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Preface to ”Driving Sustainability through
Engineering Management and Systems Engineering”

As the world continues to respond to the COVID-19 pandemic, there is a pressing need

to address the corresponding health and economic crises that have gripped many nations. The

continued deployment of vaccines is targeted towards alleviating the health situation, and both

governments and central banks combined with the private sector are focused on enabling economic

recovery. Clearly, these matters are of paramount importance. However, the need to ensure we

transition to a more sustainable development path remains a priority; although it may have been

somewhat overshadowed by recent events, it certainly has not gone away. Indeed, while some reports

indicated that carbon dioxide emissions were reduced in the first half of 2020, they rapidly picked up

to the previously unsustainable levels in the latter half of the year. Tackling climate change and

global warming remains a major challenge towards the top of the list of priorities on the journey

to sustainability, although there are of course many others that are part of the United Nations (UN)

Sustainable Development Goals (SDGs).

If we are to heed the warnings of the UN Intergovernmental Panel on Climate Change

(IPCC) and keep the global temperature increase to within 1.5°C, there is an urgent need for

action across multiple fronts. This includes a continued focus across the triple bottom line of

economic, environmental and social requirements combined with leveraging the latest scientific

and technological developments. Moreover, while the challenge of green growth and sustainable

development continues, it is accompanied by the parallel opportunity of harnessing the latest

technologies. This includes emerging technologies associated with Industry 4.0 as well as others, such

as developments in the renewable energy sector. Therefore, it is important that we have the available

tools and techniques to tackle the twin challenges and opportunities associated with sustainability.

The disciplines of engineering management and systems engineering offer such a toolset.

Engineering management is concerned with the management of people and projects related to

technological and engineering systems, while systems engineering is focused on the design,

integration and management of complex systems across the full development life cycle. Engineering

management and systems engineering provide both a theoretical foundation and complementary

set of practitioner-oriented tools, techniques and models that can be used to develop and manage

across the project, programme, portfolio and organisational dimensions. This includes both the

technological and people dimensions associated with system design and technology management

applications. Consequently, engineering management and systems engineering are ideally suited to

drive sustainability.

This book includes chapters that reveal new insights into sustainability according to various

perspectives. The chapters comprise a range of empirical and conceptual methods that enable

quantitative and qualitative investigations of the underlying phenomenon of interest. Although the

chapters adopt different approaches from across engineering management and systems engineering,

they have a common focus on advancing our understanding of how sustainable development can be

supported and delivered. The chapters provide details on a range of different research studies, and

this includes understanding how to measure the SDG impact of infrastructure projects; development

of an improved process for selecting sustainable projects; evaluation of the impact of COVID-19 on

the food and beverages manufacturing sector; understanding the adoption of complexity theory

in engineering management and the implications for sustainability; investigating the scope for a
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vehicle-to-grid strategy to improve the energy performance of buildings; and understanding how the

data centre industry can be transformed into a circular economy model. In conclusion, sustainable

development and achievement of the SDGs represent an important journey, where the disciplines

of engineering management and systems engineering can be viewed as the vehicles to ensure the

journey towards sustainability is continued.

Simon P. Philbin

Editor
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The COVID-19 pandemic has highlighted the somewhat precarious nature of our
lives, including the way we work and our lifestyles. It is clearly important that efforts
continue to be directed towards remedying this situation; and thankfully the global rollout
of vaccines is beginning to have a positive impact although there is of course still much
to be done across the world [1]. In this context, however, the seemingly ever-present
challenge of realizing sustainability across the triple bottom line of social, environmental,
and economic development has not diminished [2–4]. If anything, it is now more pressing
than ever that we work towards achieving the United Nations’ Sustainable Development
Goals (SDGs) [5,6]. The challenges appear to be significant both in scale and complexity.

The burning of hydrocarbons continues apace, leading to climate change and the re-
sulting negative consequences [7]. A reduction in carbon emissions [8] and decarbonization
of industrial supply chains [9] is required along with concomitant adoption of renewable
energy production, such as solar and wind power [10]. Despite advances in such areas,
there remain various issues associated with the adoption of renewable forms of energy, such
as solar power, including the low capacity factor, grid instability, and intermittency [11].
Furthermore, there is a need to ensure effective energy storage solutions are available to
complement solar power provision [12], a need to understand the environmental risks of
solar cells [13], and a need to move towards a circular economy use of photovoltaics [14].

The level of urbanization continues to increase along with the growing ecological
footprint and decreasing biocapacity, which represent a major challenge to be addressed in
many parts of the world [15]. Environmental pollution caused by high levels of industrial
development has resulted in degradation of the quality of freshwater along with depletion
of this finite resource [16]. There remain serious issues associated with alleviating the
multi-dimensional nature of poverty in developing nations [17,18]. The list of challenges
to sustainability goes on. Many of these societal challenges represent complex problems
concerning technical, organisational, social, and political issues, where a paradigm shift is
required in order to understand and engage with such issues [19]. Such a paradigm shift
needs to be informed by an appropriate form of thinking and knowledge creation, including
the capture, codification, and analysis of relevant data and information. In this regard
and from an epistemological perspective, the disciplines of engineering management and
systems engineering provide a viable and robust solution to help tackle the challenges of
sustainable development and the broader needs for sustainability.

Engineering management involves the management of people and projects related
to technological or engineering systems—this includes project management, engineering
economy, and technology management, as well as the management and leadership of
teams. The American Society for Engineering Management (ASEM) defines engineering
management as “an art and science of planning, organizing, allocating resources, and
directing and controlling activities that have a technological component” [20]. Engineer-
ing management is used across different industrial sectors as part of the management of
engineering programmes and technology solutions [21]. With regard to research stud-
ies, the field of engineering management spans different areas, for instance, ecological

Sustainability 2021, 13, 6687. https://doi.org/10.3390/su13126687 https://www.mdpi.com/journal/sustainability
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engineering [22], operational design [23], safety engineering [24], and lean construction
projects [25].

Systems engineering involves the design, integration, and management of complex
systems over the full life cycle—this includes requirements capture, integrated system
design, systems integration, as well as modelling and simulation. The International Council
on Systems Engineering [26] defines systems engineering as “an interdisciplinary approach
and means to enable the realization of successful systems. It focuses on holistically and
concurrently understanding stakeholder needs; exploring opportunities; documenting
requirements; and synthesizing, verifying, validating, and evolving solutions while consid-
ering the complete problem, from system concept exploration through system disposal”.
Systems engineering is utilised in different applications and across different industrial
settings to help in the design, development, and implementation of complex industrial
and organisational systems [27]. With regard to research studies, the field of systems
engineering spans different areas, for instance, chemical process systems engineering [28],
satellite systems [29], vehicle system design [30], and renewable energy systems [31].

In addition to the theoretical underpinnings of both disciplines, they also provide a
range of tools and techniques that can be employed to address complexity across techno-
logical, organizational, social, and political domains. Such tools and techniques include,
for instance, project management, financial analysis, R&D management, operations man-
agement, requirements capture, engineering design and modelling, optimization methods,
workflow analysis, and system dynamics. The disciplines of engineering management and
systems engineering are therefore ideally suited to help tackle both the challenges and
opportunities associated with realizing a sustainable future. Furthermore, engineering
management and systems engineering implicitly enable multifaceted solutions informed by
multidisciplinary approaches in order to provide the necessary knowledge and processes
to underpin sustainability.

As mentioned, the goal of sustainable development presents many challenges. How-
ever, there are also various opportunities that are now becoming available. Indeed, the
4th Industrial Revolution, or Industry 4.0, is gathering pace across manufacturing [32–34]
along with there being significant scope for adoption in other sectors, such as the energy
and food sectors [35]. Innovation 4.0 can be regarded as a collection of different but related
technologies that enable integration between physical and digital systems. The related
technologies include cyber-physical systems; the industrial internet-of-things; artificial
intelligence and machine learning; autonomous robots; big data and big data analytics;
simulation; digital twins; virtual and augmented reality; cloud computing; cybersecurity;
and additive manufacturing (3D-printing). Looking ahead, it is likely that adoption of 5G
wireless technology for digital cellular networks along with much faster download speeds
will help to power ahead adoption of Industry 4.0 technologies across new applications [36].

Not only are the technologies and corresponding new business processes from the
Industry 4.0 paradigm positioned to support improvements in productivity as well as
industrial competitiveness [37] but there are also tangible links to enabling energy sus-
tainability, harmful emission reduction, and social welfare improvement [38]. While still
an emerging area, there are already studies examining the link between Industry 4.0 and
sustainability, including related aspects such as the circular economy, resource scarcity,
lean production, energy problems, food production, process management and modelling,
waste reduction, raw material reuse, and social aspects [39]. Furthermore, Industry 4.0
technologies have the capacity to improve the sustainability of supply chains [40] as well
as support the adoption of sustainable business models [41].

Across this aforementioned context, this Special Issue in Sustainability draws on the
theory and practical application of engineering management and systems engineering
in order to drive sustainability. The contributions in the Special Issue address different
perspectives and approaches that enable sustainability through leveraging the disciplines
of engineering management and systems engineering. The scope of research studies
includes measuring the sustainability of infrastructure projects [42]; sustainable project
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selection [43]; assessing the impact of COVID-19 on the food and beverages manufacturing
sector [44]; complexity theory in engineering management [45]; vehicle to grid technology
for improved energy performance [46]; and development of a data centre industry towards
a circular economy [47].

The contributions include the use of different research methodologies in order to
investigate the underlying phenomenon of interest and this includes qualitative research via
expert interviews [42]; quantitative modelling via the fuzzy analytic hierarchy process [43];
quantitative research via use of a survey instrument [44]; conceptual studies through
analysis of extant literature [45]; engineering modelling based on machine learning [46]; and
a mixed quantitative/qualitative method based on a survey instrument and semi-structured
interviews [47]. The Special Issue also has international contributions representing a global
coverage of the subject matter, including three articles from authors in the United Kingdom,
one article from Italy, one article from the United States, and one article from South Africa.

The first contribution is by Mansell et al. [42] on “Delivering UN Sustainable Develop-
ment Goals’ Impact on Infrastructure Projects: An Empirical Study of Senior Executives in
the UK Construction Sector”. This research examined how the United Nations SDGs can
be measured on infrastructure projects through a qualitative study involving interviews
with 40 executives from the United Kingdom (UK) construction industry. Although the
SDGs carry a certain level of complexity through there being 17 global goals along with
169 targets and 244 indicators, the study did however identify both the opportunities and
challenges for measuring the SDGs in this application. This includes a recognition that
measuring SDG performance should include a full project lifecycle perspective as well
as an adequate understanding of the longer-term project outcomes and wider impacts
generated by infrastructure projects. Moreover, there is merit in viewing infrastructure
projects from a systems perspective in order to fully capture the wider impact, including
the link to sustainability metrics. The results further indicate that while SDG measure-
ment practices are embraced in principle, there remain difficulties in how they can be
implemented. Nevertheless, there continues to be significant scope for those involved in
the management of infrastructure projects to apply the findings of the study in order to
translate the SDGs to the project level.

The second contribution is by Alyamani and Long [43] on “The Application of Fuzzy
Analytic Hierarchy Process in Sustainable Project Selection”. This research investigated
the process of sustainable project selection as part of enabling sustainable development
through achievement of project goals. Since the process of sustainable project selection
depends on a wide range of factors, there can be difficulties associated with the subjective
judgments of experts involved in prioritizing project selection criteria as well as the re-
sulting uncertainties associated with the subjective judgments by such experts. The study
employed the fuzzy analytic hierarchy process (FAHP) as the mechanism to account for
these uncertainties, where ‘expert opinions’ were gathered from the literature and trans-
lated into the necessary variables. Specifically, FAHP was used to rank five key sustainable
project selection criteria identified by the study through calculating the relative weight of
importance for each of the selection criteria. The results from the study identified that the
most important criterion to consider during the process of sustainable project selection is
project cost, followed by novelty and uncertainty as the second and third most important
criteria, respectively.

The third contribution is by Telukdarie et al. [44] on “Analysis of the Impact of COVID-
19 on the Food and Beverages Manufacturing Sector”. This research examined how the food
and beverages manufacturing sector in South Africa can respond to the major challenges
caused by the COVID-19 global pandemic. The study considered a number of different
sources of information from the global literature as part of a knowledge classification pro-
cess in order to formulate an expedited response by the food and beverages manufacturing
sector. This enabled deployment of a survey instrument with 106 small and medium-sized
enterprises (SMEs) engaged in the food and beverages manufacturing sector in South
Africa. Following statistical analysis via use of Cronbach Alpha to test the reliability of
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the data, the results identified that SMEs are under significant pressure caused by the pan-
demic. The results further revealed that the situation can be mitigated through a number of
different measures, including social distancing, communication, facilities reconfiguration,
and virtual working, which aligns well with international best practice. Additionally, the
study pointed towards further mitigation measures being adopted beyond South Africa
and globally, and this includes human resource and workforce adjustments as well as scope
to leverage technology developments associated with the Industry 4.0 paradigm.

The fourth contribution is by Abatecola and Surace [45] on “Discussing the Use of
Complexity Theory in Engineering Management: Implications for Sustainability”. This
research explored through a conceptual lens the adoption of complexity theory (CT) in
the field of engineering management as well as the resulting implications concerning
sustainability. The current status of complexity research in EM was identified and dis-
cussed through review of 38 sources of relevant literature published in the journal, IEEE
Transactions on Engineering Management, which provided a heuristic proxy as part of
the conceptual study. The research identified that since the year 2000, CT in EM has been
associated with a wide range of key themes in the field, namely, new product development,
supply chain management, and project management. Moreover, the dataset included
modelling and optimizing decision-making under uncertainty as a key theme related to CT
in the EM literature. In terms of the link to the area of sustainability, the research identified
that there is scope to apply the use of CT to this application in areas such as energy, health-
care, and construction, which could be supported through harnessing complexity-based
observations. The study also proposed that firms engaged in tackling sustainability issues
would benefit from adopting structures and processes according to a complex adaptive
system model.

The fifth contribution is by Scott et al. [46] on “Machine Learning Based Vehicle to
Grid Strategy for Improving the Energy Performance of Public Buildings”. This research
investigated vehicle-to-grid (V2G) technology as a way for carbon neutral buildings to
accommodate situations involving unpredictable renewable sources. The study provides
an effective V2G strategy, which was developed and implemented for an operational
university campus. Furthermore, the study derived a machine learning algorithm in order
to predict energy consumption and energy costs for the building on the university campus.
This approach was based on a feed-forward neural network (FFNN) machine learning
algorithm (MLA) that enabled prediction of the future energy demand for the building
under investigation, where the input data was taken from 2013–2017 to predict output
data for the years 2018 and 2019. The research focused on integrating V2G technology
into the campus environment according to different scenarios and various demand levels,
such as peak time and off-peak, and included modelling of net profits. The engineering
modelling study revealed that the proposed V2G installation at the university campus
is both economically and environmentally beneficial, thereby underpinning the case for
sustainability of this technology solution.

The sixth contribution is by Andrews et al. [47] on “A Circular Economy for the
Data Centre Industry: Using Design Methods to Address the Challenge of Whole System
Sustainability in a Unique Industrial Sector”. This research explored how the data centre
industry (DCI) can be transformed from a linear economic model to a circular economy
system. As a major global industry, there are significant challenges for current practices in
the DCI, which are becoming both environmentally and socially unsustainable. Therefore,
a new approach to enable transformation to a circular economy model has been developed
that is based on a whole systems perspective, design thinking, and the double diamond
method, combined with people/stakeholder engagement throughout the project. A whole
systems approach has benefits in terms of capturing how decisions are made and actions
are taken at each stage in the life cycle, which can impact the sustainability of the remaining
stages in the life cycle. The study collected quantitative data via an online survey along
with deeper insights through qualitative research from semi-structured interviews. The
findings revealed that the project under investigation is generating innovative outputs
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(namely, designs, business models, and a digital tool), which can support the DCI to follow
a circular economy trajectory.

The published research articles in the Special Issue are as follows:

1. Delivering UN Sustainable Development Goals’ Impact on Infrastructure Projects: An
Empirical Study of Senior Executives in the UK Construction Sector by Paul Mansell,
Simon P. Philbin, and Efrosyni Konstantinou [42].

2. The Application of Fuzzy Analytic Hierarchy Process in Sustainable Project Selection
by Rakan Alyamani and Suzanna Long [43].

3. Analysis of the Impact of COVID-19 on the Food and Beverages Manufacturing Sector
by Arnesh Telukdarie, Megashnee Munsamy, and Popopo Mohlala [44].

4. Discussing the Use of Complexity Theory in Engineering Management: Implications
for Sustainability by Gianpaolo Abatecola and Alberto Surace [45].

5. Machine Learning Based Vehicle to Grid Strategy for Improving the Energy Per-
formance of Public Buildings by Connor Scott, Mominul Ahsan, and Alhussein
Albarbar [46].

6. A Circular Economy for the Data Centre Industry: Using Design Methods to Ad-
dress the Challenge of Whole System Sustainability in a Unique Industrial Sector by
Deborah Andrews, Elizabeth J. Newton, Naeem Adibi, Julie Chenadec, and Katrin
Bienge [47].
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Abstract: Achievement of the United Nations’ 2030 Sustainable Development Goals (SDG) is of
paramount importance for both business and society. Across the construction sector, despite evidence
that suggests 88% of those surveyed want to measure the SDG impact at both the business and
project levels, there continues to be major challenge in achieving this objective. This paper shares the
results of a qualitative research study of 40 interviews with executives from the United Kingdom (UK)
construction industry. It was supported by a text-based content analysis to strengthen the findings.
The results indicate that SDG measurement practices are embraced in principle but are problematic in
practice and that rarely does action match rhetoric. While the research was completed in the UK, the
findings have broader applicability to other countries since most construction firms have extensive
global business footprints. Researchers can use the findings to extend the current understanding of
measuring outcomes and impact at project level, and, for practitioners, the study provides insights into
the contextual preconditions necessary to achieve the intended outcomes of adopting a mechanism
for the measurement of SDGs. The international relevance of this research is inherently linked to the
global nature of the SDGs and therefore the results could be used outside of UK.

Keywords: sustainability; project success; business–society; business models; Sustainable Development
Goals (SDGs); sustainable development; infrastructure project

1. Introduction

The establishment of any society rests on the development of a number of integrated areas,
including industrial, social and economic systems [1], while consuming vast amounts of resources
that often negatively impact the environment that they depend on. Many of these developments
can be aligned directly or indirectly with projects delivered across infrastructure categories within
the construction industry. Indeed, recent projections in the sector indicate that an estimated USD
$94 trillion [2] of investment in infrastructure projects is required globally by 2040. This represents a
massive opportunity to stimulate economic prosperity, reduce poverty and raise standards in health,
education and gender equality. However, there are also risks that the infrastructure project investment
is squandered ineffectively or, worse, damages the environment and society that the economic
development is dependent on. According to Morris [3], given the critical role that the project
management community play, there is an urgent need for further research to ascertain more effective
strategies to ensure balanced sustainable development to counter the threats of climate change and
other global goals. Such global goals have been codified through the UN’s Sustainable Development
Goals (SDGs).
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In 2015, the international community responded to the sustainable development challenge
with their report Transforming Our World: The 2030 agenda for sustainable development [4]. The SDGs
are the United Nations’ blueprint, with 193 nations signatories, to address the global challenges,
such as poverty, inequality, climate change, environmental degradation, prosperity, peace and justice [5].
The concept of sustainable development acquired its most cohesive definition in the United Nations’
1987 Brundtland Commission report, which described it as “development that meets the needs of
the present without compromising the ability of future generations to meet their own needs” [6].
Using the “triple bottom line” [7–9], Ochieng, Price and Moore [10] took the definition further by
placing it in the context of global construction projects and describing it as the balance of economic,
social and environmental aspects. In their book [10], they identify a number of systemic issues,
“hard and soft” in nature, that provide new challenges for global construction projects in relation to
sustainable development.

There is a continuing need to understand how sustainability and, specifically, performance
against the SDGs can be measured for infrastructure projects from the construction sector. Recent
research [11–14] has indicated that linking infrastructure project success to SDG targets is problematic.
Also, evidence has indicated that, at the project manager level, whilst the appetite for action is very
strong, especially by millennials [14], there do not appear to be the tools, methods, leadership or
business-society-environment framework to carry out meaningful measurement of SDG success at
project level. This represents a knowledge gap that results in weaker investment decisions since
SDG lessons are not being learned from project delivery successes and failures. According to this
development, the objectives of this research study are to (1) identify the challenges and opportunities
of SDG measurement for construction-industry projects and (2) understand how the SDGs and
more generally sustainability are viewed in the context of the corporate strategy of construction
sector enterprises.

The following section provides the literature review, which includes a brief overview of the concept
of SDGs and their linkage to sustainability theory as well as a review of challenges and opportunities
for measuring SDGs in the construction industry. The literature review is used to synthesise a series of
theory-driven propositions. This is followed by the methods section and subsequently the findings
and discussion sections. The final section concludes the paper with evaluation of the propositions
and proposals for critical success factors that might inform the development of a prototype model
for the measurement of SDGs. This section also recommends areas for further studies. In summary,
the objective of this research is to explore the contextual issues that affect the linking of global goals to
local delivery on infrastructure projects. The specific research question is “How do senior leaders in
the construction sector rate and use global UN SDGs for infrastructure investment decisions at the
local level?” Several propositions are derived from the literature review and they explore the research
question further. Importantly, whilst the research is based on interviews with senior executives of
UK firms, they were representative of firms that mostly had a global or regional footprint (57%), had
staff levels mostly in the range of 10–25,000 (62%) and were mostly at, or above, senior executive level
(defined as having “director” in their role title), including nearly a third at CEO or board level who
reflected individuals who could represent their firm’s views. It is therefore considered that the value of
this research has international relevance because of the inherent global nature of SDGs and the global
footprint of the organisations interviewed.

2. Literature Review

In order to address the aforementioned objectives, five key themes were identified that impact the
context of the use of SDGs in infrastructure projects.

2.1. Sustainable Development Goals

The most significant global response to the planetary boundary challenge was in 2015, when all
governments ratified the UN’s 17 Sustainable Development Goals [4] (as shown in Figure 1), to be
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achieved by 2030 (with 169 targets and 244 indicators also agreed in 2017). This represented a
major step change in the implementation of the sustainability agenda and effective responses to the
planetary boundary challenge. Although the SDGs build on the earlier Millennium Development
Goals (MDGs) [4] by focusing on similar issues, the SDGs differ from the MDGs because they are for
all countries in the world to implement, developed and developing alike [15]. Also, unlike the MDGs,
the SDGs are focused on monitoring, evaluation and accountability across society, not just at national
level, which is why it is critical that the link is made from the “bottom to top”, meaning from the delivery
of project-level impacts that can be assessed against the national and global targets and indicators.
The research presented later shows this cannot currently be achieved, and the evidence [16,17] illustrates
that the golden thread from project measurement to national/global level is missing. There is a gap
between theory and practice [11,13].

Sustainability 2019, 11, x FOR PEER REVIEW 3 of 30 

The most significant global response to the planetary boundary challenge was in 2015, when all 
governments ratified the UN’s 17 Sustainable Development Goals [4] (as shown in Figure 1), to be 
achieved by 2030 (with 169 targets and 244 indicators also agreed in 2017). This represented a major 
step change in the implementation of the sustainability agenda and effective responses to the 
planetary boundary challenge. Although the SDGs build on the earlier Millennium Development 
Goals (MDGs) [4] by focusing on similar issues, the SDGs differ from the MDGs because they are for 
all countries in the world to implement, developed and developing alike [15]. Also, unlike the MDGs, 
the SDGs are focused on monitoring, evaluation and accountability across society, not just at national 
level, which is why it is critical that the link is made from the “bottom to top”, meaning from the 
delivery of project-level impacts that can be assessed against the national and global targets and 
indicators. The research presented later shows this cannot currently be achieved, and the evidence 
[16,17] illustrates that the golden thread from project measurement to national/global level is missing. 
There is a gap between theory and practice [11,13]. 

 
Figure 1. The United Nations 17 Sustainable Development Goals [4] (full details can be accessed at 
https://sustainabledevelopment.un.org/). (Usage of graphic agreed by UN). 

In order to understand why there is a perceived gap, it is helpful to analyse the structural build 
of the SDG performance framework. In this regard, the SDG delivery targets are understandably 
ambitious and needed a reporting framework that would drive meaningful and verifiable progress 
towards the 2030 targets. In 2017, the UN’s Inter-agency Expert Group on Targets and Indicators for 
Sustainable Development designed a mechanism that linked goals, targets and indicators across the 
geographic and governance boundaries at national, regional and global levels [18]. Within this 
framework, shown in Figure 2, the Expert Group designed thematic areas that could also be used at 
the subnational level, but, because the targets and indicators were originally designed to be used at 
the global, regional and national levels, they had reduced applicability at organisational or project 
levels. Considering the aforementioned literature, it is possible to synthesise the first proposition 
related to the Sustainable Development Goals as follows. Based on this discussion, the first 
proposition was developed, shown below. 

