(RQ1) because of the following facts: (i) the quality
requirements addressed in the project are covered by
most of the QAs present in the model in the indicated
sustainability dimension/s (cells coloured in green); (ii)
the participants were able to become aware of the
relevance of certain QAs that were already present in
the model but that had not been addressed in the project
with respect to a certain sustainability dimension (cells
coloured in orange).

We also found that many QAs (e.g. co-existence,
efficiency, availability, reusability, modifiability, trust,
usefulness) contribute to more than one sustainability
dimension of the model. This finding confirms the
multi-dimensional nature of sustainability (one of the
principles of the Kaslskrona Manifesto [24]) and the
relevance level of the QAs that can be considered by
software engineers when performing certain activities
like design, assessment, and prioritization [9].

With respect to RQ2, the application to the MWM
system helped us enrich our model in two ways:

• by adding new QAs that had not been consid-
ered in the model. As shown in Table III, many
of these QAs were added to the social sustain-
ability dimension (i.e. data privacy, timeliness,
regulation compliance, tailorability). Most im-
portantly only one QA (tailorability) was added
for the technical dimension. Overall, this result
shows how important can be to make explicit
which sustainability dimension is relevant for
which QA, so that significant metrics can be
identified and monitored.

• by uncovering new direct dependency relations2

as a consequence of identifying new contribu-
tions. The QAs that were included in this type
of relations are shown in Table II, whose cells
are marked with an “+”. For example, as modi-
fiability and reusability are new contributors to
the economic dimension, the direct dependency
between environmental and economic dimen-
sions consists of four ordered pairs (whose
QAs are efficiency, availability, modifiability,
and reusability).

Finally, we argue that if a QA is found to contribute to
multiple sustainability dimensions, its definition should
be specialized for each dimension: in this way, the
specific contribution is made explicit and hence helps
identifying the best-fitting influencing factors, and met-
rics. This observation addresses both RQ1 (cf. model
applicability) and RQ2 (enriching the model).

IV. THREATS TO VALIDITY

Here we discuss the threats to the validity of the
action research study [19] and provides rationale for
related design decisions.

Internal validity. Action research is highly context
dependent. To mitigate this threat, the design of our
study considered a family of software products that
are from different application domains, which is useful
to analyze the sensitivity of the SAF framework in
different contexts.

Construct validity. Action research is subjective as
the results highly depend on the reflection of the action
researcher. Several biases may occur due to: (i) two
participants are also part of the software company and
they could not have provided an objective/external view
of the situation. (ii) The researchers as the designers of
the action may interpret the results positively (selective
bias) when reporting the results. Both issues were
partially solved by involving multiple practitioners in
the iterative discussions. In this first research cycle, a

2A direct dependency is defined as a finite set of ordered pairs of
QAs, which is reflexive, symmetric and transitive [9].
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Table III: New quality attributes and corresponding contributions to the sustainability dimensions

Characteristics Attributes Definitions TECH SOC ENV ECON
Data Privacy Data Privacy privacy concerns arise wherever personally identifiable information is collected,

stored, or used.
Timeliness Timeliness the fact or quality of being done or occurring at a favourable or useful time.
Regulation
compliance

Regulation
compliance

allows to draw conclusions about how well software adheres to application
related regulations in laws.

Scalability Scalability the ability of a computing process to be used or produced in a range of
capabilities

Tailorability Tailorability system’s capability to allow users to create or enable new configuration of
functionality as well as control information provision.

third practitioner was involved in some of the meet-
ings. Moreover, the researchers reviewed carefully the
existing technical documentation to triangulate the data
collected from the focus-group meetings.

External validity. The action is implemented in a
specific social setting, which can hinder the general-
ization of the results. However, we could apply our
findings to other projects with similar characteristics.
Moreover, the transferability within the setting studied
may be high if the context is similar. On the other hand,
as our initial sustainability-quality model was defined
based on the ISO/IEC 25010 standard [25], we consider
that its generality could be more easily adaptable to
other domains, such as those that were considered by
the GIRO project.

V. RELATED WORK

Being able to identify the relevant quality require-
ments on sustainability is the first step towards develop-
ing software-intensive systems that fulfill sustainability
concerns by design [9].

Venters et al. [26] discussed the notion of software
sustainability based on the analysis of the literature.
After debating if it should be considered as a non-
functional requirement or an emergent property, the
authors conclude it to be a multi-faceted concept and
argue for a quantitative approach.

Based on the ISO/IEC 25010 Standard, Calero et
al. [6] provide a preliminary discussion of which qual-
ity characteristics should be considered in addressing
software sustainability. As a next step, they propose
the definition of a quality model where sustainability
is part of the quality of software products. In contrast
to our work, Calero et al. defined sustainability only in
terms of energy consumption, resource optimization and
perdurability (reusability, modifiability, and adaptabil-
ity). Originated in the 2013 GREENS workshop [27],
Lago et al. [8] defined a four-dimensional model that
extends the social, environmental and economic dimen-
sions (rooted in the Brundtland report [28]) with the
technical dimension. Later on, Lago introduced the Soft-
ware Sustainability Assessment (SoSA) method [29],

which helps scoping architectural concerns and quality
requirements along the four dimensions above.

Becker et al. [30] have a similar approach but
grounded in requirements engineering instead. In ad-
dition to the above four sustainability dimensions, they
add the individual as a fifth sustainability dimension.
We argue that the social dimension and the individual
dimension share the same social nature. Differently,
the first takes a broader perspective (e.g. organizations,
society, stakeholder types). This is especially relevant in
software architecture, which aims at capturing “the big
picture”. The second dimension, instead, is appropriate
whenever the concerns of the individual (e.g. end-
user, citizen) should be addressed. This naturally comes
forward more frequently in requirements engineering
and human-computer interaction.

VI. CONCLUSIONS AND FURTHER WORK

The present empirical study was designed to validate
the Sustainability Assessment Framework (SAF) within
an action-research setting. This paper focused mainly on
the sustainability-quality model, one of the instruments
of the SAF framework, that has been applied in one
of the software products developed under the GIRO
project. As a result of this application, from a prac-
titioner perspective (RQ1), the proposed sustainability-
quality model was found as a useful instrument for (i)
identifying the relevance level of QAs that contribute to
different sustainability dimensions (e.g. trust, modifia-
bility, efficiency), and (ii) discovering quality require-
ments that had not yet been addressed in the project
at hand (e.g.context-completeness, flexibility, testability,
capacity). From a researcher perspective (RQ2), the
study has helped uncovering new missing QAs that were
identified as relevant to be included in the sustainability-
quality model (e.g. regulation compliance, data privacy).

As a further work, we plan to apply the decision
maps and the metrics, by using the same software prod-
uct, and replicate the validation of the sustainability-
quality model, by involving a new GIRO software
product within the same action-research environment.
Our sustainability model will be also enriched with the
findings obtained from the case study reported in [31].
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