Proposition 1 (P1). There is currently a gap in the knowledge base in regard to understanding how to measure 
SDG performance at the project level. 

Figure 1. The United Nations 17 Sustainable Development Goals [4] (full details can be accessed at
https://sustainabledevelopment.un.org/). (Usage of graphic agreed by UN).

In order to understand why there is a perceived gap, it is helpful to analyse the structural build
of the SDG performance framework. In this regard, the SDG delivery targets are understandably
ambitious and needed a reporting framework that would drive meaningful and verifiable progress
towards the 2030 targets. In 2017, the UN’s Inter-agency Expert Group on Targets and Indicators
for Sustainable Development designed a mechanism that linked goals, targets and indicators across
the geographic and governance boundaries at national, regional and global levels [18]. Within this
framework, shown in Figure 2, the Expert Group designed thematic areas that could also be used at
the subnational level, but, because the targets and indicators were originally designed to be used at
the global, regional and national levels, they had reduced applicability at organisational or project levels.
Considering the aforementioned literature, it is possible to synthesise the first proposition related to
the Sustainable Development Goals as follows. Based on this discussion, the first proposition was
developed, shown below.
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Figure 2. The Sustainable Development Goal (SDG) target and indicator framework developed by the
UN subcommittee [18].
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Proposition 1 (P1). There is currently a gap in the knowledge base in regard to understanding how to measure
SDG performance at the project level.

2.2. SDGs in the Context of Infrastructure Projects in the Construction Sector

Most of society’s developments in recent times can be connected to infrastructure projects [19,20]
and the UN recognise that the development of infrastructure represents a massive opportunity to
stimulate economic prosperity, reduce poverty and raise standards in health, education and gender
equality [21]. It is apparent that ameliorating many of the risks associated with grand challenges, such as
climate change, can only be achieved through investment in appropriate and resilient infrastructure
and engineering [22].

A growing area of research has been in the comparison of construction projects’ impacts on
sustainable development from different angles. For example, Shen et al. [23] highlighted the role
of projects to impact across the triple bottom line of people, profit and planet [7–9]. In this regard,
construction projects are acknowledged as making an impact on the economic and social development
of nations. Increasingly, recognition is given that these dual aims of economic development and social
development can be achieved in harmony and, indeed, provide competitive advantage for firms [24,25].
Other studies have delved deeper into the changing nature of how project sustainability has changed
within the construction industry. For example, Edum-Fotwe and Price [26] highlighted the issues
that affect the assessment of social factors of construction projects, which this article suggests can be
combined with the environmental and economic requirements of projects.

Defining infrastructure project success is central to understanding how to link global-national
level SDGs with local infrastructure projects because it allows stakeholders to align their expectations
against shorter-term outputs as well as the longer-term outcomes and SDG impacts. More recent
research into project success definition [27] has consistently identified benefits and outcomes as being
a critical determinant for the assessment of project success. Considering the aforementioned literature,
it is possible to synthesise the second proposition related to SDGs in the context of infrastructure
projects in the construction sector as follows.

Proposition 2 (P2). The definition of infrastructure project success should be viewed from a systemic perspective,
where there is a broader consideration of the overall performance of the project.

2.3. Challenges and Opportunities for Measuring SDGs in the Construction Industry

As discussed above, there is evidence of an increasing interest, and in some cases demand,
for promoting SDG measurement in the construction industry [19,20], with one report [14] that
surveyed 325 engineers having a 95% demand from practitioners, who said that this was “very
important” to them, with only 30% stating that they had adequate tools, processes and systems to
measure them at project level. The survey [14] indicated four primary shortfalls for measuring SDGs
on infrastructure projects, namely, leadership (1), tools and methods (2), engineers’ business skills
in measuring SDG impact (3) and how project success is too narrowly defined as outputs (such as
time, cost and scope) and not outcomes (longer-term local impacts and stakeholder value) (4). This
highlights that there are several challenges that impede the practical measurement of SDGs on projects,
which need to be fully acknowledged.

Whilst there is still a limited body of research on the limitations of SDG measurement, there is
much that can be learned from the measurement of sustainability on projects, and this is transferable
to the SDG research. For example, Arif et al. [28] identified that there is often limited sustainability
knowledge, especially amongst senior leaders, and this results in weaker understanding and impact
assessments of related themes, such as poverty, environmental issues, supply chain adherence to
sustainability best practice, cultural evaluation, technological deficiencies and limitations of research in
depth and breadth, all of which have a negative influence on the valuation of sustainability, both as an
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investment lens and a delivery approach. A further barrier to the use of SDGs, which potentially mirrors
sustainable construction, is what some authors have suggested is a lack of capacity and capability
to implement effective and efficient sustainability [29]. Considering the aforementioned literature,
it is possible to synthesise the third proposition related to SDGs in the context of the challenges and
opportunities for measuring SDGs in the construction industry as follows.

Proposition 3 (P3). Although there is knowledge of the importance of sustainability on infrastructure projects,
there is a lack of awareness of how to measure the performance of infrastructure against the SDGs.

2.4. The Concept of the Triple Bottom Line in Relation to SDGs

A contribution to the growing literature on the measurement of infrastructure projects on
sustainability is provided by Ding and Shen [30], who focus on the balance needed between benefits
to society whilst protecting the environment and still achieving the economic benefits envisaged in
the project business case. The linkage across the three areas in the construction industry is further
defined by Kibert [25], who suggests that the interrelationship between a project’s outputs and the
society that is impacted is a central component of defining the sustainability success of an infrastructure
project. This introduces the concept that project success definition needs to consider success against
the triple bottom line (TBL) [7–9] of social, environmental (or ecological) and economic (or financial)
effects, otherwise noted as the “three pillars” concept of “people, profit and the planet” [7–9]. However,
the overemphasis on the last of the TBL criteria, namely finance, brings us to the root of the problem of
measuring projects’ SDG impact [16,17].

This is because the crux of the project reporting problem lies with the dominance of accounting tools,
which have been the preeminent business method of reporting business success for over 500 years since
Luca Paccioli first published his papers on double entry bookkeeping [31]. It has largely remained
unchanged until the past 10 years. As evidence of this widening to cover the three pillars of TBL, there
has been a proliferation of mechanisms and economic models to track different elements of TBL, for
example, environmental, social and governance (ESG) [7], which introduces these three core areas into
the business investments decisions that measure the ethical and sustainability impacts of a company.
The contention of this current research study is that the proliferation of project success measurement
theories, tools and concepts, which are mostly finance-driven, causes confusion and often leads to
suboptimal action [32] and that a TBL perspective needs to be integrated from the start of any business
case development (see later section on business cases). Considering the aforementioned literature, it is
possible to synthesise the fourth proposition related to SDGs in the context of the concept of the triple
bottom line in relation to SDGs as follows.

Proposition 4 (P4). Measurement of SDG performance should accommodate the perspective of the triple bottom
line (i.e., social, environmental and economic performance).

2.5. The Concept of Theory of Change in Relation to SDGs

There is a wide use of the Theory of Change (ToC) across many academic disciplines, including
environmental and organisational psychology, but it has also increasingly been connected to sociology
and political science. ToC emerged from the field of programme theory and programme evaluation
in the mid-1990s as a new way of analysing the theories motivating programmes and initiatives
working for social and political change. It is focused not just on generating knowledge about whether a
programme is effective but also on explaining what methods it uses to be effective. The original work in
the 1980s has been developed further by the work of notable methodologists, such as Huey Chen’s work
on theory-driven evaluations [33,34], Peter Rossi’s systematic approach to theory-driven evaluation in
social sciences [35], Michael Patton’s focus on integrating the theory with practice [36,37] and Carol
Weiss’ seminal work that takes a stakeholder-centric perspective [38–42] to find more effective ways of
evaluating complex community programmes.
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Weiss suggests [38] that complex community programmes had not sufficiently aligned local
stakeholders on the change process and what the outcomes will be. She noted that the logic chains
are particularly weak in the midsection of the causal chain, without which the longer-term goals
are weakened. Weiss uses the term “Theory of Change” to describe the causal links across the
inputs–outputs–outcomes pathway. She also focused attention on what users could claim in terms
of impacts, separating claims of “attribution” from a wider, less direct, “contribution”. Based on her
work [38–42], ToC has been applied extensively across international development, public health and
human rights and has since become a central theory that underpins the approach to project benefits
management [43–46].

The literature review has highlighted the potential benefits and tensions of linking global goals to
local delivery on infrastructure projects. As a result of these findings, the derived research question
is the following: how do senior leaders in the construction sector rate and use global UN SDGs
for infrastructure investment decisions at the local level? The sub-questions that flow from this are
as follows.

• What issues influence the successful use of an SDG measurement mechanism to achieve the
desired outcomes? (This represents the context).

• What mechanism (for measuring SDG impacts) is in place to achieve the outcomes? (This
represents the mechanism).

• What are the expected outcomes of successfully using the SDG measurement mechanism? (This
represents the outcome).

Considering the aforementioned literature, it is possible to synthesise the fifth proposition related
to the concept of the Theory of Change in relation to SDGs as follows.

Proposition 5 (P5). Measurement of SDG performance should include a full project lifecycle perspective and
take account of longer-term project outcomes and wider impacts.

3. Methodology

The broader research design involved a three-way data collection approach (Figure 3). At its core,
the research design built on the triangulation of qualitative and quantitative datasets, which is well
recognised as a method for informing theory-led research development [47,48]. In what Creswell [47]
describes as a sequential explanatory design, the literature review informs the survey questions and
analysis that has informed the structure and approach of the interviews discussed in this article.
In this way, Merriam and Grenier [49] suggest that “the interviews help the researcher understand the
responses to the survey [14] as well as provide additional insights into the phenomenon of interest”.

As shown in Figure 3, the development of a prototype SDG measurement model was to be
based on the triangulation of learning from the literature review, the survey of 325 engineers and
the subsequent interviews of 40 senior executives. Only the interview stage is shared in this paper.
A primary advantage of the semi-structured interview method is that it allows an adaptive–responsive
approach to ensure the best improvisation to delve deeper into relative areas of importance based on the
participants’ responses [50] and it also allows for participants’ verbal expressions to be captured [51].
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Figure 3. The research design of mixed-method sequential explanatory design, adapted from
Creswell [47].

3.1. Using the Realist Evaluation Methodology to Structure the Survey

The study adopted the critical realism perspective of ideological philosophers, such as Bhaskar [52],
to inform the choice of the realist evaluation approach primarily because of its practical utility and
widespread use in social science research [53]. Taking Bhaskar’s view [52], critical realism assumes that
certain events exist and people then apply different perspectives and meaning to their interpretation of
the truth.

3.2. Interview Question Design

The semi-structured interviews were designed to measure attitudes in relation to the research
question and its subsidiary three sub-questions (shown in Figure 4). The sub-questions focused on
three areas: the perceived value and importance of measuring SDGs (i.e., the outcomes), their current
approach and capability (i.e., the mechanism) and their identification of the challenges and opportunities
(i.e., the context), such as skills, tools, processes, structures and methods [54]. NVivo© was chosen as
the web-enabled data collection tool.Sustainability 2019, 11, x FOR PEER REVIEW 8 of 30 
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Figure 4. The nodal evaluation framework for the sequential explanatory design from which the
semi-structured interview questions were derived.
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3.3. Derivation of the Questions

The questions that are shown in Figure 4 have been derived from a variety of sources,
both inductively and deductively. The central research question was informed by the literature review,
which highlighted a knowledge gap. The importance of understanding why the gap existed and how
to close the gap had also been identified by a previous survey of 325 engineers [14], in which 88% of
responses affirmed that stakeholders wanted to increase their ability to measure SDGs on projects.
This was strengthened by a response rate of only 34% stating that they had a “fit-for-purpose” mechanism
to measure the SDG impacts [14]. The sub-questions 1–3 shown in Figure 4 were derived from the
adoption of the realist evaluation’s context–mechanism–outcome (C–M–O) configuration [55,56],
which is widely used across clinical research (Pawson et al. 2005) and increasingly also across the social
sciences [53]. Pawson and Tilley specifically recommend the C–M–O strategy so that “programme
theories can be tested for the purposes of refining them” [55,57]. In this regard, the investigation is
not about what works but asks instead “what works for whom in what circumstances and in what
respects, how?” [55,57]. The third level of questions for the interviews (shown in the right column
of Figure 4) combines the Pawson and Tilley C–M–O framework [55,57] with the survey results [14].
For example, the four contextual questions that were derived from the SWOT analysis were all topical
responses from the surveys that engineers had identified as either “blockers” or opportunities [12].

3.4. Access

The interviews aimed to gain access to 40 CEOs or heads of sustainability. Given the GDPR issues
around accessing the names of the senior executives of global companies, the research partnered with
the Institution of Civil Engineers (ICE). The ICE vetted the research scope and agreed to provide the
personal data on the basis of the work aligning with GDPR legalities. The lead researcher contacted
a total of 85 organisations at the level of CEO and heads of sustainability, of which 40 agreed to
be interviewed.

3.5. Sample Size

Sampling was achieved purposefully by partnering with UK’s leading construction standards body,
the Institution of Civil Engineers (ICE), to identify and select leaders in construction companies who had
demonstrated a willingness to be involved in innovative knowledge development. All the interviewees
had significant knowledge of the infrastructure sector but often did not have the detailed knowledge
of their sustainability, SDG and CSR approaches. For this reason, the sample included 30% that were
heads of sustainability, who had the requisite knowledge.

4. Data Analysis

4.1. Descriptive Statistics

The 40 interviews were conducted between July and September 2018, although two of the
interviews had to be cancelled and the participants submitted their answers in writing. The descriptive
statistical data are shown in Table 1.

The interviewees were representative of firms that mostly had a global or regional footprint (57%),
as shown in Figure 5, had staff levels mostly from 1–25,000 (62%), and they were mostly at, or above,
senior executive level (defined as having “director” in their role title), including nearly a third at CEO
or board level who reflected individuals who could represent their firm’s views.
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Table 1. Profiles of participants.

Participant ID Role in Company Size of Company (Number
of Employees)

Geography of
Business

Length of
Interview

1 Board Other Other 45

2 Senior executive 10–25k Global 55

3 Head of sustainability 25–50k Global 61

4 CEO 1–5k Regional 42

5 CEO 1–5k Regional 53

6 Senior executive 1–5k Regional 53

7 CEO >50k Global 40

8 CEO 1–5k National 42

9 Head of sustainability 1–5k National 36

10 Senior government or UN
policy director 1–5k National 52

11 Senior executive 1–5k National 36

12 CEO 5–10k National 35

13 Senior executive <1k National 42

14 CEO <1k National 52

15 Head of sustainability 5–10k Global 56

16 Board 5–10k Global 56

17 Senior executive >50k Global 21

18 Senior government or UN
policy director Other Other 36

19 Head of sustainability 10–25k Global 75

20 Head of sustainability 10–25k Global 55

21 Board 5–10k Regional 45

22 Head of sustainability 1–5k Regional 45

23 Head of sustainability 10–25k Global 45

24 Senior executive 1–5k Global 39

25 Senior executive 10–25k National 43

26 Senior government or UN
policy director <1k Global 38

27 Senior government or UN
policy director other National 47

28 Senior executive 10–25k Global 36

29 Head of sustainability 10–25k National 46

30 Senior government or UN
policy director other Other 65

31 Senior executive <1k National 59

32 Senior executive <1k National 59

33 Head of sustainability 10–25k Global 43

34 Head of sustainability 10–25k National 44

35 Board 10–25k National 44

36 Senior executive other Global 65

37 Board 5–10k Global 57

38 Head of sustainability 5–10k Global 57

39 CEO other National Written

40 CEO other Global Written

Total 1820

Average 48
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4.2. Development of the Twin-Track Analysis Protocols, Balancing Qualitative with Quantitative
Data Collection

As discussed in paragraph 3.3, the preferred approach was aligned to Frels and Onwuegbuzie [56],
who had proposed that even within a specific method choice, such as interviews that
are qualitative-dominant, it is appropriate to collect quantitative data during the qualitative
interview process. The practical application of the “qualitative-dominant crossover” is shown
below in Figure 6, which illustrates a twin track analysis method, which complemented the use of
quantitative and qualitative data collection.
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4.3. Interview Analysis Process

All interviews were conducted in person and lasted an average of 48 min (min = 36; max = 75 min).
With the participants’ agreement, interviews were recorded using a digital recorder supplemented
with hand-written notes. Later, the transcriptions, using the Trint© software tool, were uploaded onto
NVivo© and were then compared and coded using the qualitative data analysis software.

The data were analysed at two levels, firstly analysed using textual analysis and then “made sense
of” by using themes and pattern interpretation. Based on the nodal structure described earlier and using
the parent-child branching technique (Figure 4), this provided an efficient and effective mechanism to
capture and link themes but did not in itself provide any analysis. The nodal coding was aligned to
the three research sub-questions, based on the realist evaluation C–M–O thematics [56,57], and each
transcript was coded at three levels: first, second and third level coding (Figure 7). The frequency of
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participants’ statements that were selected for coding, and also the relative frequency of nodal use.
These groupings of statements under each node were then analysed for similarities and aligned with
emerging themes.Sustainability 2019, 11, x FOR PEER REVIEW 12 of 30 
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Figure 7. The nodal framework used for identification of key words aligned to context–mechanism–outcome
(C–M–O) [55,56].

In addition to the primary analysis approach discussed above, the researchers complemented this
with text mining analysis. This is a commonly used methodology for social scientists [58] because it
enables the researchers to manage and quantify huge amounts of data in a very short time.
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4.4. Verification

The verification was completed after the interpretation of the data analysis. This involved
presenting the findings in workshops to leading practitioners within the confines of the standards body
knowledge team at the Institution of Civil Engineers.

5. Results

The results and discussion are structured in three sections that relate to the three sub-questions,
as shown in Figure 4, that stem from the primary research question: how do senior leaders in the
construction sector rate and use global UN SDG goals for infrastructure investment decisions at the
local level? The subsections are therefore as follows.

• Thematic area 1: outcome. What are the expected outcomes of successfully using the SDG
measurement mechanism?

• Thematic area 2: mechanism. What design criteria enable the mechanism (for measuring SDG
impacts) to achieve the outcomes?

• Thematic area 3: context. What issues influence the successful use of an SDG measurement
mechanism to achieve the desired outcomes?

Using the twin track analysis approach (Figure 6), which includes both the qualitative and
quantitative data, results are derived from the combined findings. All participants were asked for
their views on the strengths, weaknesses, opportunities and threats (SWOT) of the employment of
the mechanism. Given the semi-structured interview approach, their responses did not take a standard
route and the interviewer used the funnelling technique [58] to increase subject specificity where depth
of answer was required.

5.1. Thematic Area 1: Outcome. What Are the Expected Outcomes of Successfully Using the SDG
Measurement Mechanism?

The “Outcome” section is the first of three thematic areas that focuses on the broader organisational
ambitions of sustainability, sustainable development and SDGs. The results are collated under
the following headings: the challenge/problem, the opportunities and the imperative for change.
This thematic collected the second highest (out of 23 nodes and sub-nodes) number of references
(n = 81) in NVivo for business views on the expected outcomes.

5.1.1. The Challenge/Problem

The essence of the problem was articulated by participant 10: “The weaknesses of the impact
measures relate to some of the quantification of it in that there is no standard way of doing it and
therefore quantifying impact is very difficult . . . . The leadership is not fully bought into it. It could be
you have not got good sufficient tools for learning and education behind it. There is a lack of consistency
in the data of how you measure it and the people measure it in different ways and people will have
different perspectives of what good looks like”. These views are similar to those of participant 26,
who also noted the level of complexity, especially when positioned in a global context with the inherent
cultural variations, which is potentially why so many participants only claimed to measure the SDGs
at a high level: “This is so complex and it is so different if we are doing things in different countries
with different organisations across different environments”.

5.1.2. Overarching Opportunity

There were many participants that identified opportunities for improvement, and these are mostly
captured under section three on “Contexts”. The ambition, noted by many, was summed up by
participant 26, who was from an international organisation and who gave this insight into his global
organisation’s aim: “In three years’ time we would like to be in a position to have enough information
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based on evidence and frameworks in place so that we can have better conversations earlier on with
clients about what the potential benefits are for the project and why we should be doing projects
possibly in a different way than given to us by donors and others.” He continued by anticipating
the broader causal impacts of having this mechanism in place: “So, if we understand the linkages
contribution projects can have across several SDGs, and how that impact could be measured, then we
can have better conversations to understand where people should be investing their money and how,
and what other aspects to bring into our project to ensure long-term sustainability”. This places
emphasis on using the SDGs to make better investment decisions, which becomes one of the critical
success factors of the employment of this mechanism.

5.1.3. Imperative for Change and Commitment to Measure SDGs

Participant 13 explained the key part that SDGs contribute to the company’s approach to the
broader sustainability agenda: “The SDGs and our impacts on them are of huge relevance to our
industry. We are already fully committed to measuring our impact across the triage of economic,
social and environmental sustainability themes. Our leadership is fully committed to owning delivery
success against these targets, which we jointly assess with our tier 1 contractors. It is now considered
core business to ensure the right levels of scrutiny and governance to manage sustainable development
performance. In future, this will include measurement against SDG targets but, for now, we need to
find a practical method for doing this well.” The final comment in the extract highlights the difficulty
of moving from “knowing to doing”.

Many commented on the link between SDG measurement and their company’s values. For example,
participant 5: “because our purpose is far more than simply generating revenues for shareholders . . .
for us, it is about influencing those solutions to provide the right long-term infrastructure for society.
So, we provide jobs and the right training and we provide the infrastructure we need to connect life
together; everything we do depends on it—to try to capture the way we go about doing that in more
modern ways for future societies”. Although many were better able to relate progress stories with their
sustainability measurement, there were others, such as participant 28: “the whole world has decided
how it can be rapidly made better, so the 169 SDG targets are a compass for humanity”.

The theme of creating shared value [59,60] was commented on by a number of participants (2, 5, 8,
10, 11, 13 and 19), one of whom, a CEO, commented, “Since becoming Responsible Business of the Year,
we have been working hard to show others how sustainability makes good business sense.” This quote
emphasises that the notion of creating shared value (CSV) [59,60], whilst not always using the specific
language of CSV, is a growing reason to engage with SDGs and sustainability more generally.

The global context and the relationship of the global SDG goals to businesses was a common theme,
as indicated by participant 24, head of infrastructure for his company, who said “in a world where
populations are increasing, cities are expanding and the effect on our environment is more apparent than
ever before, the need for infrastructure that is affordable, sustainable and effective is vital. Engineers
have a pivotal role to play in designing infrastructure that is not only effective but does not harm the
environment in which we live”.

The first major finding derived from this analysis is as follows.
Findings #1: to achieve the outcomes of measuring SDG impacts at subnational level, business

priorities can be aligned across economic, environment and society ambitions, and it can make good
business sense to do this.

5.2. Thematic Area 2: Mechanism. What Mechanism (for Measuring SDG Impacts) Is in Place to Achieve
the Outcomes?

The second area of discussion was for the participant to self-assess their company’s “awareness
and application” and also, if they were applying SDGs, what the level of process maturity of their
SDG measurement was. The data in Figure 8 show the feedback from the participants when they were
asked to score themselves against a Likert-style scale, as shown in the first row in columns c and d.

21



Sustainability 2020, 12, 7998

Sustainability 2019, 11, x FOR PEER REVIEW 15 of 30 

 
Figure 8. Results of the self-assessed level of awareness-application and process maturity (colour 
representation shown in columns c and d in titles row). 

5.2.1. Company’s “Awareness and Application” of SDG Measurement in Construction Projects 

As part of the interviews, all participants were asked to describe their awareness of 
sustainability, sustainable development and SDGs. They were then asked to describe their current 
level of SDG measurement maturity. The data on these are shown in Figure 9. 

At the lower end of the spectrum (level 3 = unaware and not doing it), participant 37 admitted 
that, regarding “the United Nations Sustainable Development Goals, I had never heard of them—a 
request for an interview came through and [name withheld] only heard of them through a bid we 
were working on that included an SDG question. The SDGs have no current place in our business”. 
As this was a board member, this was surprising because it was expected that senior staff would have 
some level of SDG knowledge. 

In the middle range, which was “aware and not doing”, representing 47% of the participants, 
participant 4′s answer was typical: “Awareness is that we are doing some discrete things but not in 
any depth”. The reasons for this varied, but a common theme was that there was not a requirement 
from governments or clients, as participant 21 shares: “We do not have a demand from our clients or 
from our communities that we work to measure against the SDGs. Like many in our industry, these 
are not common terms that we use… we do not have as much benefit from embedding them as much 
as a large global company that perhaps needs to demonstrate SDG impact more visibly. A lot of the 
things we do implicitly encompass the SDGs, but we are not explicitly measuring against them”. 

In the higher range, which was “aware and measuring”, represented by 38% of the participants, 
there were some examples of significant progress, such as that shared by participant 7: “Every single 
project in the organisation will feed into SDG number 11—‘sustainable cities and communities’—and 
every project in the organisation will address at least 4–5 of the SDGs”. 

a b c d e f g h

Participant 
ID Role in Company

Awareness Vs 
Application 

(1= aware & doing; 2= aware & 
not doing; 3= unaware & not 

doing)

Your Company's Level of 
Maturity in SDG Measurement 
(0= process not developed; 1= definition 
developing; 2= early processes in place; 

3= using sustainable processess)

Participant 
ID Role in Company

Awareness 
Vs 

Application

Level of 
Maturity 

1 Board n/a n/a 21 Board 2 1
2 Senior Executive 1 2 22 Head of Sustainability 2 1

3 Head of 
Sustainability 1 3 23 Head of Sustainability 2 0

4 CEO 2 1 24 Senior Executive 2 0
5 CEO 1 2 25 Senior Executive 1 1

6 Senior Executive 1 2 26 Senior Government or 
UN Policy Director

2 1

7 CEO 3 0 27 Senior Government or 
UN Policy Director 1 n/a

8 CEO 2 0 28 Senior Executive 1 2

9 Head of 
Sustainability 1 2 29 Head of Sustainability 2 1

10
Senior Government 

or UN Policy 
Director

2 1 30 Senior Government or 
UN Policy Director 2 0

11 Senior Executive 1 2 31 Senior Executive n/a n/a
12 CEO 1 2 32 Senior Executive n/a n/a
13 Senior Executive 2 0 33 Head of Sustainability 2 1
14 CEO 1 1 34 Head of Sustainability 2 0

15 Head of 
Sustainability 2 1 35 Board 2 2

16 Board 1 1 36 Senior Executive 2 n/a
17 Senior Executive 1 2 37 Head of Sustainability 2 1

18
Senior Government 

or UN Policy 
Director

n/a n/a 38 Head of Sustainability 2 1

19 Head of 
Sustainability 1 3 39 CEO n/a n/a

20 Head of 
Sustainability

1 3 40 CEO n/a n/a

Figure 8. Results of the self-assessed level of awareness-application and process maturity (colour
representation shown in columns c and d in titles row).

5.2.1. Company’s “Awareness and Application” of SDG Measurement in Construction Projects

As part of the interviews, all participants were asked to describe their awareness of sustainability,
sustainable development and SDGs. They were then asked to describe their current level of SDG
measurement maturity. The data on these are shown in Figure 9.

At the lower end of the spectrum (level 3 = unaware and not doing it), participant 37 admitted that,
regarding “the United Nations Sustainable Development Goals, I had never heard of them—a request
for an interview came through and [name withheld] only heard of them through a bid we were working
on that included an SDG question. The SDGs have no current place in our business”. As this was a
board member, this was surprising because it was expected that senior staff would have some level of
SDG knowledge.

In the middle range, which was “aware and not doing”, representing 47% of the participants,
participant 4′s answer was typical: “Awareness is that we are doing some discrete things but not in
any depth”. The reasons for this varied, but a common theme was that there was not a requirement
from governments or clients, as participant 21 shares: “We do not have a demand from our clients or
from our communities that we work to measure against the SDGs. Like many in our industry, these
are not common terms that we use . . . we do not have as much benefit from embedding them as much
as a large global company that perhaps needs to demonstrate SDG impact more visibly. A lot of the
things we do implicitly encompass the SDGs, but we are not explicitly measuring against them”.

In the higher range, which was “aware and measuring”, represented by 38% of the participants,
there were some examples of significant progress, such as that shared by participant 7: “Every single
project in the organisation will feed into SDG number 11—‘sustainable cities and communities’—and
every project in the organisation will address at least 4–5 of the SDGs”.
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One of the best, participant 13, stated: “We are at Level 3, we have managed processes, metrics
and quality management”, which was similar to participant 23: “we have some consistent ways we do
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things that are aligned to SDGs, but we do not look at every SDG and answer how they contribute to
the goals. But we do cover a lot of the issues at project level.”

In reality, many of the participants only conducted measurement at a high level, such as participant
34: “In the past we have done a review to see how our strategy fits with the SDGs. We found that the
SDGs were impacted by our work, some more than others, in terms of the goals and targets; they are
not particularly relevant to the work that we do so our priorities have been elsewhere and therefore
our resources have been focused elsewhere”. About a third of the participants said that they could, at a
high level, link their SDG priorities to the formal sustainability reporting that they did on the Global
Reporting Index (GRI), such as participant 26, who stated: “Well, we are all aware and starting to do
it. We started using the Global Reporting Index framework on sustainability three years ago and we
started reporting on our corporate results yearly on that but, at the project level, we have been a bit
slower pushing up to that”. Amongst the lowest performers was participant 9, who stated: “in terms
of SDG reporting processes we are close to 1. Our maturity is still low, although our sustainability
reporting is much higher. We have not yet made it integrated to SDGs and have not yet generated a
report against them. That is what we are talking about now and what we want to achieve”.

The second major finding derived from this analysis is as follows.
Findings #2: only a small percentage of companies have a repeatable process as an operational

“mechanism” for measuring SDG impacts at company and project levels. Most have an aspiration to
do so but believe that the government and their clients need to require its implementation.

5.3. Thematic Area 3: Context. What Issues Influence the Successful Use of an SDG Measurement Mechanism
to Achieve the Desired Outcomes?

The analysis of the contextual issues that affect companies’ ability to measure SDG impacts
successfully were captured using a strength, weakness, opportunity and threat (SWOT) approach.
The eight themes are shown in the nodal framework in Figure 7 and include: leadership and strategy;
knowledge; outputs-to-outcomes; tools, processes and systems; change management; performance
management; project-to-portfolio levels; and geographic issues. These were all derived from the
preceding survey of 325 engineers, as shown in Figure 3. The qualitative analysis shared below is
complemented by using the twin-track approach described in Figure 6, which includes the text-analysis
software-enabled word-count data. The approach was to identify key words and relate their frequency
of use to the qualitative findings to assist the understanding of the emerging issues. For example,
in this first context thematic, “leadership and strategy”, as shown in Table 2, the key words associated
with this thematic are: leadership (and its derivatives, such as leader), strategy, CEO/executive
and align/governance/direction/vision, which are all words associated with leadership capabilities
and actions.

Table 2. Text analysis (NVivo) on key words’ frequency: context of leadership.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Leadership Context

Leadership as theme

leadership 83 0.16%

0.29%

0.80%

leaders 30 0.06%

leading 20 0.04%

leads 15 0.03%

Strategy
strategy 75 0.14%

0.18%
strategic 23 0.04%

Leadership role
CEO 26 0.05%

0.12%
executive 37 0.07%

Strategic planning
competency

align 25 0.05%

0.21%

governance 25 0.05%

alignment 18 0.03%

direction 18 0.03%

vision 28 0.05%
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5.3.1. Leadership and Strategy

For the leadership and strategy node, there were high levels of relevant statements coded (n = 63)
from the 40 participants (using the NVivo software), reflecting the importance of this thematic. In
terms of key word usage, this thematic was the fifth most frequently used (n = 584) across the
40 interviews, which equates to once every 120 words. Within this category, the frequency of use of
“align”, “governance”, “direction” and “vision” were noted since these words are all associated with
leadership capabilities.

The most impactful statements collected were the frequent references to a “greater value”
beyond profit. This sentiment sits well with creating shared value and the triple bottom line discussed
earlier. This viewpoint was personified by participant 11: “a key part of leadership is doing the right
thing because it is the right thing to do, not because of a box-ticking exercise”. The same participant
also focused on the difficulty of making the change stick: “It is 50% belief and 50% belligerence when
you start something like this; that is, holding yourself and others to account. That is what I mean by
belligerence. In other words, ‘seeing it through’ and what we wrote down as a mantra: ‘Don’t you
understand’”. In his view, as a senior executive, he stressed the important role of his CEO and board:
“Leadership is the most important critical success factor, both internally and externally, to align and
galvanise our employees, our communities and the supply chain. It was about getting us all to be
more collaborative in finding novel, innovative ways of delivering sustainable solutions. It is about
the leaders capturing the hearts and minds of the stakeholders to champion changed behaviours to
achieve big, bold strategic outcomes.”

In terms of strategy, one organisation noted the importance of the “ends, ways, means” logic
similar to the Theory of Change concept [38–42]. Participant 9 stated: “you must start with the end in
mind, even if you have not got a detailed route map to deliver at every stage of the journey. Part of the
mantra is to set big audacious goals and then adopt an attitude of ‘I have started so I will finish’ and,
by the way, you never actually finish, because the end goal is moving, it is like you achieve one peak
but realise it is a false horizon, and so you continue your climb to the next summit”. The value of
having clarity of the strategic ends is noted, albeit with a caution that the identification of targets
for tracking performance must not become a “box-ticking” exercise that distorts clarity of outcomes.
Participant 11 stated: “if you actually begin with the end in mind of the outcome you are seeking
and how you wire your DNA to achieve that, you are far more likely to achieve those outcomes and,
in so doing, the boxes get ticked. But if you predicate your thinking with thoughts about just filling the
boxes, you have constrained yourself”.

Finding #3: strong leadership plays a significant part in inculcating SDG measurement as an
ambition and core value into an organisation.

Finding #4: the more advanced businesses in SDG measurement noted the need to have a clearly
defined strategy that can guide the prioritisation of SDG goals using the “ends, ways, means” model.
This requires clarity of the “ends” prior to defining project success (in-project and post-project).

5.3.2. Knowledge

For the “knowledge” node there was a relatively smaller incidence (n = 19) of relevant statements
coded from the 40 participants (using the NVivo software). In terms of key word usage, as shown
in Table 3, this thematic was also one of the least frequently used, with “learning”, “education” and
“experience” being used only 140 times across the 40 interviews, which equates to once every 400 words.

The qualitative analysis identified a strong preference for using education and training to improve
their staff’s SDG impact skills and business skills, especially in the wider definition of success, which is
related to the later discussion of outputs-to-outcomes. An indication of the importance of this was
provided by the CEO of one global engineering company, participant 7: “So, how do we galvanise our
community, how do we tell our story better against the SDGs and how do we galvanise our community
to be able to share best practices, and what does that mean for education and training?”
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Table 3. Text analysis (NVivo) on key words’ frequency: context of knowledge.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Knowledge Context

Learning & Education

learning 30 0.06%

0.15%

0.26%

training 22 0.04%

education 29 0.05%

Experience
maturity 30 0.06%

0.11%
experience 29 0.05%

140 0.26%

Skills covered a number of areas, including the skills to be able to define success definitions,
business skills to be able to build performance frameworks and sustainability/SDG skills that helped
understand the SDG framework and how they relate at sub global-national levels and at organisational
and project levels. Participant 3 stressed its import: “I think the skills piece is the second most important
area because we cannot expect our people to deliver on these KPIs if they do not know what they mean
and if they do not know how to measure them and improve them, so investing in how to calculate
social value and improve upon them and investing in training in social value RoI is very important; it
gives us an opportunity to benchmark and improve on it”.

Overall, participants seemed to accept that, despite the current supposed level of SDG measurement
awareness, there is also a shortage of trained personnel to support the implementation of SDG
measurement on their construction projects. The closing of this gap reflects the views of Reffat [61] on
the insufficient number of human resources with the required skills to perform sustainable development
on construction operations.

Finding #5: learning and education plays a critical role in increasing capability and, specifically, in
understanding how to better share lessons on SDG measurement for the good of all.

5.3.3. Outputs-to-Outcomes

The “outputs-to-outcomes” node had the fifth highest incidence (n = 30) of relevant statements
coded from the 40 participants (using the NVivo software). In terms of key word usage, this thematic
was also one of the most frequently used (shown in the “Theory of Change” key word table, Table 4),
with the first half of the causal chain (input, activities and outputs) being cited as frequently as the
second half of the value chain (outcome to impacts). This was significantly less than the general
reference to longer-term benefits that were synonymous with key words such as “value”, “ends”
and “goals”, which were used only 339 times across the 40 interviews, equating to once every 175 words.

Within this subcode, most recognised the challenge of differentiating between outputs and
outcomes. Too few knew how to do this well and, as a result, the wrong “targets indicators” were
sometimes being used to measure success. Participant 8, a CEO of one of the UK’s largest infrastructure
programmes, said: “programme and project people are sometimes less aware of how we are doing
strategically if you are not careful. So, they can often have a bias for cost and schedule focus and lose
focus on other priorities we have set”. Another way of expressing the inappropriate focus on outputs
came from participant 3: “we know that, if we just design to code, we end up with projects that are
great for today but absolutely do not meet the future that we are expecting”.

Some organisations have fully embraced the strategic aim of better aligning with outcomes,
such as participant 11: “So we thought long and hard not just about the goals that we created but
about how they fitted with a set of outcomes in our region and what that would look like in terms
of implementation. This was our way of meaningfully connecting the strategy with outcomes that
our stakeholders recognised.” The same person described the need to look at the end first to better
understand ambitions: “you must start with the end in mind, even if you have not got a detailed route
map to deliver at every stage of the journey”. One of the most common reasons for the overemphasis
on “outputs” was shared by participant 26: “So, the measurables are very weak in terms of linking the
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engineering and the infrastructure impacts to the higher programme. It is just about ‘have you built
the hospital’ as an output”.

Table 4. Text analysis (NVivo) on key words’ frequency: mechanism/context of the Theory of Change.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Theory of Change,
(causal logic chain from

inputs to impacts)
Mechanism

Input to Activity ‘iron
triangle’ of cost-time-scope

resources 20 0.04%

0.33%

1.26%

cost 57 0.11%

costs 17 0.03%

funding 16 0.03%

efficiency 16 0.03%

money 18 0.03%

commercial 17 0.03%

spend 17 0.03%

Activity to Output (time,
cost, scope)

initiatives 27 0.05%

0.12%activities 15 0.03%

outputs 19 0.04%

Outcome and benefits as
result of change derived from

project’s outputs.

outcomes 60 0.11%

0.17%

outcome 34 0.06%

benefits 23 0.04%

benefit 19 0.04%

impact 219 0.41%

impacts 19 0.04%

longer term goals—values at
end of project

value 101 0.19%

0.64%end 73 0.14%

goals 165 0.31%

Finding #6: the use of the log-frame and Theory of Change provides a means to link outputs to
outcomes and better identify SDG impacts.

5.3.4. Tools, Processes and Systems

The “tools, processes and systems” node had one of the lowest incidences (n = 18) of relevant
statements coded from the 40 participants (using the NVivo software). This suggests that senior
executives and CEOs have less interest in, or place lower value on, specific tools or methodologies,
which might indicate why this is an underinvested area. In terms of key word usage, this thematic
was also one of the least frequently used, shown at Table 5, with “processes” being cited twice as
frequently as “tools” and “systems”. In total, they were used only 177 times across the 40 interviews,
which equates to once every 300 words.

The survey [14] that preceded these interviews had identified a common reference to the lack
of tools, systems and methodologies. This was not proven in the interviews, although a number of
the heads of sustainability (3, 9, 15, 20 and 29) were more likely to mention this as a factor. On the
ability of the sector to galvanise and align with a consistent approach, participant 18 highlighted that
there were bigger issues to deal with prior to designing a tool: “I think it is essential. I have very little
confidence in our ability to do it now. Even if you had a decent methodology now, I suspect very few
people would use it and you probably have a number of competing methodologies, which is typical in
this sector.”

However, others, such as participant 20, said: “for me the tools and processes underpin the
delivery because, without them, you cannot possibly know where you are or where you need to go”.
But a key element of the design of a tool was to get the balance right between being too complex
and being at the other end of the scale—being too high level and therefore superficial—as noted by
participant 10: “I think, in most cases, a consistent framework or reporting approach would be helpful;
that gets the balance right between having something that is consistent but watered down to such a
high level that it loses meaning, versus having too much detail that is too granular, loses the users in
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too much complexity and is difficult to fit with your business model and the way you report things
into that”.

Table 5. Text analysis (NVivo) on key words’ frequency: tool, processes and systems.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Tools, Systems;
Processes

Mechanism

Tools tools 32 0.06% 0.06%

0.34%Process
processes 26 0.05%

0.23%
process 93 0.18%

Systems system 26 0.05% 0.05%

Finding #7: the use of tools, systems and processes to measure SDGs is not a priority for CEOs
and board members but it is for senior executives and heads of sustainability. These tools need
to be simple enough to understand but robust enough to capture detailed evidence that leads to
improved performance.

5.3.5. Change Management

The “change management” node had an average level of incidence (n = 27) of relevant statements
coded from the 40 participants (using the NVivo software). In terms of key word usage, this thematic
(shown in Table 6) tracked “change culture”, “behaviours”, “innovation” and “communications”, all of
which provided a large number of insights from participants. In total, they were used 410 times across
the 40 interviews. However, the quantification of the data does little to indicate that this contextual
issue was one of the best sources of insightful knowledge.

There was general recognition from the participants that the single most important area for
ensuring SDG measurement success is having a successful change programme that ensures a practical
approach is made to work for the “users”, with the added value of what they are doing. The starting
point for this approach was ensuring the right culture in the organisation, characterised by openness
and honesty about the difficulties of measuring SDGs and also closing the gap between superficial
statements of intent without having the evidence to back up what they say they do. For example,
participant 15 stated: “[name of company removed] say that they measure against SDGs, but there is a
gap between what they say they do and what they actually do”.

Innovation was a frequently referenced benefit of getting the change culture right and, in doing
so, having the means to address the SDG targets more effectively. For example, participant 11 noted
the effect of building long-term supplier relationships that enabled more innovative solutions to be
developed: “We wanted to establish meaningful change across the supply chain, and we recognised
that, to do this, we had to develop long-term relationships; hence, we contracted on a five, plus five,
plus five-year basis. This built longevity into our thinking and allowed true innovation to develop
solutions to the bigger sustainable development issues across the environment, driving efficiency and
effectiveness.”

Communication was also a dominant theme of culture change. Participant 1 noted: “you do not
communicate it once, you communicate it nearly every day through many, many different vehicles.
You bring people in”. Participant 24, a leader of a North American national civil engineers institution,
highlighted the value of leaders who can tell stories that resonated with stakeholders: “people with
success stories become your spokespeople and they start to influence others, saying ‘hey, you know this
works for us’ rather than just trying to sell the methodology. It is more, you know, encouraging peers,
e.g., peer-to-peer”. The main focus for this stakeholder engagement for participant 11 was: “Our
starting point is understanding what is important to our clients, who want to see us make improvements,
and where our staff and employees want to make a difference”.

An unexpected but often-quoted issue was on the context of gender influence on SDG measurement.
Eight participants (1, 5, 10, 17, 21, 24, 31 and 37) made specific reference to gender impact: “the younger
generation really do want to change the world. Interestingly, particularly the female part of that
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[company name removed] has more than 50% of its membership as female and I pondered why that
should be, and I think it is because it appeals to the values of certainly the younger, but actually to
the female, side of our institution, who really want to make a difference to the world that they live in.
Probably, they are more driven by that than they are by financial reward”.

There were nearly half the participants that promoted the positive effects of harnessing the
power of the millennial generation to promote change and thereby help champion the uptake of SDG
measurement, which was shared by participant 1: “So, if we can find a way of linking into the power of
the younger generation”. This attitude was further explored by participant 10, who noted the obvious
fact that millennials are tomorrow’s leaders: “I think millennials have a role here as new project leaders
where often they are the people who are most energised”.

Table 6. Text analysis (NVivo) on key words’ frequency: context of change management.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Change
Management Context

Change Culture change 129 0.24%
0.28%

0.78%

culture 23 0.04%

Behaviours

honest 22 0.04%
0.10%collaborative 14 0.03%

collective 14 0.03%

Innovative
Commitment to

change

opportunity 54 0.10%

0.34%

opportunities 20 0.04%

commitment 42 0.08%

innovation 32 0.06%

investment 32 0.06%

Communication Communication /s 28 0.06% 0.06%

Finding #8: change management. One of the largest positive impacts for SDG measurement is
about engaging, communicating and energising the delivery teams. This involves the internal teams
and suppliers. The millennials have a key role to help build and sustain this change momentum.

5.3.6. Performance Management

The “performance management” node had the highest level of incidence (n = 82) of relevant
statements coded from the 40 participants (using the NVivo software). In terms of key word usage, this
thematic, shown in Table 7, tracked “targets”, “measuring”, “performance management”, “quantitative”,
“metrics”, “qualitative” and “contribution”. In total, they were used 1003 times across the 40 interviews,
which equates to once every 50 words and represents the most referenced thematic.

The highest frequency of coding on NVivo was using the node for “what to measure”, reflecting the
importance of this thematic. There were many references to what is measured, and the general theme
was that the selection of targets becomes critical in a business environment that is already awash with
data collection. Many asked whether they should collect quantitative data or qualitative and also asked
what the balance between too little data collection and too much is. Almost all participants accepted
that this was an extremely difficult area to resolve and that there were no easy answers. For example,
participant 34 stated: “I think we are quite confused. It sounds like we are much more advanced than
we are in the way we monitor, report and evaluate. Most of our work is about getting the basics right
and ensuring we are complying with legal requirements—getting stuff done. We know we need to do
more work on understanding sustainability outcomes and how we can develop detailed KPIs that feed
into that for measuring our impact. We do not have outcome frameworks in place yet”.

There was a consistent recognition amongst those that had more advanced levels of SDG
measurement process maturity (participants 3, 19 and 20) that you had to start by selecting a
manageable number of goals (from 17) and targets (from 169). This was explained by participant 31,
who said: “It is an enormous challenge. I think, out of those 232, the fact that you found 20 that can
be measured is actually pretty good if I think about the magnitude of the problem”. Amongst the
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nine participants that were at the “early processes in place” stage, most were trying to establish hard
metrics that could be quantified, such as participant 15: “We want hard targets to test our performance.
Generally, as a business, qualitative is not very compelling. When we set up our strategy, we did some
serious baselining to get some better referenced data.”

One of the key problems, mentioned earlier, is the level of complexity in measuring 169 SDG
targets. It was frequently explained that this was too complicated for the construction sector, as stated
by participant 2: “But the indicators are far too detailed and big and sometimes not applicable as well.
Therefore, it is better to work at a higher level for the projects. I have more interest in the goals and not
the indicators”.

The emphasis on quantifiable targets was countered by participant 25: “telling the story of the
success against the sustainable development goals, as an example; a lot of the time, it cannot be
quantified very easily and therefore telling the story around an outcome perhaps provides more impact
and value than just putting a meaningless quantitative score against something”. This viewpoint was
backed by participant 2: “In the beginning, I wanted quantification to have numbers that I can use
to understand the measurement data. This created a big pushback because engineers tend to want
perfect solutions. The assessment was causing some culture issues, so the qualitative aspects have been
preserved but not the quantitative. So, we still look for the holy grail but, at this stage, we are going to
produce stories. In future we would like more quantitative that can be assessed at corporate level.”

Table 7. Text analysis (NVivo) on key words’ frequency: performance management.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Performance
Management Mechanism

Targets and measuring

target 31 0.06%

1.36%

1.90%

targets 208 0.39%

objectives 26 0.05%

indicators 76 0.14%

measure 142 0.27%

measuring 72 0.14%

measuring 72 0.14%

measurement 54 0.10%

measured 17 0.03%

measures 21 0.04%

Performance
management -
quantitative

management 83 0.16%

0.43%

performance 54 0.10%

metrics 46 0.09%

objectives 26 0.05%

quantitative 18 0.03%

Qualitative contribution
contribution 40 0.08%

0.11%
qualitative 17 0.03%

Finding #9: select a few targets relevant to the construction organisation or project. Keep it simple
and build knowledge progressively.

5.3.7. Project-to-Portfolio Levels

The “project-to-portfolio” node had the eighth highest level of incidence (n = 21) of relevant
statements coded from the 40 participants (using the NVivo software). In terms of key word usage, this
thematic (shown in Table 8) tracked “projects”, “programmes” and “portfolios”. In total, they were
used 677 times across the 40 interviews, which equates to once every 80 words. There was wide
recognition that the approach needed to be adapted but linked across the project, programme and
portfolio levels, as noted by participant 27: “I think there is no ‘one size fits all’. So, I think it will vary
from programme to programme and be dependent on the country as well”.
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Special interest and importance were aligned with the node on “starting projects”. The preceding
survey [14] had not highlighted the importance of “starting projects well”. This node was added
during the interviews stage because it was often referred to as the need to use the SDG lens at the “key
investment decision point”, as noted by participant 26: “based on evidence frameworks, you can frame
your project in a much better way to make sure the impact you get is maximized.” The emphasis of
getting stakeholder alignment was also mentioned by participant 19: “They want to demonstrate that
their projects contribute to sustainability development goals and develop tools that make sure projects
embed sustainability development at the outset, e.g., at their project inception phase”.

There were some, such as participant 9, the head of sustainability for a utility company, who
suggested that the SDG measurement had more relevance at the larger scale of programmes and at the
organisational strategic level, represented by the portfolio office: “Thus we do it more at programme
and portfolio level and less at project level. So, we have a mapping process at the portfolio level and
align across project and programme SDG targets”.

Table 8. Text analysis (NVivo) on key words’ frequency: projects-to-portfolios.

Category C-M-O Sub-Category Word Count f1 Word % f2 Sub-Cat % f3 Cat %

Project; Programme;
Portfolio

Context

Project Level
project 278 0.52%

0.87%

1.27%

projects 185 0.35%

Programme Level

program 65 0.12%

0.35%
program 65 0.12%

programme 31 0.06%

programs 27 0.05%

Portfolio Level portfolio 26 0.05% 0.05%

Finding #10: there was evidence that SDGs can be measured at all three levels: projects,
programmes and portfolios. There was special value in using the SDG lens at the start of the project to
help align stakeholders around the longer-term outcomes and impacts.

6. Discussion

This section builds on the 10 core findings and culminates with generalisations across the three
sub-questions that guided the design of this research into SDG measurements. The three sub-questions,
as shown in Figure 4, stem from the primary research question: how do senior leaders in the
construction sector rate and use global UN SDG goals for infrastructure investment decisions at the
local level? The empirical research study, including aforementioned qualitative findings and supporting
quantitative data, also allows an evaluation of the theory-driven propositions to be undertaken, which is
provided according to the following areas of outcome, mechanism and context.

6.1. Outcome Discussion: What Are the Expected Outcomes of Successfully Using the SDG
Measurement Mechanism?

The results showed that participants have the appetite and resolve to employ SDG measurement
at business and project levels (Finding #2) in order to achieve outcomes that benefit people, the planet
and profit. At the same time, they were frustrated by their inability to do so for reasons discussed
in the following sections. Most participants were optimistic that their organisation would achieve
the broader outcomes by making SDG measurement more usable, consistent and verifiable across
the construction sector, with increasing balance to their investment decisions across environment,
economic and societal factors (Finding #1). There was almost unanimous conviction that the “ends” of
achieving the desired “outcomes” was good for business (Finding #4).

Although the results emerged from a different thematic, some of the participants (2, 3, 17, 19, 20,
26 and 27) recognised the value of using Carol Weiss’ seminal work [38–42] that uses the logframe
and Theory of Change approach to take a stakeholder-centric perspective to assist the definition of
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longer-term impacts and outcomes. They acknowledged that this helps rebalance from an overemphasis
on output definition, which is typically used in project management and too often judges success in
terms of delivering the infrastructure asset to time, cost and scope (Finding #6).

The findings from the research study allow evaluation of the propositions synthesised from the
literature review as follows.

Proposition 2 was supported through inference from the analysis.
Proposition 5 was supported.

6.2. Mechanism Discussion: What Design Criteria Enable the Mechanism (for Measuring SDG Impacts) to
Achieve the Outcomes?

The views were consistent (with the four exceptions mentioned in the preceding paragraph) in
stating that this was an important area for the construction sector to get right but that there was no
best practice established for how to deliver an effective mechanism. Therefore, despite the strong
support for its adoption, the depth of knowledge on SDGs was mostly superficial, and only 8% of the
organisations interviewed self-assessed their SDG measurement processes as repeatable (Finding #2),
with only a further 23% having processes at an “early adoption stage”. The majority had not yet defined
the SDG measurement processes. Unsurprisingly, there were many, especially at board and CEO level
(with notable exceptions, such as 5, 7, 8 and 12), who showed some confusion in their knowledge
of SDGs, sustainability and sustainable development. This was reflected in having relatively consistent
and well-informed views on specialist areas, such as carbon management, but this was less evident in
the details of what the SDGs represented.

The low level of uptake of the SDG measurements at the project level was attributed to the
following reasons. (a) The complexity of the SDG framework, with the scale of ambition understandable
at a high level but made excessively complicated when examining the 17 goals, 169 targets and 232
indicators. (b) The lack of adoption of SDGs by clients did not mandate SDG measurement (Finding
#2). There was therefore no incentive to dedicate finite resources to a complicated task that might not
deliver any value; indeed, it might even identify their weaknesses, which only a few explicitly opined
was a good way of learning and developing.

A further design criterion that emerged, to enable the mechanism for measuring SDG impacts to
achieve the outcomes, was the ability to find a golden thread from enterprise portfolio level to project
level (Finding #10). This was most clearly explained by the participants that were most developed
in their SDG measurement processes (2, 3, 11 and 20) but also included others who were actively
developing SDG processes (8, 9, 14, 19, 27, 28 and 36). Whilst there was confidence in their self-assessed
ability to achieve the golden thread from project to portfolio level (Finding #10), this was mostly not
substantiated by any evidence (except 2, 3 and 11).

The findings from the research study allow evaluation of the propositions synthesised from the
literature review as follows.

Proposition 1 was supported.
Proposition 4 was supported through inference from the analysis.

6.3. Context Discussion: What Issues Influence the Successful Use of an SDG Measurement Mechanism to
Achieve the Desired Outcomes?

As part of the discussions on strengths and weaknesses, the participants identified a number of
contextual issues that affected the likely success of the mechanism achieving the desired outcomes.
These “context” issues included leadership (Finding #3), outcome-output definition (Finding #4),
knowledge (Finding #5) and change management (Finding #8) capabilities. There were more optimistic
discussions than pessimistic ones about the ways they could improve the contextual issues identified.
However, a few had little incentive for, or perceived little value in, adding what they considered a
burdensome task onto the shoulders of busy project managers.
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Given the seniority of the participants, it was not surprising that leadership and strategy was a
dominant theme in discussions. This led to Finding #3, which states that strong leadership plays a
significant part in inculcating SDG measurement as an ambition and core value into an organisation.
This was most clearly stated by a senior executive (11): “Leadership is the most important critical
success factor, both internally and externally, to align and galvanise our employees, our communities
and the supply chain”. Others (2, 10, 17, 19 and 29), none of whom were CEOs or board members,
stated that the strategic nature of organisational change had to be driven from the top [62]. There
was recognition that, in reality, this meant that leaders at all levels were needed as champions, which,
for SDG measurement, needed to be aligned with success stories that would make sense to the target
audience, expressed in their language and justifying “why” followed by explaining clearly “how”.

Linking to the models developed by Kotter [62] on leading change, the eighth finding was
related to the contextual issue of change management (Finding #8). One of the most significant
ways to influence the take-up of SDG measurement across organisations is engaging, communicating
and energising the delivery teams. Research has shown that this is critical to achieving the right
organisational cultures [63].

The findings from the research study allow evaluation of the propositions synthesised from the
literature review as follows.

Proposition 3 was supported.
The contextual issues identified above are a small insight into broadening our understanding of

factors that influence construction companies’ decisions on whether to use SDGs as a lens for defining
success and, if so, how they might use them effectively. Other studies delve deeper into construction
sustainability benefits [64] or, for example, the evaluation of modern methods of construction based on
wood (as aligned to SDG 12 on responsible consumption and production) [65]. Equally important areas
that are not addressed in the thematics discussed above relate to green financing; some authors [66]
have provided insights into public–private partnerships as a mechanism for financing sustainable
development. This highlights the breadth of relevant thematics and keeps the focus of this paper on
just the restricted areas considered most important to the executives interviewed.

7. Conclusions and Future Work

This comprehensive research study has provided empirically grounded insights from the 40 senior
leaders on their perceptions of how their organisations rated and used SDGs as a measurement lens.
The 10 findings have provided a rich and deep insight into answering the question of how to
measure SDG performance on infrastructure projects. The empirical research has also validated the
theory-driven propositions that were synthesised from the literature. Furthermore, this research study
identifies that, whilst SDG measurement practices on infrastructure projects are embraced in theory,
they are problematic in practice: rarely does action match rhetoric.

Although the 40 interviews described in the study specifically identified a primary stakeholder
group, the senior executives of construction firms, there were a number of other stakeholders
included, viz. two senior government experts in the infrastructure sector, one financial advisor, one
from the United Nations and three from standards bodies. Consequently, the study seeks to include
the considerations of wider stakeholders involved in project decision-making. The research team
have also consulted with the UK’s Institution of Civil Engineers to ensure this broader perspective is
adequately captured.

There is evidence that, although the study was completed in the UK, the results may be applicable
to a wider international group because most of the firms have extensive global footprints. It is therefore
considered that the inherent global nature of SDGs and the global footprint of the organisations
interviewed results in the broader international value of this research. The specific benefit to researchers
is that the findings extend knowledge on the theory of measuring outcomes and impact at project level,
and, for practitioners, the study provides insights into the contextual preconditions necessary to
achieve the intended outcomes of adopting a mechanism for the measurement of SDGs. In this way,
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the article offers learning that has significant implications for investment decisions, where being able to
systematically identify SDG impacts, from the start, is helpful for achieving local impact against global
targets, with broader benefit for people, profit and the planet. The broader SDG research programme
that this paper is part of has worked closely with many international organisations, such as UNOPS,
which also signifies that this is an area that has wide relevance and can be added to the growing
literature across the world on how we are addressing the grand challenges of the SDGs.

One of the primary characteristics of this qualitative research is that the researcher “is the
primary instrument for data collection and data analysis” [49]. However, there is a paradox that,
despite this strength, it is also a potential weakness since, unlike a survey or scientific experiment,
this allows the “human instrument” to adjust to evolving changes. For example, the lead researcher
allowed the interview questions to evolve in a free-flowing discussion when he noted that a different
line of enquiry might provide unexpected new insights. There is thus a need to apply some caution
to the potential hazard of bringing the researchers’ own bias [49], since “it is important to identify
them [bias and subjectivity] and monitor them as to how they may be shaping the collection and
interpretation of data” (p.13). Another limitation of this study was the research approach. Further
research could be expanded to include case studies that test the relevant SDG mechanisms to assess
whether the outcomes can be achieved.

In regard to future research, there was a lack of evidence given by participants on their ability
to achieve the golden thread of SDG measurement from project to portfolio level (Finding #10)
because, often, it was not available at any credible depth or backed up by verifiable evidence. It is
therefore proposed that this is an area for further research to test whether aspirations to achieve
this linkage are realistic. There is also the need for further research outside the UK since, while the
findings from this study have broad global application due to the regional and global footprint of
the participants’ organisations, the complexities and challenges in some areas require further SDG
measurement research.
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Abstract: The project selection process is a crucial step in sustainable development. Effective
sustainable development depends on the ability to select the appropriate sustainable project to
implement to ensure that the desired goals are met. Some of the most common characteristics or
criteria used in evaluating sustainable projects include novelty, uncertainty, skill and experience,
technology information transfer, and project cost. Prioritizing these criteria based on relative
importance helps project managers and decision makers identify elements that require additional
attention, better allocate resources, as well as improve the selection process when evaluating different
sustainable project alternatives. The aim of this research is to use the fuzzy analytic hierarchy process
(FAHP) methodology in which fuzzy numbers are utilized to realistically represent human judgment
to rank the different project criteria based on relative importance and impact on sustainable projects.
The results from the FAHP show that the most important criterion to consider in sustainable project
selection is project cost, followed by novelty and uncertainty as the second and third most important
criteria, respectively. The two least important criteria out of the total of five examined in this research
were the skill and experience and technology information transfer, respectively. These results will help
project managers and decision makers identify selection criteria with higher weights of importance.
Given that the selection criteria chosen for this research are not limited to the evaluation of a specific
type of sustainable projects or a specific location, they can be used to evaluate different types of
sustainable projects in different environments and locations.

Keywords: fuzzy analytic hierarchy process; project selection; sustainable projects; multi-criteria
decision making

1. Introduction

The use of fossil fuels as a source of energy has been linked to a wide range of issues such as
geographical dependency, limited resources, and low efficiency [1]. Conventional energy sources
are also known to be one of the major causes of environmental pollution and global warming by
emitting a wide variety of greenhouse gases (GHGs) [2]. GHG emissions can also pose a major risk to
public health as well as the perceived quality of life [3]. Global efforts in promoting sustainability by
The World Commission on Environmental and Development report in 1987 have led to an increased
awareness of the adverse effects of using fossil fuels and the benefits of sustainability [4]. That increase
in awareness has led to an increase in sustainability and sustainable-development-related research in
a variety of fields.

Effective sustainable development depends on the ability to select appropriate sustainable
development projects to ensure that the desired results are achieved. The viability of different project
proposals, as well as limited resources available, must be considered carefully based on established
criteria [5]. The selection process also includes considering many different criteria of the different
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project alternatives in an effort to determine the best possible project that can meet the desired goals. By
ranking these key sustainable project characteristics or criteria, it helps project managers and decision
makers focus on more important areas when evaluating the different project alternatives in addition to
resource allocation.

The project selection process considers several different project factors or criteria as well as
project goals and objectives [6]. This process usually takes place in a highly uncertain and complex
environment. These uncertainties may be the result of unquantifiable measures or subjective judgments
of experts about the relative importance of the different criteria used in the decision-making process [7].
The analytical hierarchy process (AHP) is one of the most commonly used techniques for project
selection and assigns weights to different project factors used in the selection process. However, despite
a recognition of the presence of uncertainty and ambiguity, AHP does not count for the ambiguity
and uncertainty associated with project selection in an effective way [8]. To solve this problem,
a combination of fuzzy numbers and AHP, known as the fuzzy analytic hierarchy process (FAHP), is
used to account for the uncertainty and ambiguity in expert judgments [9].

The use of FAHP in sustainable project selection has mostly focused on evaluating different
sustainable technology alternatives, with an emphasis on the technical aspects of these technologies,
not necessarily the projects as a whole. This research improves the selection process of sustainable
projects by developing a selection tool that considers the often-neglected criteria in the FAHP literature
of novelty, uncertainty, team skill and experience, and technology information transfer, as they are
described by Alyamani et al. [10], in addition to project cost. Accordingly, fuzzy AHP is used in this
selection tool to rank these five selection criteria based on importance in the context of sustainable
projects using input data from sustainable project experts. This tool will help project managers and
decision makers focus on the selection criteria with higher weights of importance when evaluating
different sustainable project alternatives. In addition, given that the selection criteria chosen for
this research are not limited to the evaluation of a specific type of sustainable projects or a specific
location, they can be used to evaluate different types of sustainable projects in different environments
and locations.

This research is organized into five sections as follows: After the introduction section, Section 2
provides a literature review of relevant literature as well as major gaps found. Section 3 includes
an explanation of the FAHP methodology and how it is implemented in this research to generate
the results. Section 4 includes a discussion of the ranking results obtained from implementing the FAHP
methodology and their relation to some of the existing literature. The final section (Section 5) of this
research presents the conclusion, limitations, and future work.

2. Literature Review

Fuzzy AHP has been used in the literature by researchers in many different fields including project
selection by assigning weights to selected project characteristics or criteria based on importance [11].
Bilgen and Şen [12] used a fuzzy AHP to develop a selection tool for six sigma projects. Their selection
tool used resources, benefits, and effects as the major characteristics for their FAHP project selection
tool. Enea and Piazza [6] used fuzzy AHP to develop a project selection tool based on the following
characteristics: risk, cost, impact, and duration. Nguyen and Tran [13] studied the use of fuzzy AHP in
construction projects for site selection, contractor selection, construction methods, risk assessment, and
other areas related to construction projects. Other examples exist in the literature utilizing the fuzzy
AHP methodology in project selection [14–16].

Fuzzy AHP has been used as part of sustainability and sustainable development research in
recent years [11] across a broad spectrum of examples. Sabaghi et al. [17] used fuzzy AHP to evaluate
product and process sustainability. FAHP was used in their research to assign weights to determine
the importance of different economic, social, and environmental indicators in product development.
Lespier et al. [7] used fuzzy AHP to quantify and rank key environmental impact criteria in maritime
transportation systems (MTS) in an effort to help decision makers improve environmental sustainability
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in Maritime shipping. Ligus [8] utilized FAHP to evaluate sustainability in the development of different
energy technologies based on determined economic, social, and environmental criteria. Li et al. [9]
developed a fuzzy AHP based tool to evaluate the carbon performance of public projects by ranking
different carbon emission criteria related to the design, construction, and operation phases of these
projects. Other examples of using FAHP to rank the different economic, social, and environmental
impacts of sustainable technologies also exist [18,19]. Malik et al. [20] provide a ranking for the following
five sustainable project characteristics: technology, economic impact, environmental impact, planning
time, and policy to aid in the selection between alternative sustainable projects in Oman. However,
since the standard AHP methodology was used to rank these characteristics, the uncertainty in experts’
subjective judgments was not considered.

Although previous research demonstrates the use of FAHP to evaluate sustainability and
sustainable project development, the focus has mainly been on the selection between different
sustainable technology alternatives not necessarily the projects as a whole with an emphasis on
the technical aspects of these technologies such as technology efficiency, reliability, scalability, and
many other technical aspects in addition to the economic, social, and environmental impacts of these
technologies [11]. Even though these technical factors and the impacts of these technologies are
important to consider when selecting from different sustainable project alternatives, it is also important
to consider the characteristics of these projects as a whole in the selection process not just the sustainable
technologies used and their impact. More specifically, there seems to be little research in the FAHP
literature that combines project cost and the more neglected, but crucial, project selection criteria of
novelty, uncertainty, skill and experience, and technology information transfer and ranking them based
on importance in the context of sustainable projects. These criteria can be used to evaluate sustainable
projects as a whole regardless of the type of sustainable technology used and location of these projects.

Research Question

This research aims to fill the gap in the literature discussed above and answer the following
research question specifically:

• Among the five chosen sustainable project selection criteria in this research, which one of them is
the most important to consider when selecting between different sustainable project alternatives?

Given that novelty, uncertainty, team skill and experience, technology information transfer,
and project cost are considered universal key criteria used to evaluate sustainable projects [10,21],
the results from this research will provide project managers and decision makers presented with
multiple sustainable project alternatives with a globally applicable selection tool capable of identifying
the most important selection criteria when presented with multiple sustainable project alternatives.

3. Methodology

Project selection is an increasingly complicated process. This is due to the many interrelated
variables that are used to evaluate these projects. Each of these variables has potential consequences to
the project that must be determined to ensure the success of the project. In addition, the uncertainties
surrounding both measuring these variables and determining their consequences on the project can be
significant. These uncertainties sometimes stem from information that is difficult to quantify, or from
subjective opinions of decision makers [7]. Such uncertainties make the project selection process highly
subjective and at risk of inaccurate information and judgments. This results in a lack of consensus on
the relative importance of the different criteria used to evaluate projects in the selection process [6].

3.1. Fuzzy AHP and Fuzzy Logic

Multi-criteria decision-making (MCDM) techniques are extremely beneficial for project selection
problems when considering different selection criteria. These techniques use mathematical models and
simulations to aid in the project selection process. AHP, introduced by Saaty [22], is one of the most
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common and established MCDM techniques in project selection [15]. However, for these techniques
to yield meaningful results, they need crisp and specific input data, which are usually difficult to
obtain in project selection situations due to the subjective and uncertain nature of experts’ judgments.
Fuzzy AHP was developed to handle such uncertain and subjective input data more effectively than
conventional MCDM techniques [7]. Fuzzy AHP applies the fuzzy set theory to allow researchers
and decision makers to convert uncertain and vague linguistic input information from experts, such
as the phrase “A lot more important”, for example, to specific decisions intervals that are a lot more
convenient to deal with by decision makers [15,23]. As project selection becomes increasingly global,
this is a critical dimension to evaluate effectively.

The concept of fuzzy numbers used in the FAHP represents a range of possible values for a specific
variable or rating. This means that a single ambiguous linguistic rating will be translated into a fuzzy
number consisting of a range of numbers [24]. In fuzzy theory, it is more convenient to use triangular
fuzzy numbers (TFNs) because of their computational simplicity and usefulness in representing
information in a fuzzy environment [25]. TFNs are represented as three numbers (l, m, u) where
the variables l, m, and u indicate the lowest possible value, the modal or most likely value, and
the upper or highest possible value, respectively [7]. The mathematical representation of a fuzzy
number A with a membership function µA(x) is depicted in Equation (1), as shown in Shukla et al. [24]
and Hsieh et al. [26].

µA(x) =



0 x < l;
x−l
m−l l ≤ x ≤ m;

u−x
u−m m ≤ x ≤ u;

0 x > u.

(1)

The geometric representation of the fuzzy number A from Equation (1) is shown in Figure 1,
adapted from Lespier et al. [7] and Sun [27].
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3.2. FAHP Selection Criteria

Alyamani and Long [21] and Alyamani et al. [10] identified four common key project characteristics
that are used to evaluate sustainable projects in different institutional environments. This research
extends their work by utilizing the characteristics they identified in addition to project cost as a fifth
characteristic. The five characteristics are then used as selection criteria in evaluating multiple
sustainable project alternatives. Using these characteristics as selection criteria develops a selection tool
that can be used to evaluate projects in different environments regardless of location. Consequently,
this research aims to rank novelty, uncertainty, skill and experience, technology information transfer,
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and project cost from the context of sustainability as part of project selection in different environments
and locations.

Novelty describes the degree to which a project differs from what is considered standard and
established in terms of sustainable practices, processes, and technologies. In other words, this refers to
the originality of the project and the maturity of the selected sustainable practices and technologies [28].
Undertaking a novel project that is utilizing completely new sustainable technologies or practices
presents its own set of challenges and requires a certain level of resources and capabilities to ensure
the successful implementation of such projects as opposed to more mature sustainable projects using
standard and established sustainable practices and technologies [10,29].

Project uncertainty is generally defined in the literature as negative events for which both
the consequence and probability of occurrence is unknown [30,31]. Different projects have different
levels and sources of uncertainty [10]. In any case, however, these different sources of uncertainty,
whether it be technological, financial, environmental, political, or any other source, should be outlined
and addressed with appropriate mitigation plans to reduce their potential impact on the project should
they occur.

The skill and experience criterion describes the level of skill and experience a project team is
required to possess to be able to complete the project tasks effectively and efficiently, thus ensuring
the successful completion of the project [10]. This criterion essentially addresses matching workforce
capabilities with the project requirements [32]. Some sustainable projects require a highly skilled and
experienced project team to be able to successfully complete the project, while other sustainable projects
require relatively lower levels of skill and experience. The availability of the required workforce
capabilities within the location of the evaluated project alternatives is an important component of
this criterion. Project tasks can range from being trivial and standard all the way to complex and
unusual. Consequently, choosing a project team with the appropriate know-how and sufficient level of
experience to undertake these tasks and implement the chosen sustainable technology or practice is
crucial in achieving project success and ensuring that project goals are met.

Technology information transfer, originally presented by Stock and Tatikonda [32], describes
the amount of sustainable technology information being exchanged between the supplier of
the sustainable technology and the project team implementing that technology. In other words,
it describes the amount of interaction required between a supplier of a technology and the recipient
of that technology to ensure the successful integration and implementation of said technology in
the project. Selecting the appropriate technology and making sure it is correctly implemented in
the project is one of the major steps towards achieving project goals. The level of information sharing
between the two parties can vary significantly from project to project depending on the type of
technology implemented. Stock and Tatikonda [32] explain that the level of information sharing
between the supplier of the technology and the project team can range from a simple “arms-length”
purchase requiring trivial information sharing, all the way to a “co-development” type of technology
information sharing where both the supplier of the technology and the project team work closely
together on the details of the design and specifications to ensure successful integration of the technology
in the project [10].

Project cost essentially describes the total cost of the project including the initial investment
cost and subsequent annual project costs. This criterion was added because it is considered one of
the major driving factors in sustainable development and sustainable project selection [11]. One of
the major challenges facing sustainable energy projects is competing with conventional energy
sources in financial cost. However, the reduction in sustainable development costs in recent
years in addition to the consideration of the indirect costs associated with conventional energy
sources has somewhat balanced the scales between sustainable and conventional energy sources
from the economic perspective [20]. Nonetheless, the costs associated with sustainable energy
development in the international stage remain one of the major driving forces in sustainable energy
project development.
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A summary of the criteria explained above and their notations as used in this research are
presented in Table 1.

Table 1. Key sustainable project selection criteria used in fuzzy analytic hierarchy process (FAHP).

Notation Project Selection Criteria

C1 Project Cost

C2 Novelty

C3 Uncertainty

C4 Skill and Experience

C5 Technology Information Transfer

Based on these criteria, a typical hierarchy model of the sustainable project selection process is
created, as shown in Figure 2, which consists of three levels: the goal of evaluating sustainable project
alternatives, the criteria used to evaluate these alternatives as presented in Table 1, and the sustainable
project alternatives to be evaluated using these criteria. As such, the prioritization of weights for
the presented criteria using fuzzy analytic hierarchy process (FAHP) will aid in the selection process
when presented with different sustainable project alternatives.
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3.3. The Application of FAHP for Weight Calculation

After defining the five sustainable project criteria, as shown in the previous subsection, the first step
in determining the priority weights of these criteria is collecting the opinions of experts in sustainability
and sustainable development regarding the relative importance of these criteria in sustainable project
selection. In this research, a number of literature publications related to sustainable project selection
and sustainable development as well as some prominent project management literature covering
the chosen criteria were selected and evaluated, as part of the literature review for this research, to
serve as the voice of experts in determining preferences among the five different criteria shown in
Table 1. These studies were closely reviewed in an effort to determine the relative importance of these
criteria and preference patterns, as presented by the authors of these publications. The list of the chosen
literature publications is shown in Table 2.
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Table 2. Selected expert literature used for the evaluation of criteria.

Expert Source(s)

E1 Malik et al. [20]

E2 Alyamani et al. [10]

E3 Sabaghi et al. [17]

E4 Shenhar and Dvir [29], Stock and Tatikonda [32]

E5 Chen et al. [33]

E6 Wang et al. [28]

E7 Işik and Aladağ [34]

E8 Hatefi and Tamošaitienė [16]

E9 Luthra et al. [35]

E10 Solangi et al. [36]

The second step in determining the priority weights of the five sustainable project criteria is
utilizing the expert opinions from the literature in Table 2 based on the linguistic variables and
triangular fuzzy numbers (TFNs), shown in Table 3, as presented by Ballı and Korukoğlu [25]. In this
step, expert opinions are gathered from the literature and translated into the linguistic variables. After
creating the pairwise comparison matrix representing the opinions of each of the ten experts shown
in Table 1 using the linguistic variables, these ten matrices are then combined to form the combined
pairwise comparison matrix shown in Table 4.

Table 3. Linguistic variables and triangular fuzzy number scale.

Linguistic Variable Triangular Fuzzy Numbers (TFN) Reciprocal TFNs

Equally Important (E) (1, 1, 1) (1, 1, 1)

Weakly Important (W) (1, 3, 5) (1/5, 1/3, 1)

Fairly Important (F) (3, 5, 7) (1/7, 1/5, 1/3)

Strongly Important (S) (5, 7. 9) (1/9, 1/7, 1/5)

Absolutely Important (A) (7, 9, 11) (1/11, 1/9, 1/7)

Source: adapted from Ballı and Korukoğlu [25].

Table 4. Pairwise comparison matrix using linguistic variables.

Criteria Expert C1 C2 C3 C4 C5

C1

E1 E F S A A

E2 E S−1 S−1 F S

E3 E S F F A

E4 E S−1 S−1 F W

E5 E S F F A

E6 E A F A F

E7 E F A F S

E8 E F W−1 S W−1

E9 E F A S F

E10 E W F S A
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Table 4. Cont.

Criteria Expert C1 C2 C3 C4 C5

C2

E1 F−1 E E S A

E2 S E W S A

E3 S−1 E F−1 F−1 W

E4 S E W A S

E5 S−1 E F−1 S−1 W

E6 A−1 E S−1 W S−1

E7 F−1 E S E F

E8 F−1 E S−1 F S−1

E9 F−1 E S F W−1

E10 W−1 E F S S

C3

E1 S−1 E−1 E F S

E2 S W−1 E S S

E3 F−1 F E W S

E4 S W−1 E A S

E5 F−1 F E F−1 F

E6 F−1 S E S W−1

E7 A−1 S−1 E S−1 F−1

E8 W S E A E

E9 A−1 S−1 E F−1 S−1

E10 F−1 F−1 E F S

C4

E1 A−1 S−1 F−1 E W

E2 F−1 S−1 S−1 E W

E3 F−1 F W−1 E S

E4 F−1 A−1 A−1 E F−1

E5 F−1 S F E S

E6 A−1 W−1 S−1 E S−1

E7 F−1 E−1 S E F

E8 S−1 F−1 A−1 E A−1

E9 S−1 F−1 F E F−1

E10 S−1 S−1 F−1 E W

C5

E1 A−1 A−1 S−1 W−1 E

E2 S−1 A−1 S−1 W−1 E

E3 A−1 W−1 S−1 S−1 E

E4 W−1 S−1 S−1 F E

E5 A−1 W−1 F−1 S−1 E

E6 F−1 S W S E

E7 S−1 F−1 F F−1 E

E8 W S E−1 A E

E9 F−1 W S F E

E10 A−1 S−1 S−1 W−1 E
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These linguistic variables in the combined matrix are then further translated into the corresponding
triangular fuzzy numbers (TFNs) and reciprocal TFNs based on the scale shown in Table 3, resulting in
the combined TFN pairwise comparison matrix, shown in Table 5.

Table 5. Pairwise comparison matrix using TFNs.

Criteria Expert C1 C2 C3 C4 C5

C1

E1 (1, 1, 1) (3, 5, 7) (5, 7. 9) (7, 9, 11) (7, 9, 11)

E2 (1, 1, 1) (1/9, 1/7, 1/5) (1/11, 1/9, 1/7) (3, 5, 7) (5, 7. 9)

E3 (1, 1, 1) (5, 7. 9) (3, 5, 7) (3, 5, 7) (7, 9, 11)

E4 (1, 1, 1) (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (3, 5, 7) (1, 3, 5)

E5 (1, 1, 1) (5, 7. 9) (3, 5, 7) (3, 5, 7) (7, 9, 11)

E6 (1, 1, 1) (7, 9, 11) (3, 5, 7) (7, 9, 11) (3, 5, 7)

E7 (1, 1, 1) (3, 5, 7) (7, 9, 11) (3, 5, 7) (5, 7. 9)

E8 (1, 1, 1) (3, 5, 7) (1/5, 1/3, 1) (5, 7. 9) (1/5, 1/3, 1)

E9 (1, 1, 1) (3, 5, 7) (7, 9, 11) (5, 7. 9) (3, 5, 7)

E10 (1, 1, 1) (1, 3, 5) (3, 5, 7) (5, 7. 9) (7, 9, 11)

C2

E1 (1/7, 1/5, 1/3) (1, 1, 1) (1, 1, 1) (5, 7. 9) (7, 9, 11)

E2 (5, 7. 9) (1, 1, 1) (1, 3, 5) (5, 7. 9) (7, 9, 11)

E3 (1/9, 1/7, 1/5) (1, 1, 1) (1/7, 1/5, 1/3) (1/7, 1/5, 1/3) (1, 3, 5)

E4 (5, 7. 9) (1, 1, 1) (1, 3, 5) (7, 9, 11) (5, 7. 9)

E5 (1/9, 1/7, 1/5) (1, 1, 1) (1/7, 1/5, 1/3) (1/9, 1/7, 1/5) (1, 3, 5)

E6 (1/11, 1/9, 1/7) (1, 1, 1) (1/9, 1/7, 1/5) (1, 3, 5) (1/9, 1/7, 1/5)

E7 (1/7, 1/5, 1/3) (1, 1, 1) (5, 7. 9) (1, 1, 1) (3, 5, 7)

E8 (1/7, 1/5, 1/3) (1, 1, 1) (1/9, 1/7, 1/5) (3, 5, 7) (1/9, 1/7, 1/5)

E9 (1/7, 1/5, 1/3) (1, 1, 1) (5, 7. 9) (3, 5, 7) (1/5, 1/3, 1)

E10 (1/5, 1/3, 1) (1, 1, 1) (3, 5, 7) (5, 7. 9) (5, 7. 9)

C3

E1 (1/9, 1/7, 1/5) (1, 1, 1) (1, 1, 1) (3, 5, 7) (5, 7. 9)

E2 (5, 7. 9) (1/5, 1/3, 1) (1, 1, 1) (5, 7. 9) (5, 7. 9)

E3 (1/7, 1/5, 1/3) (3, 5, 7) (1, 1, 1) (1, 3, 5) (5, 7. 9)

E4 (5, 7. 9) (1/5, 1/3, 1) (1, 1, 1) (7, 9, 11) (5, 7. 9)

E5 (1/7, 1/5, 1/3) (3, 5, 7) (1, 1, 1) (1/7, 1/5, 1/3) (3, 5, 7)

E6 (1/7, 1/5, 1/3) (5, 7. 9) (1, 1, 1) (5, 7. 9) (1/5, 1/3, 1)

E7 (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1, 1, 1) (1/9, 1/7, 1/5) (1/7, 1/5, 1/3)

E8 (1, 3, 5) (5, 7. 9) (1, 1, 1) (7, 9, 11) (1, 1, 1)

E9 (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1, 1, 1) (1/7, 1/5, 1/3) (1/9, 1/7, 1/5)

E10 (1/7, 1/5, 1/3) (1/7, 1/5, 1/3) (1, 1, 1) (3, 5, 7) (5, 7. 9)

C4

E1 (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1/7, 1/5, 1/3) (1, 1, 1) (1, 3, 5)

E2 (1/7, 1/5, 1/3) (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (1, 1, 1) (1, 3, 5)

E3 (1/7, 1/5, 1/3) (3, 5, 7) (1/5, 1/3, 1) (1, 1, 1) (5, 7. 9)

E4 (1/7, 1/5, 1/3) (1/11, 1/9, 1/7) (1/11, 1/9, 1/7) (1, 1, 1) (1/7, 1/5, 1/3)

E5 (1/7, 1/5, 1/3) (5, 7. 9) (3, 5, 7) (1, 1, 1) (5, 7. 9)

E6 (1/11, 1/9, 1/7) (1/5, 1/3, 1) (1/9, 1/7, 1/5) (1, 1, 1) (1/9, 1/7, 1/5)

E7 (1/7, 1/5, 1/3) (1, 1, 1) (5, 7. 9) (1, 1, 1) (3, 5, 7)
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Table 5. Cont.

Criteria Expert C1 C2 C3 C4 C5

E8 (1/9, 1/7, 1/5) (1/7, 1/5, 1/3) (1/11, 1/9, 1/7) (1, 1, 1) (1/11, 1/9, 1/7)

E9 (1/9, 1/7, 1/5) (1/7, 1/5, 1/3) (3, 5, 7) (1, 1, 1) (1/7, 1/5, 1/3)

E10 (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (1/7, 1/5, 1/3) (1, 1, 1) (1, 3, 5)

C5

E1 (1/11, 1/9, 1/7) (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1/5, 1/3, 1) (1, 1, 1)

E2 (1/9, 1/7, 1/5) (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1/5, 1/3, 1) (1, 1, 1)

E3 (1/11, 1/9, 1/7) (1/5, 1/3, 1) (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (1, 1, 1)

E4 (1/5, 1/3, 1) (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (3, 5, 7) (1, 1, 1)

E5 (1/11, 1/9, 1/7) (1/5, 1/3, 1) (1/7, 1/5, 1/3) (1/9, 1/7, 1/5) (1, 1, 1)

E6 (1/7, 1/5, 1/3) (5, 7. 9) (1, 3, 5) (5, 7. 9) (1, 1, 1)

E7 (1/9, 1/7, 1/5) (1/7, 1/5, 1/3) (3, 5, 7) (1/7, 1/5, 1/3) (1, 1, 1)

E8 (1, 3, 5) (5, 7. 9) (1, 1, 1) (7, 9, 11) (1, 1, 1)

E9 (1/7, 1/5, 1/3) (1, 3, 5) (5, 7. 9) (3, 5, 7) (1, 1, 1)

E10 (1/11, 1/9, 1/7) (1/9, 1/7, 1/5) (1/9, 1/7, 1/5) (1/5, 1/3, 1) (1, 1, 1)

Once the TFN pairwise comparison matrix is created, as shown above, it can be used to calculate
the weight of importance for the five criteria. This calculation is performed in three main steps. The first
step is to combine the fuzzy pairwise comparison from all ten experts for each of the five criteria.
This can be done by calculating the geometric mean of the experts’ opinions. To calculate the fuzzy
geometric mean, the geometric mean method introduced by Buckley [37] is used leading to the fuzzy
geometric mean pairwise comparison matrix shown in Table 6.

Table 6. Fuzzy geometric mean pairwise comparison matrix.

Criteria C1 C2 C3 C4 C5

C1 (1, 1, 1) (1.676, 2.647,
3.657)

(1.446, 2.125,
3.071)

(4.143, 6.221,
8.262)

(3.187, 4.904,
7.020)

C2 (0.273, 0.378,
0.597) (1, 1, 1) (0.672, 1.061,

1.513)
(1.621, 2.410,

3.249)
(1.247, 2.034,

3.045)

C3 (0.315, 0.459,
0.678)

(0.661, 0.943,
1.487) (1, 1, 1) (1.380, 2.104,

2.970)
(1.404, 1.951,

2.780)

C4 (0.121, 0.161,
0.241)

(0.308, 0.415,
0.617)

(0.337, 0.475,
0.725) (1, 1, 1) (0.659, 1.154,

1.719)

C5 (0.142, 0.204,
0.314)

(0.328, 0.492,
0.802)

(0.360, 0.512,
0.712)

(0.582, 0.866,
1.517) (1, 1, 1)

The second step in calculating the criteria weights of importance is determining the fuzzy relative
importance weight or the fuzzy synthetic extent of each of the five criteria. To do that, the extent
analysis method introduced by Chang [38] is applied in this research, as shown in Equations (2–5). Let
G =

{
g1, g2, g3, . . . , gn

}
be a goal set. Each criterion is taken and the extent analysis for each goal gi

is performed, respectively [25,39]. Accordingly, the m extent value for each criterion is obtained as
follows: M1

gi
, M2

gi
, M3

gi
, . . . , Mm

gi
, where gi (i = 1, 2, 3, . . . , n) is the goal set and M j

gi
( j = 1, 2, 3, . . . , m)

are all TFNs. The value of the fuzzy synthetic extent (Si) with respect to the ith criterion is defined as
shown in Equation (2).

Si =
m∑

j=1

M j
gi
⊗




n∑

i=1

m∑

j=1

M j
gi




−1

(2)
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In order to calculate
m∑

j=1
M j

gi
, a fuzzy addition operation of the m extent is used for a certain matrix,

as shown in Equation (3). This can be done following the addition of the fuzzy number process shown
in Sun [27].

m∑

j=1

M j
gi
=




m∑

j=1

l j,
m∑

j=1

m j,
m∑

j=1

u j


 (3)

where the variables l, m, and u indicate the lowest possible value, the modal or most likely value,
and the upper or highest possible value, respectively, as explained earlier in this research. The next

logical operation is to calculate
n∑

i=1

m∑
j=1

M j
gi

by performing another fuzzy addition operation of M j
gi

( j = 1, 2, 3, . . . , m), as shown in Equation (4).

n∑

i=1

m∑

j=1

M j
gi
=




n∑

i=1

li,
n∑

i=1

mi,
n∑

i=1

ui


 (4)

Finally,




n∑
i=1

m∑
j=1

M j
gi



−1

is determined by calculating the inverse of the vector above as shown in

Equation (5). 


n∑

i=1

m∑

j=1

M j
gi




−1

=

(
1∑n

i=1 ui
,

1∑n
i=1 mi

,
1∑n

i=1 li

)
(5)

Equations (2)–(5) are now applied to the TFNs obtained in this research. To determine the fuzzy
synthetic extent to the criteria chosen in this research, the

∑m
j=1 M j

gi
value is first calculated for each

row of the matrix shown in Table 6. For example, for C1:

C1 = (1 + 1.676 + 1.446 + 4.143 + 3.187, 1 + 2.647 + 2.125 + 6.221 + 4.904, 1 + 3.657 + 3.071 + 8.262 + 7.020)

C1 = (11.452, 16.897, 23.010)

Accordingly, the
∑n

i=1
∑m

j=1 M j
gi

value is calculated for each of the five criteria in Table 6 by
applying Equation (4) as follows:

∑n
i=1

∑m
j=1 M j

gi
= (11.452, 16.897, 23.010) ⊕ (4.813, 6.883, 9.404) ⊕ (4.760, 6.457, 8.915)

⊕ (2.425, 3.205, 4.302) ⊕ (2.412, 3.074, 4.345)
= (25.862, 36.516, 49.976)

Based on that, the reciprocal value
[∑n

i=1
∑m

j=1 M j
gi

]−1
is calculated by applying Equation (5) as

follows: [∑n

i=1

∑m

j=1
M j

gi

]−1
= (

1
49.976

,
1

36.516
,

1
25.862

) = (0.020, 0.027, 0.039)

Finally, the value of the fuzzy synthetic extent (Si) with respect to the ith criterion is calculated
for each criterion, as shown in Equation (2). For example, the value of the fuzzy synthetic extent for
the first criterion S1 is calculated as follows:

S1 = (11.452, 16.897, 23.010) ⊗ (0.020, 0.027, 0.039) = (0.229, 0.436, 0.893)

The fuzzy synthetic extent or the fuzzy relative importance weights resulting from applying
the same process to the remaining criteria is presented in Table 7.
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Table 7. Fuzzy synthetic extent of sustainable project selection criteria.

Criteria Si Low Si Med Si Upper

C1 0.229 0.463 0.893

C2 0.096 0.188 0.364

C3 0.095 0.177 0.345

C4 0.049 0.088 0.166

C5 0.048 0.084 0.168

The third and final step in calculating the criteria weights of importance is the defuzzification of
the fuzzy criteria weights shown in Table 7. To defuzzify these weights, the defuzzification method
shown in Equation (6), as presented in Sun [27] and Lespier et al. [7], is used to obtain the best non-fuzzy
priority (BNP) or crisp weights of the criteria.

BNPSi =

[(
usi − lsi

)
+

(
msi − lsi

)]

3
+ lsi where i = 1, 2, . . . , 5 (6)

As an example, applying Equation (6) to calculate the BNP for criterion 1 is done as follows:

BNPS1 =
[(0.893 − 0.229) + (0.463− 0.229)]

3
+0.229 = 0.528

Accordingly, the crisp weights for the remaining criteria are calculated. Using these BNP values,
the criteria can be ranked based on importance, where the criterion with the highest BNP is set as
the most important, while the criterion with the lowest BNP is set as the least important, as shown in
Table 8.

Table 8. Best non-fuzzy priority (BNP) or crisp criteria weights.

Criteria BNP Rank

C1—Project Cost 0.528 1

C2—Novelty 0.216 2

C3—Uncertainty 0.206 3

C4—Skill and Experience 0.101 4

C5—Technology Info. Transfer 0.100 5

4. Discussion of Results

Sustainable project selection is an important step in successful sustainable development. Selecting
the appropriate sustainable project is a major step in ensuring the success of the project and, thus,
achieving the desired sustainability and project goals. The sustainable project selection process
depends on a wide variety of criteria. One of the major challenges facing decision makers in sustainable
project selection is the strong dependence on the subjective judgments of experts in prioritizing
the project selection criteria, as well as the uncertainties associated with these subjective judgments.
To help overcome these challenges, a fuzzy multi-criteria decision-making methodology has been
implemented in this research. FAHP has been used in this research to rank five key sustainable project
selection criteria shown in Table 1 by calculating the relative weight of importance for each of these
selection criteria.

The results show that the most important criterion to consider in sustainable project selection is
project cost (C1) with an importance weight (BNP) of 0.528. This mainly includes different sources of
cost for the project such as the project’s initial investment cost, maintenance cost, labor cost, operating
costs, and any other cost associated with the project over its life cycle that can differ from one location
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or country to the other [28]. This result has been mostly consistent with what has been shown in
the literature when considering the economic aspect of sustainable projects. As mentioned earlier in
this research, project cost has been one of the major factors influencing sustainable development in
the international stage due to concerns that renewable and sustainable energy projects cannot compete
economically with conventional energy projects [20]. The different sources of project cost including
the investment cost, operating and maintenance costs, and labor costs are also considered as variables
in the measurement of project efficiency that can be used to evaluate sustainable projects, as shown by
Švajlenka and Kozlovská [40].

The second and third most important criteria to consider in sustainable project selection in this
research are novelty (C2) and uncertainty (C3) with BNPs of 0.216 and 0.206, respectively. Both of these
criteria are also considered one of the most important in sustainable project selection. As mentioned
earlier in this research, novelty mainly focuses on the originality and maturity of the sustainable
technologies and practices used in these projects. It is also an indicator of how widespread a sustainable
technology or practice is in the location or country these projects exist in and the improvement
potential of these technologies and practices [28]. The novelty of the sustainable technologies and
practices used in projects can also potentially help accelerate the opportunities for sustainability
adoption in communities [33]. Uncertainty can include different sub criteria that can be on both
a local or international scale such as financial uncertainty, technological uncertainty, environmental
uncertainty, and political uncertainty each with a different impact on sustainable projects. Since most of
the sustainable project selection literature focus on the technical aspect of sustainable technologies, there
has been an emphasis on the technical uncertainties associated with these technologies. Nonetheless,
other international or local sources of uncertainty are also important and should also be considered
just as crucial in sustainable project selection, since they can potentially hinder the use of sustainable
technologies and practices in a given location [35].

The two least important criteria out of the five considered in this research based on the selected
experts’ opinions are skill and experience (C4) and technology information transfer (C5) with BNPs of
0.101 and 0.100, respectively. These results show that both criteria have a relatively similar level of
importance with skill and experience being just slightly more important than technology information
transfer. However, these results cannot be interpreted as implying that these two criteria are not
important and should not be considered in the selection of sustainable projects. They simply mean
that the selected experts prioritize the other three criteria over skill and experience and technology
information transfer when selecting between different sustainable project alternatives.

As explained earlier in this research, skill and experience refers to having the appropriate know-how
to successfully undertake a selected sustainable project. Kahraman et al. [41], Amer and Daim [42], and
Solangi et al. [36] all argue that having the appropriate human resources with the required skills and
experience to build, operate, and maintain the sustainable project in the location or country in which
these projects exist is a crucial factor to consider when selecting between different sustainable project
alternatives to ensure the success of the project. Technology information transfer refers to the level of
technology information sharing or communication between a supplier of a technology and the project
team implementing that technology. The unavailability of the adequate technological information
in a specific location or country as well as inadequate information sharing and communication may
be considered as one of the greatest barriers to successful sustainable technology implementation
and, ultimately, sustainable project success [35]. This information can include sustainable technology
specifications, design, materials used, or any other technology information that is crucial to successful
project implementation and, thus, achieving the overall goals of the project. For example, Švajlenka et
al. [43] emphasized the importance of considering such information as environmental parameters in
improving the decision-making process when evaluating the different project alternatives to examine
whether or not these projects would meet the overall sustainable goals.

The selection criteria chosen for this research are not limited to the evaluation of a specific type of
sustainable projects or a specific location. Instead, these criteria are applicable to evaluate different
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types of sustainable projects in different environments and geographical locations [10]. Moreover,
one of the major benefits of using FAHP to rank these criteria based on a number of diverse sources
of expert opinions is that it is designed to minimize any uncertainty or biases that are associated
with the subjective judgments of these experts when performing the pairwise comparison [44,45].
Accordingly, the results presented in this research reflect the consensus among these diverse expert
sources regarding the relative importance of the selection criteria regardless of any subjective judgment
or biases.

5. Conclusions

This research implements the fuzzy analytic hierarchy process (FAHP) methodology as
a multi-criteria decision-making (MCDM) approach to develop a sustainable project selection tool that
quantifies and ranks five key sustainable project criteria based on importance. This selection tool can
be applied by any project manager or decision maker when evaluating different sustainable project
alternatives for selection regardless of the type, environment, and location of these projects. The criteria
chosen in this research are novelty, uncertainty, team skill and experience, technology information
transfer, and project cost. Prioritizing these criteria based on relative importance helps project managers
and decision makers identify more important project elements that require additional attention, better
allocate resources, as well as improve the selection process when evaluating different sustainable
project alternatives. This research utilizes the existing literature examined as part of the literature
review process to represent the voice of experts on the relative importance of the selected criteria.

The results from the FAHP methodology in this research answers the research question introduced
earlier by showing that project cost is the most important criterion to consider when evaluating
different sustainable project alternatives with a best non-fuzzy priority (BNP) of 0.528. This indicates
that sustainable development is still significantly driven by economic factors specific to location.
The second and third most important criteria to consider in sustainable project selection based on
the FAHP results are novelty and uncertainty with BNPs of 0.216 and 0.206, respectively. This indicates
that the originality and maturity of the sustainable technologies and practices used in these projects, as
well as the different sources of uncertainty surrounding such projects, are also strong driving factors in
sustainable project selection. Finally, the FAHP results show that the two least important criteria out of
the five considered in this research are skill and experience and technology information transfer with
BNPs of 0.101 and 0.100, respectively. This represents possible good news for developing economies
that should be considered as part of future research.

The limitations associated with this research include the small sample size of literature considered
to act as the voice of experts in the pairwise comparison of the chosen criteria. A larger sample size in
the future could yield more accurate results regarding the relative importance of the selected criteria. It
is also important to note that these results are limited to the knowledge and experiences of the chosen
experts. Another potential limitation of this research is the use of literature to act as the voice of experts.
This could add another layer of uncertainty and subjective judgment that stems from the interpretations
and opinions of the researchers utilizing the literature, which is not accounted for by the FAHP. Future
research should focus on gathering input data from sustainable project researchers and practitioners in
an effort to gather direct input and, thus, eliminating any need for interpretation by the researchers.
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12. Bilgen, B.; Şen, M. Project selection through fuzzy analytic hierarchy process and a case study on Six Sigma
implementation in an automotive industry. Prod. Plan. Control 2012, 23, 2–25. [CrossRef]

13. Nguyen, L.D.; Tran, D.Q. FAHP-Based Decision Making Framework for Construction Projects. Fuzzy Analytic
Hierarchy Process; CRC Press: Boca Raton, FL, USA, 2017; p. 327.

14. Chu, P.-Y.V.; Hsu, Y.-L.; Fehling, M. A decision support system for project portfolio selection. Comput. Ind.
1996, 32, 141–149. [CrossRef]

15. Huang, C.-C.; Chu, P.-Y.; Chiang, Y.-H. A fuzzy AHP application in government-sponsored R&D project
selection. Omega 2008, 36, 1038–1052.
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Abstract: The globe has been subjected to an unprecedented health challenge in the form of
COVID-19, indiscriminately impacting the global economy, global supply chains, and nations.
The resolution of this unprecedented challenge does not seem to be in the short-term horizon but
rather something the globe has to live with. Initial data provides for some insights on responses,
precautions, and sustainability protocols and processes. The Food and Beverages Manufacturing
sector in South Africa (SA) and globally is an expeditious respondent to the COVID-19 challenge.
Food is essential for human existence, but the food value chain is subjected to significant COVID-19
risks. The Food and Beverage Sector Education and Training Authority is responsible for skills
development in the Food and Beverages (FoodBev) Manufacturing Sector in South Africa and
seeks to quantify Foodbev sustainability. This research paper reviews global literature, performs
a high-level knowledge classification, with the aim of expedited awareness, knowledge sharing,
and most importantly, quantification of an expedited response, within the FoodBev Manufacturing
sector in SA. The research is contextualized via a SA sector-based instrument deployment and data
analysis. The paper provides insights into COVID-19 impact, adaptations, and responses in the SA
Food and Beverages Manufacturing sector.

Keywords: COVID-19; food and beverage; manufacturing; sustainability

1. Introduction

In the context of the global economy, food is key to consumer confidence, global peace, and personal
sustenance. Maintaining the movement of food through the global supply chain is essential for sustaining
life. There is an overwhelming global response to the COVID-19 virus with Food and Beverage Sector
sustainability a key challenge. As the Food and Beverages Manufacturing sector provides the essential
service of food, a significant portion of businesses remained open in South Africa (SA) during the
lockdown period with the exception of the alcohol manufacturers and distributors. However, there are
disruptions to the global and local supply chain impacting the production of food. The COVID-19
response time and the knowledge base for preparing the sector in SA is fundamental.

The COVID-19 challenge faced by the Food and Beverages Manufacturing sector includes
operations, safety, supply chain, training, emergency responses, awareness, incident management,
recreating business models, digitalization, and other unanticipated impacts. Further to this, COVID-19
has changed consumer behavior to food. There are significant global and South Africa (SA)-specific
impacts anticipated, with Small, Medium, and Micro Enterprises (SMME)’s expected to be significantly
impacted. Thus, the short term and long-term impacts of COVID-19 on the South African Food and
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Beverages Manufacturing sector has to be determined to expedite recovery and to develop measures
for readiness should another such disruption occur.

The SARS COVID-19 is categorized as a global pandemic [1], with almost 865,000 global deaths
and 26 million infections, as of 3 September 2020 [2]. COVID-19 transmission occurs via contact and
proximity, is carried on surfaces for up to nine days, and is destroyed via limited protocols such as
alcohol, UV light, and 0.5% sodium hypochlorite [3].

The Food and Beverages Manufacturing sector is in urgent need of an understanding the virus,
from an operations perspective. The Food and Beverages Manufacturing sector has to institute health
and safety protocols to respond to employee safety. Key additional considerations for the sector relates
to operational constraints. The need to restructure operations so as to produce the relevant food
products in a safe, financial, and environmentally sustainable manner.

The research team seeks to also identify catapult opportunities via this study. This research seeks
to address the following questions:

• What is the global best practice in planning and responding to pandemics such as COVID-19?
• What are the impacts, both short term and long term, on the South African Food and Beverages

Manufacturing sector?
• What are the recovery/mitigation measures required?

The high-level methodology of this study is mixed methods and includes a global peer reviewed
literature search, a white paper search, compilation of benefit determination in SA, and an instrument
to evaluate relevance and benefit in the SA Food and Beverages Manufacturing context. This research
commences with a global scan of current knowledge, albeit not limited to peer reviewed publications.
The objective is to rapidly gather relevant contextualized information. The research team build a South
African (SA) data collection and response protocol based on this initial data collection cycle. The key
knowledge themes are developed as the qualitative data is collected.

1.1. Impact of COVID-19 on the Food and Beverages Manufacturing Sector Globally and in South Africa

The research team adopt a multi-tier literature review approach that includes peer reviewed
journals and conference papers together with a review of white papers from globally recognized
entities. A Scopus search is conducted to commence publications analysis. Figure 1 illustrates the
countries with the highest number of peer-reviewed COVID-19 publications, specific to the Food and
Beverages Manufacturing sector. A total of 482 publications are identified, screened, and reviewed as a
basis for this paper. In addition, a global best practice search is also conducted in order to find further
papers on Food and Beverages Manufacturing and COVID-19.
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It is projected that the South African food and non-alcoholic beverages manufacturing is going
through a moderate decline of flow of income (−10% to −30%), whereas the alcoholic beverages will
experience a bigger impact at −60% [4]. Further, Anderson et al. [5] argue the potential for significant
interruption in the activities of the Food and Beverages Manufacturing sector cannot be ignored.

The varying levels of lockdown initiated in various countries globally, social distancing
requirements and health concerns, have seen a shift in consumer behavior to home cooked meals rather
than eating out [6]. Beef, which is used extensively in restaurants and fast food services, has experienced
a significant decline in demand. Since the start of lockdown, an increased demand of snacks and
baking goods was observed globally, as people were eating more during the day [7]. In Italy and China,
changes in food patterns were observed with greater demand for staple, non-perishable foods and a
reduction in demand for fresh fruit and demand [8]. This could lead to wastage due to limited shelf
life and loss of income to farmers. Further, the high value commodities processing plants are labor
intensive and maintaining of social distancing is difficult. The closure of restaurants, coffees shops,
and farm-holiday stays resulted in a 10% reduction in milk consumption, a significant impact to the
dairy industry [8]. In the international sphere the confectionary, snacks, other food products, baking,
and grain mill industries have experienced an increase in demand of products and have been forced to
operate on online platforms to meet the demand. However, the baking industry might experience
challenges as lockdown continues. The executive director for the SA Baking Chamber reported that
Tiger Brands closed one of their biggest firms during lockdown, but indicated that the supply of food
remains stable. The company’s profits have fallen by 75% (R359.6 million in 2020 vs. R1.4 billion in
2019) during the same time last year due to COVID-19 [9]. Demand for baked food could prove a
challenge for food producers, especially producers of soft luxuries, as consumption is a function of
income as well as certainty of income. The latter is a result of other people’s financial status as they
have lost their jobs and therefore do not have spending power. South Africa’s alcoholic beverage
industry has been hit hard by COVID-19 lockdown regulations, as the sale and export of alcohol
is prohibited under the disaster regulations governing the national lockdown in South Africa [10].
Reports show that an estimated 117,600 jobs have been lost throughout the alcohol industry, 13% of the
craft beer sector is in the process of shutting up shop, and the wine industry is in severe distress [11].

The suppliers of the Food and Beverages Manufacturers have also been impacted by COVID-19,
influencing manufacturing operations. High value commodities of fresh fruit, vegetable, and fish are
affected by the potential shortage of migrant seasonal labor for fruit picking, harvesting, etc. [8,12].
According to FAO [13], the fishing industry in many countries is considered critical for food production
and supply; however, due to COVID-19, the fishing industry is facing two main problems of disrupted
supply chain and declining markets, resulting in disruptions in transportation, trade, and labor.
Disruptions in these lead to delayed stock and lower supplies, access, and consumption of these
food [13]. Fish farmers who cannot sell the fish must now keep larger volumes of fish that need to be
fed, increasing costs and risks [14]. The production of aquaculture may also be affected by the ability
to purchase feed and seed due to cargo restrictions and prioritization [14]. Health safety measures of
physical distancing and face masks can make fishing difficulty even to the point of reducing or stopping
it [14]. If a crew member has the virus, it can easily spread to other members, and medical assistance
may not be easily accessible due to being out at sea [13]. The reduced staff may result in a decline of
Fisheries Monitoring and Control as observed during the 2013–2016 Ebola outbreak in West Africa [14].
This results in an increase in illicit activities and in a less responsible level of managing, monitoring,
and controlling of fishing operations. The staple commodities of wheat, maize, corn, and soybean are
capital intensive farming and could be affected by value chain disruptions due the requirements of
various and large amounts of inputs such as seeds, fertilizers, pesticides, diesel, etc. [15]. This does not
have a short-term impact but a long-term impact of food growth and availability for the following
seasons/years. Restriction of movement and closure of markets have a significant impact on small
holder producers, who do not have the finance and resources of larger producers [12]. A prolonged
disruption could affect the ability to resume production [8].
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1.2. COVID-19 and Sustainability

The lockdown enforced in various countries globally and the operational impacts of COVID-19
have had negative impacts on economies and severely impacted the sustainability of businesses.
To stimulate economic recovery and towards business continuity, countries have initiated various
measures, see Table 1, from financial stimulus packages to delay in loan repayments to waiver of loan
fees to technology support. The measures introduced by a few countries are detailed below.

Table 1. Country specific COVID-19 responses.

Country Response

China [15]

Alibaba, an e-commerce company, created an e-commerce platform to assist famers in selling
their unsold agricultural products and is also creating a “green channel” for fresh produce.
The Beijing central government set up a USD 20 million subsidy for purchasing of machines

and tools for agricultural purposes. It is also providing low interest rate loans and rent
reductions to incentivize development of digital agricultural technologies, such as

agricultural drones and unmanned vehicles.
The Agricultural Bank of China is reducing the interest rate by 0.5% for small and medium

enterprises, self-employed, and private owners in the Hubei Province [8].

Italy [15]
Allocated 100 million euros in support of agricultural and fishing businesses, which had to

halt operations. A further 100 million Euros is allocated for financing.
Permitting advance payments from the European Union subsidies to farmers.

India [16] Implementing software for warehouse-based trading of harvested food to reduce congestion
at wholesale markets.

Poland [16] Offered subsidized loans to food processing businesses to facilitate continuous operations.

The diversification of business offerings from products and services to business supply chain
influences the business ability to respond to business disruptions and uncertainties. Alcohol producers
in the UK such as William Grant & Sons and Diageo have begun producing hand sanitizers, whilst
chemical company INEOS set up a hand sanitizer facility manufacturing one million bottles per month,
which began production on 31 March 2020 [17]. A ventilator consortium was set up in the UK to
address the need of increased demand. The consortium consisting of various businesses such as
Airbus, BAE System, Microsoft, Accenture, Ford Motor Company, and Rolls-Royce announced on
2 April 2020 they are to produce 1500 ventilators per week based on the Penlon and Smiths design.
The consortium is reported to have received an order for over 15,000 units from the UK government
alone [17]. These businesses may not continue manufacturing the products post COVID-19, but it
allowed the business to be operational and productive during a disruptive period.

A key consideration in business sustainability is environmental sustainability. The environmental
impact of COVID-19 globally is initially quantified to be positive [18] due to reduced traffic, movement,
air travel, and energy demand. Rugani and Caro [19] determined a 20% reduction in carbon footprint
in Italy for the months of March and April 2020 in comparison to the same months for the 2015–2019
period, an actual reduction between 5.6 and 10.6 Mt CO2e.

However, there are concerns the post COVID-19 environmental impacts might be neglected
in the drive to stimulate economic resurgence. Helm [18] states COVID-19 responses may result in
significant post COVID-19 growth which could have a negative impact on climate change. Rosenbloom
and Markard [20] state that the US may be revitalizing the fossil fuel industry via stimulus funding,
whilst a report by the German Council of Economic Experts neglected to mention climate change
or sustainability. However, 17 European climate and environment minsters requested a Green Deal
be incorporated in the recovery plan. Rosenbloom and Markard [20] recommend the recovery plan
include funds to support low carbon energy technologies/projects that reduce or mitigate carbon
emissions such as renewable technologies, energy storage, and electric vehicle. They further recommend
support and development of remote working, video conferencing, e-commerce, and reduced travel,
whilst suggesting using the current destabilization of business and economies to accelerate transition
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towards clean options. Other considerations for climate change include the impact of elevated alcohol
manufacture and application as a preventative measure as well as the impact of COVID-19 waste on
the environment.

1.3. COVID-19 Impact on Supply Chain

COVID-19 has impacted all spheres of the global supply chain including distribution and
packaging, as well as sourcing of raw materials [21,22]. Lockdowns disrupted the transportation
of packaged foods, prepared foods, and non-alcoholic and alcoholic beverages [21], whilst some
companies had to close for up to two weeks for cleaning purposes [15,23]. Weersink et al. [23] also
identifies capacity constrains due to social distancing in the workplace leading to operational challenges.
Operational challenges include the nature of packaging due to the reduced restaurant demand.

The disruption of the global supply chain has emphasized the risk of high probability external
dependence on essential items. The economic stability of a country impacts its food security; the ability
to manufacture or import the required food needs. Singapore, which imports a large amount of its food,
plans to produce 30% of its food by 2030, in comparison to 2019 where it only produced 10% of its food
needs [24]. Hossain [25] highlights various eastern block countries limitation of imports and exports
on food products, including rice, poultry, eggs, vegetables, fish, and fruit. Gemmill-Herren [26] further
identifies countries would procure food locally for various reasons, beyond the fact that imports have
slowed down. Thailand, which depends heavily on tourism, approximately 20% of GDP, plans to
diversify its economic sector through target industries of electronics, automotive, and chemicals, as its
manufacturing sector already contributes 27% of its GDP [24].

Weersink et al. [23] also highlights central co-ordination bodies for farmers and distribution to
be a priority. In Brazil, the existing Solidarity Purchasing Groups (GAS) and Community Supported
Agriculture (CSA) exist as a network for farmers. This is an example of localized supply chain
management, should localized networks be prioritized. Other strong examples of localized community
coalitions are presented in North America and other parts of the world. Preiss [27] also identifies local
supply networks.

The literature also indicates that a broader system of systems or ecosystem approach should
be considered for workforce and supply chain; workforce ecosystems should include health and
childcare as priorities while supply chains need to become dynamic and localized. The need to adopt a
distributed global services model is recommended.

• Use a mixture of service models to de-risk the organization in a volatile world. Distributed global
services mean that high performance can be delivered anytime, anywhere.

• Improvement of call centers and customer interaction.
• Augment and automate service: Virtual agents.
• Enhance virtual agent capabilities to support COVID-19 specific requests or growing Business as

Usual volume.
• Alternative suppliers and distributors.
• Visibility of supply and demand network (digital).

1.4. COVID-19 and Technology

COVID-19 is forcing the development of resilient food systems [28]. Digital technologies can
improve resiliency of food chains and assist in optimizing outputs [22,29]; 4IR technologies such as
Big Data, Internet of Things (IoT), Cloud Computing, Robotics, and Automation facilitate remote
and autonomous working whilst providing transparency in operations. Galanakis [30] reinforces
various aspects of digital and 4IR, specific to benefits to the sector including supply chain optimization,
and faster time to market. Preiss [27] identifies e-commerce platforms as a key to surviving COVID-19.
These platforms are an opportunity in Brazil. Weersink et al. [23] identifies the process of automation
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to be accelerated at all levels of the supply chain in the Canadian food sector. Contactless delivery is
becoming a norm from farm to store [23], requiring digital technologies.

Further consumers require more information about the products being purchased. Consumers
are digitally savvy and smart devices deliver knowledge, provided for automation (personal data,
searchers for choices, order management). Barcodes with embedded microscopic electronic devices
such as Radio Frequency Identification (RFID) tags, genetic markers, and hyperspectral imaging used in
conjunction with mobile phones would enable consumers to access information about the authenticity,
freshness, ripeness, shelf life, and nutritional content of food [31]. Intelligent packaging is driving
the growth of the packaging industry because it integrates an intelligent (communication) aspect to
conventional packaging as it communicates information to the consumer in real-time as and when
it senses, detects, or records any changes to the product [32]. Consumers are also seeking to adopt
technology in advising on food to eat. This is specific to technologically centric personal analysis.

With social distancing requirements, remote working has increased, via the use of various
platforms such as Zoom and Microsoft Teams, which further enhances resiliency; business can contact
suppliers and customers and develop alternative collaborative solutions.

1.5. Agile Workforce

The COVID-19 pandemic has highlighted the need for a responsiveness workforce inclusive of
management. It is clear that food and beverage companies must adopt to operate in a volatile, uncertain,
and complex environment. Companies have to prepare for changes in operations; this includes a
structured, specialized management response team as recommended by Accenture [33] (refer to
Figure 2).
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COVID-19 has also emphasized the need for an agile and elastic workforce [34]. Accenture [33]
recommends the creation of an elastic digital workspace taskforce comprising of HR, legal, business,
IT, marketing, sales, and communication representatives to oversee activities; a central command
center. One of the most adopted techniques of an agile workforce is remote working, facilitated
via collaboration platforms such as Zoom or Microsoft Teams. Accenture has identified six aspects
requiring address to transition to a remote workspace [34]:

Culture and adoption: It is critical that the necessary tools, training, and coaching are provided.
The use of online team meetings or videos: to keep staff aware of changes and the need for the change
and demonstrations/trainings sessions on the use of the digital tools. The transition to cloud: for use
of applications/software, creating and collaborating on documents and task management. It is also
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recommended to develop recommended/best practices for remote working, such as turning off video
to improve audio in team meetings or workshops.

• Elastic collaboration: Expansion of communication and collaboration tools is required as more
workers are remotely based. Ensure employees can use the designated communication and
collaboration tools.

• Virtual work environment: Ensure employees have the tools and access to relevant applications
and most especially data.

• Seamless networking: Ensure seamless connection to required business networks, cloud
applications/services, and partner networks.

• Distributed continuity: Pandemic preparation must be merged into business plans. Keeping
well-informed of developments and availability to make quick decisions and communication.

• Adaptive security: The mandatory security procedures are in place to decrease corporate risk
and safety breaches. Develop and increase the usage of analytics and automation to reduce the
amount of human intervention required.

The key is to develop a team that can respond quickly in an emergency situation [12]. This may form
part of business continuity planning or can become a system centric approach. Other considerations for
this strategy include the adoption of Artificial Intelligence (AI) [33], where the system is empowered
via data and history to respond to the “threat.”

Furthermore, in developing an agile and responsive workforce, food safety has to be inherent and
inclusive of supply chains [35]. Food Safety Management Systems (FSMS) based on the Hazard Analysis
and Critical Control Point (HACCP) principles must be put in place to manage food safety risks, and
prevent and respond to food safety emergencies like outbreaks of foodborne diseases. Dyal et al. [36]
highlights disinfecting of high touch areas, introducing outside break areas and adjusting start/stop
and shift times. In developing the agile workforce and workspace, the following must be considered
towards ensuring food safety:

• Reconfiguration of workplace: The workplace has to provide for social distancing. The number of
people on site and within a defined confined space has to be reviewed.

• Worktime re-adjustment: Change in schedules, introducing shifts and other changes to worktimes
has to be considered.

• Hazardous pay: The prioritization of categories of work based on risk has to be reviewed. Certain
categories of workers would qualify for hazardous pay.

• Making remote working permanent: Staff that can work offsite should be contracted to do so.
This should be encouraged with productivity measures in place. The impact on company real
estate, onsite facilities, travel, and the environment should be additional considerations.

The literature also discusses the option of companies considering labor exchange. In principal,
companies create a pool of labor that can be activated based on various business constrains. The key
is to have a skilled labor force that can be interchangeably used based on worker health, demand,
and other factors.

Additional Human Resources (HR) aspects have to change [36]. This includes the approach to
sick leave. Rewarding sick leave would drive the wrong behavior. Additional sick leave, liability
benefit which is not punitive.

1.6. COVID-19 and Skills

The Food and Beverages Manufacturing SETA’s core mandate is skills development specific to the
Food and Beverages Manufacturing sector. This research focuses on COVID-19 mitigation specifically
via skills development for sustainability. The shape of skills training has changed globally especially
with the onset of COVID-19. Various training mechanisms have to be addressed.
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The introduction of asynchronous (students learn the same content at different times) learning is a
consideration, as not all learners need to be in the same classroom at the same time. Digital content
distribution makes asynchronous learning a reality [37].

Latchem [38] highlights various tools that can be successfully used for skills development for
post school learning; the book focuses on Technical and Vocational Education and Training (TVET).
The following methods are discussed in detail: Virtual Reality; Mobile Learning; Simulations, Games
and Role Plays; Augmented Reality; 3D Printing; Digital Repositories. The book provides insights into
the work done in various countries globally. The use of Information and Communication Technologies
(ICT) is highlighted as a driver to improve throughput with cost reductions and improved access.
Latchem [38] also highlights the need to understand that a different approach is required for ICT-based
learning, including:

• Discipline
• Pre-screening of students and basic skills development
• Hardware and data
• A structured mix of theory and practical is required
• Need to further train the SMME sector on the skills of ICT instructions

Latchem [38] identifies mixed time investment for learners as working well; this includes
a 40% allocation by the companies employing the learners and 60% of learner’s own time.
Timely response mechanisms must be put in place, including verbal communication with learners.
Verawardina [39] reinforces the need for structure in the learning cycle with roles and responsibilities
as an additional highlight.

2. Materials and Methods

The aim of this study is to extract a SA specific response to COVID-19, based on current
international trends. The research methodology adopted for this study is best described as mixed
methods, comprising of qualitative data collection via a desktop literature review and a quantitative
instrument deployment to gather relevant data, specific to the South African Food and Beverages
Manufacturing context.

The initial aspects of the study include a global literature search, seeking response and impacts
specific to the Food and Beverage manufacturing sector, and COVID-19. Based on the literature analysis,
a structured data gathering instrument is developed and deployed in the SA Food and Beverages
Manufacturing Sector. The instrument aligns to literature as extracted in the literature section.

Sampling considerations include the fact that the food and beverage sector in SA comprises some
11,000 companies, of which 93% are SMME’s and around 700 companies provide Work Skills Plans
(WSP) to the Food and Manufacturing Sector Authority (SETA). The SETA databases are used to
manage the data gathering processes. A statistically representative sample for the 11,000 members
would be 184, for a 95% confidence and 1% error.

The instrument is developed and with the knowledge of the literature categorized into sections,
see Figure 3.

A thematic analysis is conducted based on the sector, company size, and province in which the
company operates its business. The Cronbach Alpha reliability test is conducted on feedback data for
each knowledge theme. The research team conduct thematic analysis on size of company, supply chain
impacts, skills impact, and operational impacts and resources centric impacts. Long-term COVID-19
impact and sustainable responses to COVID-19 are extracted.
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3. Results

3.1. Statistical Analysis of Responses

The overall validity of the study is tested based on the population and number of responses
received. The team received 106 responses, which gives a 90% confidence and an 8% error. The first tier
of analysis conducted by the team relates to the data reliability tests. The Cronbach Alpha statistical
test is adopted to test for reliability. Due to diversity of subject matter of questions, within the
COVID-19 context, the questions are clustered bases on themes such as human resources, supply chain,
training questions. The instrument is tested for reliability in sections and as per the instrument design.
The following reliability tests are conducted with Cronbach Alpha results detailed in Table 2.

Table 2. Cronbach Alpha results.

No. Question Description No. of Sub-Categories Cronbach Alpha

Q1
At this point in time, how is your business operation
being impacted by COVID-19 and what is the level

of impact?
11 0.76

Q5

Studies show that because of the unprecedented
measures being taken globally to attempt to limit the

spread of the virus, there have been significant
disruptions in food supply chains. What kind of

impact is COVID-19 having on supply chains of your
business operation?

6 0.81

Q8

Q8: Is your company using or planning to use any of
the following online and/offline distance learning

tools for training: Online learning programs, video
conferencing, virtual reality simulators,

and multimedia.

5 0.586

Q10 How is your company handling HR issues as they
relate to COVID-19? 5 0.58

Q15

Businesses across the world have put in place a
variety of measures to help mitigate against the

impacts on their business. How has your company
responded to the COVID-19 outbreak?

17 0.71

The first tier of analysis conducted by the team relates to the data reliability. The Cronbach Alpha
statistical test is adopted to test for reliability. Due to diversity of subject matter of questions, within the
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COVID-19 context, the questions are clustered based on themes such as HR, supply chain, training,
impacts, and mitigations. The Instrument is tested for reliability in each of the clusters.

Questions 1, 5, 10, and 15 are defined as multi-category questions, as each question comprises an
overarching question, with the response delineated to applicable themes. In Question 1, the companies
rate the impact of operational challenges introduced by COVID-19. These challenges are identified
from a global review of business challenges brought upon by COVID-19. A Cronbach Alpha of 0.76
is calculated indicating data reliability and that South African Food and Beverages Manufacturing
companies (large, medium, micro, and small) are encountering similar operational challenges. It further
indicates that SA Food and Beverages Manufacturing companies are experiencing similar challenges
as their global counterparts.

Question 5 analyzes the impact to business supply chain, with the Cronbach Alpha calculated as
0.81, indicating a strong reliability. This demonstrates that most companies are experiencing supply
chain disruptions, both locally and internationally. This is one of the most significant challenges of
businesses globally, given the closure of borders and businesses (due to lock downs).

Question 10 analyzes the business response to HR practices ranging from sick leave policies to
COVID-19 response of screening, Personal Protective Equipment (PPE), etc. The Cronbach Alpha of
0.58 indicates some inconsistency. This inconsistency is further analyzed in this document.

Question 15 analyzes the response to 17 mitigation measures identified from a global review.
A Cronbach Alpha of 0.71 is calculated indicating data reliability. This demonstrates that SA Food and
BEV companies have already or are considering the mitigation measures, aligning to global trends in
business recovery.

Questions 2 and 3 address climate concerns, thus they are analyzed together. A Cronbach Alpha
of 0.51 is calculated indicating some inconsistency. This inconsistency is due to the disassociation
between the questions. Most companies indicated no investment plans aligned to stimulus packages
(Q2), but indicated future investment plans in environmental footprint reduction (Q3). The stimulus
packages may present investment opportunities in new technologies and processes, which could
simultaneously improve business performance and resiliency, while reducing environmental footprint.

Question 4 and 13 are clustered as it evaluates COVID-19 impact on business continuity.
A Cronbach Alpha of 0.61 is calculated, indicating some data reliability. Whilst 86% of companies did
not envisage closure of the business, 32% identified the COVD-19 impact as severe. This contrasting
data could attribute to the low Cronbach Alpha.

Questions 7 and 8 are clustered as it evaluates the current status of adoption of mixed methods in
skills development/training. A Cronbach Alpha of 0.59 is calculated, indicating some inconsistency.
Sixty-one percent of companies responded to having already adopted some form of mixed methods
in their training programs (Q7). However, in evaluation of the specific mixed methods adopted
(Q8), inconsistency is observed; 61% state have already adopted video conferencing, 27% each have
adopted online learning and multimedia, and 12% have already adopted virtual reality simulator.
The inconsistency in the Cronbach Alpha could potentially be attributed to the low adoption levels of
online learning, multimedia, and virtual reality simulators.

3.2. Data Analysis

The research team provides an analysis of the overall response prior to sectional, theme,
and individual questions analysis. The FB sector covers all nine provinces in SA, which comprises
Small, Medium, and Micro enterprises (SMME) and comprises various sectors. An initial analysis is
conducted, see Table 3.

The company distribution provides for data on representation and where necessary is used in the
sectional, themed, and individual analysis.
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Table 3. Provincial/Category/Company size classification.

Row Labels Companies Operating
Provinces

No. of
Companies Business Sector No. of

Companies

Large 28 Northern Cape 8 Fish 8
Medium 41 Free State 16 Fruits & vegetables 17

Micro 9 Eastern Cape 20 Meat 16
Small 27 Gauteng 45 Baking 16

Grand Total 105 Limpopo 17 Oil & fats 6
North West 11 Grain Mill 4

KwaZulu Natal 38 Soft drinks & water 17
Western Cape 50 Beer & Malt 13
Mpumalanga 11 Other food products 34

Meat 16 Dairy 7

3.2.1. Overall Analysis of Impact of COVID-19 on Food and Beverage Manufacturing
Sector Businesses

A key screening question reveals that 12 of the 106 companies could close in the next 12 months.
Table 4 below provides data relating to size of companies. It is apparent that smaller companies are
being impacted with no large companies envisaging closure. The data on category of companies is
not clear but of these 12 companies, 6 are from the “meat” category (a total of 16 meat companies
responded). The exact driver for such a large representation in the meat category is beyond this
study analysis.

Table 4. Business closure timelines.

Closure Timeline No. of Companies Small Medium

1 Month 1 1

3 Months 5 4 1

6 Months 4 2 2

12 Months 2 1 1

The research team sought to reinforce data beyond the current perspective with a question on
forecasting. At present, the long-term impacts of COVID-19 are uncertain, but the ramification will continue
to be felt even after the spread of the virus is contained. What will be the impact for the future?

With 30% of the companies electing not to answer, five percent felt there would be no impact in
the future while the remaining 65% of the companies are envisaging future impacts.

The research now focuses on the operational impact of COVID-19 on Food and Beverage
Manufacturing companies. Various literature sources provide inputs from a complete shutdown of
business, adjusting work hours, impacts on sales and orders, business credit, reduced/increases in
selected product lines, employee wellness, and administrative challenges. These are incorporated into
a business impact question with a Low/Medium/High impact as feedback from companies. The data
(Table 5) clearly indicate that there has been a high impact on small and micro enterprises in all
categories. Large and medium companies have experienced low impacts.
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The data on complete shutdown of business indicates a higher impact on small and micro businesses
with large and medium experiencing at least 20% of businesses with a high impact. Essentially 1 in 5
small/micro businesses have been physically closed with a high impact. The adjustment of work hours
has had a high impact on small and micro with a low impact on large business. Order cancellations are
having a high impact on small business with very little impact on medium to large business. A decrease
in sales impacts all but large businesses. Reduced logistics services is a high impact challenge across
all sizes of business. Finance and line of credit have been used by medium/small/micro businesses and
has a high impact. Small businesses indicate an increase in administrative bottleneck, this cannot be
internal. It may be external with unemployment insurance and other government dependent activity.

3.2.2. Supply Chain and FB Manufacturing

The initial analysis is conducted on the supply chain as a key theme; the literature section of this
paper provides details on supply chain disruptions.

With the onset of COVID-19, international trends are that supply chains are challenged. An analysis
is conducted/size of respondents. With reference to Figure 4, it is very apparent that most companies
(in excess of 80%) source locally, with smaller companies more dependent on local supply than larger.
On the outbound side, domestic is favored by smaller companies with larger companies conducting
significant international trade. The African Region is the smallest focus both on inbound and outbound.
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Figure 4. Analysis of impact on inbound and outbound network.

The research team added a question on if companies, due to COVID-19, sought to join SA sourcing
and distribution networks and 50% of the current responders indicate that they currently source
outside of SA and are looking at transitioning to SA sourcing. Data on supply chain is further reinforced
by Section B/Business Impact. Question 1: What is the level of impact:

• Our supply chain is interrupted.
• Reduced Logistics services.

The results indicate that the combined medium to high impact in all sizes of business ranged from
36% to 50%. This indicates the impact of COVID-19 on supply chain and logistics to be a challenge in
the SA context.

3.2.3. Business Impact: Question 5

The data (Table 6) indicates clear challenges in lower domestic sales to customers and businesses,
with medium to high impact on all business sizes. Accessing materials and goods internationally is
also a challenge to business. It is also apparent that small businesses experience the most significant
impacts on supply chain and sourcing and distribution. Further data probing on supply chain is
conducted by the questions.
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Table 6. Analysis of impact on supply chain network.

Large Medium Micro Small

Low Medium High Low Medium High Low Medium High Low Medium High

Difficulty accessing materials, goods
and services within South Africa 21% 32% 7% 15% 22% 5% 0% 22% 11% 37% 26% 11%

Difficulty accessing materials, goods
and services internationally 11% 21% 21% 7% 15% 15% 11% 11% 11% 44% 19% 7%

Difficulty exporting goods and services 14% 18% 25% 10% 12% 17% 11% 11% 11% 33% 15% 22%

Difficulty importing goods from
abroad 18% 18% 21% 12% 12% 15% 0% 11% 22% 41% 7% 19%

Lower domestic sales to consumers 14% 36% 7% 10% 34% 24% 0% 11% 22% 22% 19% 37%

Lower domestic sales to business 11% 43% 7% 17% 29% 22% 0% 11% 33% 26% 19% 33%

Regions and countries globally are preparing to improve supply chain via locally co-ordination. Does the
company plan to institute or participate in a centrally coordinated (This may be on a provincial/ National
level)? Yes/no

Research shows that COVID-19 has put a renewed urgency behind automation and the use of robotics
to mitigate against the disruptive impact of supply chain. Is digitalization a consideration in local digital
networks? Yes/no

The data, Table 6, indicates that 58% of large companies are considering a centrally coordinated
supply chain network, either at a local or national level. Only 27% of medium size and 26% of small
companies are considering a centrally coordinated supply chain network. A similar trend is observed
in the evaluation of adoption of digital supply chain networks, with medium and small companies
demonstrating lower consideration of adoption, whilst large companies (63%) are strongly in support
of digital supply networks.

3.2.4. Company Resource Based Mitigation

A key resource at every company, small or large, are the employees. In this period of COVID-19,
companies have to take care of this important resource. Best practice literature provides for responses
in HR practices, leave, and healthcare, a dedicated COVID-19 HR team, dedicated risk teams,
and communication around COVID-19. This is tested with SA Food and Beverage Manufacturing
companies and 80% upwards responded that this is already done or being considered with 100% of
companies having risk teams and improved COVID-19 communications.

In order to understand company specific mitigation action, the team tests international best
practices, as extracted from literature. The key aspects tested includes product management, pricing,
staff skills, reviewing planned upgrades, remote work, closure, packaging and online sales, refer to
Table 7. Analysis of the FB data indicates four key categories that FB companies have already actioned.
These include:

• Adjusting marketing strategies
• Upskilling staff

• Emergency response teams
• New health and Safety Protocols
• Changes in packaging is not a priority of FB business and nether is investing in upgrades.

There is a shift to online sales in all company sizes especially in small business.
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3.2.5. Technology

Literature indicates that the drive to mitigate risk to humans can be managed via digital or
automation. The assessment of automation is tested in the SA context. Companies are requested to
respond to digital supply networks and only the larger companies respond positively at 63% are in
support of digital supply chain networks. Training in automation secures a low response rate from
companies. Using digital for training has a significantly positive response, as detailed in the training
section of this paper.

3.2.6. Climate Change

With the onset of COVID-19, research points to similar events due to the state of global climate,
specifically associating health to climate change. Global indications are that due to stimulus packages
and reduced costs of borrowing, companies find investment opportunities in COVID-19. Companies
are tested with opportunity based on COVID-19 to respond to climate change. Seventy-five percent of
SA companies don’t find COVID-19 to be an opportunity. Companies do marginally find the need to
optimize future investments based on climate; this is at 52% of companies.

3.2.7. Resources Planning

The research team explores the potential for current actions and changes becoming permanent via
the question below. Which of the following do you anticipate becoming a permanent feature in your company
post COVID-19?

The results are summarized in Table 8. Companies strongly support social distancing, transparency,
and reconfiguration of the workplace.

Table 8. Analysis of potential new workplace practices.

Permanent Feature Percentage Response

Elastic workforce (shared workforce) 14%
Healthcare benefits and management 19%

Reallocating workforce to meet business demands 20%
Employees working from home 23%

Collaboration 25%
Programs to encourage virtual working 25%

Reconfiguration of facilities to mitigate COVID-19 spread 34%
Increased communication and transparency 44%

Social distancing at work 55%

The research team focuses on training as a key aspect of data gathering in order to strategize on
the FoodBev Manufacturing SETA’s response to COVID-19. An initial assessment of the respondents
is conducted to establish if companies are recipients of grants. Of the total sample, around 70% of
companies responded to the Food and Beverages Manufacturing SETA 2020 grant call.

3.2.8. Training

The first set of questions probe companies’ stipend support and continuation of training (Q1/Q2/Q4).
The data in Table 9 demonstrates that large and medium companies are better resourced to continue
with training during adverse business conditions. Large companies demonstrated higher capacity in
payment of stipends, as compared to small and medium companies. Training investments in large and
medium companies would enable the SETA to achieve training targets.
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Table 9. Summary of training registration and stipends numbers.

Large Medium Micro Small

No Yes No Yes No Yes No Yes

Does your company have learners registered
for training? 1% 25% 15% 22% 1% 4% 17% 14%

Has the company continued training
learners during the lockdown period? 8% 17% 27% 11% 4% 1% 20% 11%

Does your company continue to pay
stipends to learners during the lockdown? 0% 37% 12% 24% 2% 7% 2% 15%

The next set of questions probes the completion time of the training and the types of training
offered (Q3/Q6). In the short-term period of one to three months, the large companies are more
disposed to complete the training programs. From the 6-month period, the potential of medium
companies completing training substantially increases, with most small companies requiring 12 months.
Learnerships, both employed and unemployed, represent 58% of all training programs offered,
with internships at 28% and apprenticeships at 13%.

Q11: Envisaged reductions in investments in training and development. Fifty-five percent of
all companies responded that a reduction in training investment is anticipated due to the financial
challenges being experienced. The 55% comprises 22% of medium companies, 20% of small companies,
and 10% of large companies. This implies that medium and small companies are more financially
constrained than large companies.

Q7 and Q8: The data indicates 83% of all companies are adopting or planning to adopt a mixed
methods approach to skills training. The most commonly adopted tool across all company sizes is
video conferencing, followed by online learning programs and resources such as Google classroom
(refer to Figure 5. The planned priority methods for adoptions are online learning programs and
resources, multimedia including podcasts, and YouTube and virtual reality simulators, respectively,
refer to Figure 5.
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Q9: Challenges experienced by companies and mitigation measures. Ninety-five percent of
all companies encountered challenges in continuation of training; with medium sized companies
experiencing the most challenges, followed by small and large companies respectively. The critical
factors impeding continuity of training across all company sizes in descending order of impact are
illustrated in Table 10 and include infrastructure (internet connections, computer resources, etc.),
limited digital literacy/skills of users, financial issues, and lack of adapted training programs.

Table 10. Factors impeding continuation of skills training.

Large Medium Micro Small

Limited digital literacy/skills of users 6.06% 9.85% 0.76% 9.09%

Financial constraints 3.03% 9.09% 1.52% 10.61%

Lack of adapted training programs and resources 5.30% 7.58% 1.52% 4.55%

Infrastructure issues 10.61% 10.61% 2.27% 7.58%

Table 11 illustrates the factors facilitating mixed methods skills development. The companies
identified pre-training/online training as the most critical mitigation measure, followed by providing
infrastructure as part of our service and investing in program adaption. Providing financial support
and providing data were identified as the least important mitigation measures in ensuring continuity
of training.

Table 11. Factors facilitating mixed methods skills training.

Large Medium Micro Small

Pre-training/online training 14% 9% 3% 6%

Providing financial support 1% 6% 0% 4%

Investing in program adaption 6% 6% 1% 3%

Providing infrastructure as part of our services 11% 10% 1% 4%

Providing data 8% 4% 0% 3%

Q12: The final question to companies was on the envisaged areas requiring a change in training.
The data identified safety, health, and HR as priority areas across all company sizes. This is in line with
current regulations which requires companies to align to social distancing and safety practices at the
workplace. Analysis, see Table 12, at the company size level indicates the following training areas as
priority:

• Large companies: Categorizes all training areas as important.
• Medium companies: Health, HR, and safety, respectively.
• Small companies: Safety, health, and planning, respectively

Table 12. Business areas requiring training changes.

Large Medium Micro Small

HR 15% 17% 6% 14%

Supply Chain 14% 13% 17% 10%

Safety 15% 16% 17% 20%

Health 15% 18% 17% 18%

Planning 14% 14% 11% 15%

Automation/Digitalisation 14% 12% 17% 9%

Research and Development 15% 10% 17% 14%
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The COVID-19 pandemic has significantly changed the face of business and training. It is apparent
that major changes in training, with a shift to digital, is planned and being executed.

4. Discussion

The results provide significant insights into SA Food and Beverage Manufacturing sector alignment
with current global trends on COVID-19. The initial reliability tests indicate strong reliability of data.
The data indicates a very strong alignment to most categories of COVID-19 responses as extracted from
global literature. Essentially, SA FoodBev companies have responded in alignment to global literature
trends in most areas, with some exceptions in HR and climate change.

Firstly, and most importantly, on the issue of COVID-19’s impact, in the SA context, the analysis
indicates a significant number of companies (12 of 106) would likely close with 65% of all companies
predicting some future impact of COVID-19, aligning strongly with literature [8,36]. Companies need
to structure finances to survive, access government grants, and other government incentives.

COVID-19 has a significant impact on operation, including supply chain. Although around 80%
of the companies source and distribute in SA, 50% of those that source out of SA are seeking local
sourcing due to supply chain interruptions. Centrally coordinated, digital, supply chain networks are
a new global priority [21,23,26,30] and SA companies agree about making digital supply chain skills a
priority. SA companies prioritize adjustments in marketing strategies/digital marketing, and upskilling
staff and emergency response teams as the top three resource-based mitigations aligning to significant
evidence in literature [15,20,27,33,34]. SA companies are not focusing on an elastic workforce to mitigate
resources constraints; this is in contrast to global considerations [33,34]. SA companies, most especially
medium enterprises, seek technology as a solution with the link between technology and climate
change not a fundamental. Specific to operations, the key resources and mitigation actions include
social distancing, communication, and facilities reconfiguration. This is in support of the health and
safety training required.

Skills infrastructure [16,30] extends beyond the training cycle but extends into the operational
space. The cross thematic analysis of all results indicates small and medium enterprises are most
significantly impacted (70% of all businesses closing down are small). Small businesses also forecast
the highest future impact of COVID-19; this is as per literature [15,36] and anticipated government
response. The particular impact on the meat industry is extracted in this study as per literature [6].
An additional and distinct new challenge reflected in the data is that small businesses experience
significant additional administration bottlenecks; in the SA context, this seems to be due to the access
of government support.

The cross functional analysis is based on various international best practices, as extracted. The first
analysis relates to the skills required and delivery mechanisms, a Cronbach Alpha of 0.76 is calculated
indicating strong reliability of all skills related questions. As per literature, 4IR skills is a priority
and the adoption of 4IR tools to train is an expedited practice under COVID-19. A detailed analysis
of the results indicates, in particular, skills required are digital training skills, online curriculum
development, and assessment skills [37,38]. The support for setup of Virtual Reality (VR) simulators
would provide for the plans to migrate to mixed methods. Infrastructure support is identified through
literature [16] and confirmed in this study. Latchem [38] indicates a significant shift to mixed methods
of skills development and the data extracted via this study strongly indicates the same with 83%
of companies having already adopted or planning mixed methods skills delivery. Asynchronous
learning is referenced in literature [37], and the cross functional results is in full agreement. The skills
to optimize businesses to survive are essential. Foodbev company’s sustainability is skills-based and
the Foodbev SETA is most interested in the skills to focus on developing in order to achieve post
COVID-19 sustainability.

An analysis of mitigation action provides for a Cronbach Alpha of 0.714, indicating reliability
between the various questions asked. SA companies are responding in alignment with international
companies with regards to resources-based mitigation, adjusting marketing strategies, upskilling
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staff, emergency response teams, and new health and safety protocols. Operations-based mitigation
include reconfiguration of facilities to mitigate the COVID-19 spread, increased communication,
and transparency and social distancing at work as key actions.

5. Conclusions

This research paper identifies global literature relevant to COVID-19 specific to the Food and
Beverage Manufacturing sector. A mixed methods approach is adopted to identify global literature and
develop a literature relevant instrument to determine the SA contextualized response. The data and
statistical analyses provides for insights on the alignment of SA’s Food and Beverage Manufacturing
Sector with global trends specific to COVID-19. The literature provides insights on current global
responses in the Foodbev manufacturing sector. The themes are extracted and developed into a SA
specific data instrument seeking SA Foodbev manufacturing companies’ responses to COVID-19.
A statistical analysis of the instrument data reveals Cronbach Alpha’s mostly above 0.6, indicating
reliability of the results. The results indicate a strong correlation of the SA Foodbev manufacturing
sector in all key responses and mitigations as per global best practice.

Analysis of the results indicates around 10% of companies specified potential closure due to
COVID-19, with 65% indicating future impacts due to COVID-19. This is a concerning initial indicator
of COVID-19 impact on SME’s in SA.

Key mitigation actions in SA include social distancing, communication, facilities reconfiguration
and virtual working, this aligns strongly to international best practice. Mitigations not experienced in
SA but actioned globally include human resources, specifically exploiting elastic workforces. With the
onset of 4IR, technology adjustments are most significant in medium enterprises as a mitigation.

Global literature indicates significant supply chain impacts of COVID-19. SA supply chains are
analyzed with 80% of SA companies dependent on the globe for inbound logistics, with 40% for
outbound logistics. Forty-seven percent of companies found it difficult to access goods internationally.
The most significant response to supply chain challenges being SA companies considering locally
coordinated networks and digitalization of supply chains. This aligns strongly to international
best practice.

SA Foodbev manufacturing companies have various mitigation measures in place, these align
to international literature extractions with the following SA priority ranked responses: (1) adjusting
marketing strategies, (2) upskilling staff, (3) emergency response teams, and (4) new health and
safety protocols.

The SA specific government response, beyond lockdown support, is skills development to mitigate
COVID-19 impact. The SETA is mandated to accelerate COVID-19 mitigation skills development.
Literature indicates various global responses to skills development under COVID-19. The data analysis
indicates a very strong and rapid response in alignment with global trends. Eighty-three percent of SA
companies have already initiated some form of mixed methods skills response.

Priority skills are identified as well as infrastructure support in order to continue to deliver skills
training to learners in the sector. Based on this study, the SETA has developed a strategy to support
skills development in mitigation of COVID-19. These include digital skills, operational and training
skills, supply chain skills, digital marketing skills, and Health Safety Environment (HSE) skills.
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Abstract: What is the state-of-the-art literature regarding the adoption of the complexity theory (CT)
in engineering management (EM)? What implications can be derived for future research and practices
concerning sustainability issues? In this conceptual article, we critically discuss the current status
of complexity research in EM. In this regard, we use IEEE Transactions on Engineering Management,
because it is currently considered the leading journal in EM, and is as a reliable, heuristic proxy.
From this journal, we analyze 38 representative publications on the topic published since 2000, and
extrapolated through a rigorous keyword-based article search. In particular, we show that: (1) the
adoption of CT has been associated with a wide range of key themes in EM, such as new product
development, supply chain, and project management. (2) The adoption of CT has been witnessed in
an increasing amount of publications, with a focus on conceptual modeling based on fuzzy logics,
stochastic, or agent-based modeling prevailing. (3) Many key features of CT seem to be quite clearly
observable in our dataset, with modeling and optimizing decision making, under uncertainty, as the
dominant theme. However, only a limited number of studies appear to formally adhere to CT,
to explain the different EM issues investigated. Thus, we derive various implications for EM research
(concerning the research in and practice on sustainability issues).

Keywords: complexity theory; engineering management; management; sustainability; conceptual

1. Introduction

What is the state-of-the-art literature regarding the adoption of the complexity theory (CT) in
engineering management (EM)? What implications can be derived for future research and practices
concerning sustainability issues? In EM, addressing these questions through a critical discussion of
extant findings is relevant if we consider two, intertwined aspects.

First, in general, the adoption of approaches based on CT has become, in the 21st century,
increasingly popular and highly supported. Concerning sustainability related issues, in particular, this
is seemingly evident, especially when research grants, funding opportunities, and/or public tenders
are released on themes regarding, for example, technology management, open innovation, circular
economy, green procurement, or, more generally, sustainable ecosystems [1].

Second, as also highlighted by our analysis in this article, in the 21st century, the use of
complexity approaches recurs in decision-making problems, regarding how to improve the effectiveness
and efficiency of new product development (NPD), project management (PM), and supply chain
management (SCM), or team organization. We know that these aforementioned problems have always
been considered as key themes in EM. At the same time, we are confident that, to date, they also
represent key challenges towards more sustainable business models [2].

Sustainability 2020, 12, 10629; doi:10.3390/su122410629 www.mdpi.com/journal/sustainability77
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As an example, in addressing a central issue for technology management research, i.e.,
understanding the nature of the industry environments in which firms play, Ndofor et al. [3] argue
that “if the microfoundations of industry environments are indeed strongly impacted by nonlinear
relationships, then the industry environment would evolve with chaotic dynamics, as opposed to
equilibrium systems” (p. 200). Relatedly, as maintained by McCarthy et al. ([4], p. 437), “early research
on NPD has produced descriptive frameworks and models that view the process as a linear system
with sequential and discrete stages. More recently, recursive and chaotic frameworks of NPD have
been developed, both of which acknowledge that NPD progresses through a series of stages, but with
overlaps, feedback loops, and resulting behaviors that resist reductionism and linear analysis.”

In the same vein, as stated by Amaral and Uzzi ([5], p. 1034), “a design engineer may know
about the reliability of individual parts but find it difficult to estimate how failures in one part of
system are tied together or how errors might cascade through the system when apparently separate
components have a low probability of failure.” Likewise, as posited by Baumann and Siggelkow ([6],
p. 116), “should a product design team always consider all components simultaneously, searching for
designs that have high overall performance? Or should it first experiment with a subset of components
and expand this set gradually in the course of the design process?”

On this premise, starting in the 1960s, several contributions to CT have arisen from various science
disciplines, such as biology, mathematics, physics, chemistry, and information technology [7,8]. This is
why CT is growing as a cross-disciplinary scientific perspective, offering new approaches and answers,
where reductionism demonstrates limits [9,10]. In particular, according to complexity science, the
assumption of Newtonian thinking, where everything can be broken down into single pieces, studied
separately, and then reassembled to form the initial totality, appears too simplistic when applied to
understanding situations characterized by uncertainty and unpredictability [11].

Due to the body of knowledge and continuous, massive expansion of CT, most complexity
theorists currently agree on some core characteristics of complexity, and a number of intertwined
definitions have been developed over time [12]. Maguire and McKelvey, for example, seminally
identify a complex system as “a system (whole) comprised of numerous interacting entities (parts),
each of which is behaving in its local context according to some rule(s), law(s) or force(s). In responding
to their own particular local contexts, these individual parts can, despite acting in parallel without
explicit inter-part coordination nor communication, cause the system as a whole to display emergent
patterns—orderly phenomena and properties—at the global or collective level” ([13], p. 4). Likewise,
Mitchell conjectures a complex system as a “system in which large networks of components with no
central control and simple rules of operation give rise to a complex collective behavior, sophisticated
information processing, and adaptation via learning or evolution” ([14], p. 13). Moreover, since
complex systems show a tendency to adapt, they are often referred to as complex adaptive systems
(CAS); hence, we will use the latter term in this article.

Considering the foregoing, it seems that a conceptual article that critically discusses the current
status of complexity research in EM is missing. Thus, the main contribution of our research is that
we conceive it as a theoretical start intended to fill this gap. To do so, in Section 2, we first provide
readers with the core concepts regarding CT. In Section 3, which constitutes the core of our research,
we chose the 21st century to investigate the diffusion of complexity-based accounts in EM. In this
regard, we use IEEE Transactions on Engineering Management (TEM), because it is considered as the
leading journal in EM [15], and as a reliable, heuristic proxy to start our focus. From this journal, we
analyzed 38 representative publications on the topic published since 2000, and went through a rigorous
keyword-based article search. Specifically, we provide the pillars of our contribution in terms of key
thematic areas investigated and authorship coverage, together with the main research methodologies
and core complexity features adopted. Therefore, in Section 4, we discuss some potential (and hopefully
valuable) implications of our analysis for sustainability research and practices in this EM field. Section 5
concludes our contribution and presents its limitations.
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As a piece of core evidence, our analysis shows that many key features of CAS seem to be clearly
observable in the dataset, with modeling and optimizing DM under uncertainty as the dominant theme.
Perhaps surprisingly, however, only a limited number of studies still seem to formally adhere to CT,
to explain the different EM issues under investigation. This is also why, among the various avenues
presented, we suggest that more all-inclusive complexity-based research frameworks would be needed.
Accordingly, formally embedding fine-tuned co-evolutionary logics in these frameworks could also
add value.

2. Theoretical Background

As previously mentioned, CT represents a multi-disciplinary, modern approach that studies CAS,
following its own specific set of laws, behaviors, and characteristics, such as self-organization, and
emergence. In principle, CAS can be considered as open systems consisting of several agents locally
interacting in a non-linear manner and forming a unique, organized, and dynamic entity; this entity is
capable of adapting to, and evolving within, the environment [16]. In other words, CAS have many
features in common with living systems; they adapt and evolve through learning.

As mentioned above, a first important characteristic of CAS is the concept of self-organization.
The Austrian biologist Von Bertalanffy [17] seminally coins this term in reference to the growth of
organisms over time. Self-organizing reflects the ability of CAS to establish an internal organization
through adaptation and evolution, without central control.

Relatedly, emergence is a characteristic showed by CAS, where “the behavior of the whole is
much more complex than the behavior of its parts” [18] (p. 12). The peculiarity of emergence is that its
nature is not necessarily linked to that of the agents [19]. For example, in PM, it has been conjectured
that the complex interactions of various parts of a project can generate a specific behavior of the project
itself, which can be explained through systemic analysis.

In order to understand how CAS behave, we need to model them, i.e., identify a set of variables
that operationally describe these systems. System theory helps with this operationalization [20–22].
In particular, we can define a state variable of CAS as a measurable element of the systems that
describes their conditions in a given moment. The state of CAS at a given time is, thus, the set of
values held, at that time, by all their state variables [11]. In this regard, there is no formal rule for
choosing the appropriate number and type of state variables; however, we can assume that the greater
the complexity of CAS (in terms of number of agents and level of interdependence), the greater the
variety in type and number of the state variables [13]. Moreover, state variables are represented in an
n-dimension space, where n = number of state variables. In this space, each point defines a precise
state of the systems (such a state is the state space of CAS). Given a set of state variables, the evolution
in time of CAS is a trajectory in its state space [14].

Accordingly, another important characteristic of CAS is that their trajectories in the state space
can have three main types of behavior [23]:

1. Order, when the trajectory reaches a point (or an orbit) of the space and then stabilizes. This point
or orbit is defined as an attractor. The systems in this regime are stable;

2. Disorder or chaos, when the trajectory shows a chaotic path. In this regime, CAS are
completely unstable;

3. Complex regime (or edge of chaos), when the trajectory is attracted by a particular region of the
state space. This particular region is known as a strange attractor. In this regime, the systems
reach their dynamic equilibrium.

The most interesting type of trajectory appears to be the third (i.e., complex regime), since CAS in
this regime show their most relevant behaviors. When CAS reach the complex regime, the conditions
are set for all of its peculiarities, i.e., self-organization and emergent behavior, respectively, to be present.
However, despite the tendency of the trajectory to orbit around its strange attractor, the evolution of
CAS is generally unpredictable [11].
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To date, CAS may be found in different contexts, such as economics (e.g., a market), sociology
(e.g., a human group), biology (e.g., a cell), business (e.g., an organization), or EM (e.g., a NPD process).
In this regard, approaching these contexts through the lens of complexity can, appropriately help
face uncertainty and unpredictability [24,25]. In particular, complexity can help model the real world
through describing its main characteristics, especially when the deterministic approach seemingly
unveils its limits. To do so, to date there are many methodological tools available in the scientific
arena. Agent-Based Modeling (ABM), for example, allows simulating the actions and interactions
of simple agents, and capturing the emergent and usually complex behavior of the system to which
they belong [26]. ABM could also generate adaptive-learning models, which assume that agents
have non-linear behaviors, generally based on very simple agent rules [27]. Another tool is fuzzy
modeling, which helps face the ambiguity of complexity contexts by introducing un-precise values
for the selected variables [28,29]. Likewise, stochastic models countervail the inability to accurately
measure well-defined parameters, assuming that an optimal representation may be indeed found
within a probability distribution of such measures [30]. Finally, a contribution to help understanding
and modeling of complex systems can also be provided by the system of the systems approach [31]
because of its tendency to pool resources and capabilities from single systems into a more complex
entity, which performs more than the sum of the systems taken separately.

3. Analysis

In order to start discussing the impact of CT on EM, since 2000, after different methodological
attempts (in terms of search strings and protocols), we ultimately chose to scan only the IEEE TEM
journal—considered as the leading journal in the field [15]—through adopting a rigorous keyword-based
article search on the EBSCOhost/Business Source Complete research database. In this regard, an initial
clarification about the determinants of this methodological choice seems warranted here. This choice
happened for two main (intertwined) reasons:

First, at the very beginning of our research project, we attempted to adhere to a traditional
systematic review protocol (e.g., [32]). In other words, we initially scanned EBSCOhost/Business Source
Complete for all of the articles containing, at least, the keyword “complex*” in their abstract (as known,
the asterisk at the end of “complex” allows for different, related suffixes [e.g., complex or complexity]).
From a strict procedural view, we are confident that, in principle, this methodological choice would
have been, perhaps, more appropriate to initially circumscribing the potentially relevant literature in
the field. In practice, however, while performing it, this search produced a large amount of results.
These results, in substance, would have made the subsequent steps of a traditional systematic review
to be rigorously performed in terms of screening, scanning, evaluating, and selecting, substantively
not feasible [33].

We then made various attempts to limit the amount of potentially relevant papers through adding
more specific filters, e.g., “engineering management”, as keywords in their abstract. However, after
making some crash checks through looking at the papers’ text, we came to the opinion that this choice
would have been too risky, in that it would have probably added opacity to the article inclusion
(or exclusion) process. For example, various papers focused on complexity-based innovation, PM,
or SCM, thus, in line with the focus of the review, do not contain “engineering management” in
their abstract. In other words, at least in our view, this choice would have probably brought the
risk of biasing the accountability, rigor, and transparency that is at the core of any systematic review
process [34].
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Second, as a consequence of the above, we attempted to focus only on IEEE TEM to scan
EBSCOhost/Business Source Complete for all of the articles containing, at least, the keyword “complex*”
in their abstract. This initial step produced 120 results, which then became 111 after eliminating
all of the articles published in IEEE TEM before 2000 (our focus is on the 21st century), as well as
those articles that could not strictly be considered peer-reviewed (e.g., departmental notes or guest
editorials). This initial amount of results, we thought, made the subsequent, needed steps for the
article inclusion/exclusion, through a rigorous fit for purpose protocol [35] practically feasible.

On this premise, to ensure substantial relevance for our dataset, we scanned all 111 abstracts.
Specifically, to be selected: (i) the article abstracts had to formally adopt CT and/or CAS as their
theoretical framework; or (ii) if the formal adoption was absent, the presence of the most vivid
characteristics of CT had to be clearly identifiable in the abstracts. In particular, as explained in
our theoretical framework, this is the case for characteristics such as ABM, emergence, evolutionary
dynamics, fuzzy logics, non-linear dynamics, self-organization, stochastic modeling, system of systems,
and uncertainty. Overall, this phase reduced our results to 54. Additionally, to ensure conclusive
substantial relevance, we repeated this fit for purpose criterion through reading the article texts of all
54 abstracts selected; 38 articles (2000–September 2019) relevant to our research scope finally emerged.
In general, this size is consistent with that of many past (e.g., [36]) and recent (e.g., [37]) more traditional
systematic reviews, published in the management arena.

In sum, given the exploratory aims of this conceptual article, we believe that, due to the combined
mix between the consistency of our dataset and the IEEE TEM leading reputation in the EM field [15],
an IEEE TEM-based initial discussion about the topic coverage can represent: (1) not only a reliable,
internationally recognizable, heuristic proxy about the state-of-the-art literature regarding the topic;
(2) a (hopefully) challenging starting point to inspire future research efforts in what, as our results
show, demonstrates to be a fast-growing, although still not totally conceptually consolidated, area
in EM. In this regard, Table 1 synthesizes various, significant items of analysis emerging from our
sampled publications. We adapted the thematic areas used in the column “Main Area(s) of Interest”
from those present in the ABS 2018 Journal List.
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In the four sub-sections below, we analyze these items per key content lines.

3.1. Themes

In terms of fields, as a premise, we can consider about two-thirds of our sampled publications as
falling into traditional EM, one-third into technology management, and substantially none in emerging
technologies (Figure 1).
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In particular, as Figure 2 shows, innovation, operations, and management science represent, as we
could somehow expect, the most investigated areas. In this respect, works on the use of CT in DM
processes, regarding NPD, procurement, and supply chain, or PM, specifically prevail. Interestingly,
at the same time, considerable (although minor) amounts of observations fall into the areas of human
resource management, strategy, and information management. In this instance, for example, the focus is
on the use of CT to increase team productivity, competitive capabilities in (technological) environments,
or the efficiency/effectiveness of intraorganizational communication.

3.2. Timely Distribution and Authorship

As Figure 3 illustrates, the time distribution of the publications witnesses an increase, especially if
we separate the articles published in the years between 2000 and 2010 from those published between
2011 and 2019.

89



Sustainability 2020, 12, 10629

Sustainability FOR PEER REVIEW 14 of 24 

Figure 3. Evolving trend of the publications. Source: own elaboration. 

On this premise, interesting evidence seemingly emerges if we focus on various features 

regarding the authorship coverage of our sampled publications (Figure 4,5). 

Figure 4. Publication coverage per geographical source. Source: own elaboration. 

Figure 5. Publication coverage per author affiliation. Source: own elaboration. 

Figure 4 substantially shows what we could consider the geographical source of our sampled 

publications. In particular, we developed this data-driven figure by contemporaneously considering: 

(1) the first author (N = 37, net of duplicates) of each publication; (2) the country in which s/he was

awarded her/his PhD. In this regard, we chose to specifically focus on first authors because of the

internationally acknowledged leadership role, which, in general, any first author has in terms of the

research design of a publication. At the same time, we preferred to focus on the country in which the

first authors were awarded their PhD rather than on their strict nationality because we thought the

former could represent a more reliable proxy for the cultural orientation (and associated approach)

towards the topic.

Having clarified the above, as shown in Figure 4, the geographical source of our dataset appears 

substantially balanced between Europe and North America, followed, at the same time, by a 

significant presence of Far East countries (e.g., China, Japan, Taiwan, Hong Kong, Singapore, and 

South Korea).  

Correspondingly, Figure 5 shows the publications’ coverage by author affiliation. In this case, 

we developed this data-driven figure by considering all of the authors (N = 107, net of duplicates) in 

our dataset. Interestingly, as shown in the figure, engineering schools/departments prevail, but 

business schools/departments also occupy a significant portion. at the same time, although in minor 

8
7

14

9

0

5

10

15

2000–2005  2006–2010   2011–2015  2016–2019 

Figure 3. Evolving trend of the publications. Source: own elaboration.

On this premise, interesting evidence seemingly emerges if we focus on various features regarding
the authorship coverage of our sampled publications (Figures 4 and 5).
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Figure 4 substantially shows what we could consider the geographical source of our sampled
publications. In particular, we developed this data-driven figure by contemporaneously considering:
(1) the first author (N = 37, net of duplicates) of each publication; (2) the country in which s/he was
awarded her/his PhD. In this regard, we chose to specifically focus on first authors because of the
internationally acknowledged leadership role, which, in general, any first author has in terms of the
research design of a publication. At the same time, we preferred to focus on the country in which the
first authors were awarded their PhD rather than on their strict nationality because we thought the
former could represent a more reliable proxy for the cultural orientation (and associated approach)
towards the topic.

Having clarified the above, as shown in Figure 4, the geographical source of our dataset appears
substantially balanced between Europe and North America, followed, at the same time, by a significant
presence of Far East countries (e.g., China, Japan, Taiwan, Hong Kong, Singapore, and South Korea).

Correspondingly, Figure 5 shows the publications’ coverage by author affiliation. In this case,
we developed this data-driven figure by considering all of the authors (N = 107, net of duplicates)
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in our dataset. Interestingly, as shown in the figure, engineering schools/departments prevail, but
business schools/departments also occupy a significant portion. at the same time, although in minor
percentages, Figure 5 also evidences the presence of scholars from other schools/departments, such as
information technology or mathematics, and practitioners as well. We could argue that this evidence
can be interpreted as consistent, as explained in our theoretical framework, with the multidisciplinary
nature of the approaches to CT.

3.3. Methodologies, Settings, and Complexity Features

Almost all of the studies are based on conceptual, mathematical modeling, with the vast majority
also tested through industrial applications, relying, for the largest part, on quantitative methods.
Interestingly, on the one hand, the conceptual modeling is featured by a wide range of techniques,
these varying, for example, from genetic algorithms to design structure matrices, or analytical
hierarchical/network processes. At the same time, on the other hand, many of these techniques
share the common feature of grounding on fuzzy logics, stochastic modeling, or ABM as their basis.
From more than one aspect, similar highlighting can also regard the context of the industrial applications.
In fact, the general settings are heterogeneous ranging, for example, from aerospace, to automotive,
manufacturing, or services. However, almost all of these settings share a strong hi-tech component in
what is specifically observed.

Figure 6 expands on Table 1, offering statistics about the presence of the inner complexity
characteristics in our dataset. In particular, we built this figure through the assumption that more than
one characteristic can be simultaneously present in the observed publications.
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As evidenced in Figure 6, the study of DM and problem solving under uncertainty (and how
to manage it) largely prevails, and generally serves as the ground basis for various lines of inquiry,
with one or more complexity characteristic often contemporaneously present with uncertainty itself.
In particular, as evidenced in the figure, uncertainty is frequently associated with non-linear dynamics
and/or, as previously mentioned, stochastic modeling. The former, for example, is interestingly
highlighted by Xirogiannis and Glykas [38] in their study on how performance-driven business
reengineering processes work and how they could eventually work better. The latter, in parallel, is
used more than once to provide insight on how to model the complexity, towards efficiency and
effectiveness, regarding NPD, PM practices, or SCM.

An interesting number of observations also include the use of fuzzy logics in conjunction with
uncertainty. In the area of management science, for example, and with a focus on PM, Shafie-Monfared
and Jenab [39] use fuzzy modeling to identify different degrees of project complexity, based on the
differentiation of managerial and technical features. Their framework can usefully provide support to
budgeting, planning, and resource allocation. Similarly, through the case study of a new machining

91



Sustainability 2020, 12, 10629

center, Lin and Chen [40] propose a new method to evaluate new product design, based on fuzzy
logics in general, and linguistic approximation in particular.

Finally, in our dataset, uncertainty is also repeatedly associated with evolutionary dynamics.
For example, Mikaelian et al. [41] develop a holistic, evolutionary approach, based on real option
analysis, to manage flexibility and DM under uncertainty. In a similar vein, Giannoccaro and Nair [42]
heavily rely on complexity science and evolutionary mechanisms to study what (and how) behavioral
traits of project managers can shape their decisions regarding product design.

3.4. Complexity-Based Evidences

In relation to the third issue analyzed above, however, it seems that only a limited number of
studies still formally adhere to the lenses of CT, and/or CAS, to explain the different EM issues under
investigation. For example, in the innovation area, Tripathy and Eppinger [43] focus on complex
engineered systems, with particular regard to the offshoring and onshoring activities associated with
NPD at a global level. In detail, they use five case studies from electronics, equipment, and aerospace to
study the complexity of the interactions between the product and process structures, and the strategies
planned and implemented at firm level. On the basis of their findings, these scholars then propose
theoretical trajectories aimed at improving the DM configuration regarding global product development
in complex engineered systems. As their core idea, the modularity in design and development should
be separated from that in manufacturing; furthermore, the development of the system architecture,
which is a core capability, should not be offshored.

In a similar vein, Levardy and Browning [44] conjecture the processes of NPD as CAS. These
scholars oppose linear, time-based vertical scheduling, in that they theorize these processes as featured
by a general class of activities/rules, which can self-organize and adapt to their changing state.
The implications of their modeling for DM in EM are interesting; in fact, their adaptive model considers
product development as a DM process, in which each decision is potentially able to maximize the
expected value of the overall project based on the particular state, in any given moment, of its internal
and external variables.

Again, in the context of NPD, the work by Jun and Suh [45] appears particularly worth of
explanation. They also provide a theoretical framework for the process, composed not only of iterative
but also evolutionary, uncertain, and cooperative characteristics. Through an industrial application in
the automotive, electronics, and environmental settings, their modeling demonstrates its potential
utility to engineers and project managers involved in planning, organizing, and monitoring the design
and implementation of new product initiatives.

Following the above evidences about innovation, in the strategy area, Ndofor et al. [3] use the
nonlinear, dynamical system methods from CT to study how different industry environments evolve
over time. In particular, adopting three operationalizations, classically utilized to discover nonlinear
variable dynamisms, these scholars evidence that many industries evolve in a chaotic regime, where
uncertainty increases proportionally to hypercompetitive settings. Similarly, Tsilipanos et al. [30]
analyze investments in the telecommunication industry through using a methodological approach
typical of CT. Specifically, these scholars model this industry as a system of systems, and use the
MATLAB software to create a genetic algorithm able to provide results based on stochastic, emergent
modeling. Tested through an industrial application, the more general value of their modeling, also in
terms of implications for EM, mainly consist of the possibility to provide prospective investors with
theoretical support to efficient DM and budget allocation.

Finally, in the operations and supply chain area, the research by Pathak et al. [46] seemingly
deserves attention. Through combining the CAS approach with industrial growth, networks, market
structure, and game theories, these scholars investigate how supply network structures can evolve and
survive over time. The observations from their agent-based study in the U.S. automotive industry
can be of particular appeal to engineers. Specifically, they find that the type of environment and the
speed of adaptability both affect the survival chances of supply networks; in peaceful settings, on the
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one hand, the topological evolution of the networks is relatively stable, with centralized or linear
network structures, often able to guarantee survival over the long term. In more competitive settings,
however, only the hierarchical structure seems able to provide networks with adequate long-term
survival chances.

4. Discussion and Implications

In this conceptual article, we have focused on the adoption of CT in EM since 2000. At the
beginning, we introduced the key conceptual pillars of CT (and CAS). Subsequently, because of its
status of being a leading journal in the field, we chose IEEE-TEM as a reliable, heuristic proxy to analyze
and discuss those publications formally, and/or substantially, referring to complexity approaches.
Therefore, we can synthesize the results from our analysis into the following three main evidences.

First, from 2000, the adoption of CT in EM has been associated with a wide range of key
themes in the field. NPD, SCM, and PM prevail. At the same time, a considerable number of
observations also regards team productivity, competitive capabilities in (technological) environments,
and intraorganizational communication.

Second, this adoption was seen in an increasing amount of publications, especially if we consider
the years 2011 to 2019. Conceptual modeling developed through a wide-range of techniques largely
prevails in our dataset, then quantitatively tested in various (almost hi-tech based) industrial settings.
This, again, also appears in line with the plurality and heterogeneity of analytical tools and (high-tech)
settings traditionally employed in EM [47]. At the same time, the common feature among these
techniques is that they are mostly based on fuzzy logics, stochastic modeling, or ABM.

Third, many key ingredients of CT seem to be quite clearly observable in the analyzed publications.
Accordingly, modeling and optimizing DM under uncertainty results as the dominant theme; this
theme, at the same time, is not only often associated with the mentioned fuzzy logics, stochastic
modeling, and ABM, but also with non-linear and/or evolutionary dynamics. Perhaps surprisingly,
however, only a limited number of studies still seems to formally adhere to CT to explain the various
EM issues under investigation.

From what is summarized above, some implications for EM (concerning the research in and
practice on sustainability issues) can also be derived. These implications are exposed below, sequentially
ordered per item of focus.

4.1. Areas of Investigation and Leadership

Regarding the areas of investigation, on the one hand, as previously written, our results show
good coverage of complexity-based approaches in key EM areas. On the other hand, we think that
additional areas could also become objects of research in this field. For example, the emerging
technologies/technology intelligence area could be expanded through complexity-based observations
concerning artificial intelligence or Internet of Things. In fact, on both of these topics, we could not
find any evidence in our analysis. Moreover, further studies could also look into how to develop, from
engineers to leaders; correspondingly, we could find good coverage of human resource management in
general, but, apart from scant exceptions, we could not find sizeable evidence about complexity-based
leadership [48] in our analysis.

Regarding the above, for instance, and with a focus on the potential impact of complexity-based
leadership on the effectiveness and efficiency of innovation (e.g., NPD) and change, the recent work by
Burnes [49] appears remarkable. In particular, according to this scholar (p. 84), “unless employees
have the freedom to act as they see fit, self-organization will be blocked, and organizations will die
because they will not be able to achieve continuous and beneficial innovation.” Furthermore, he states
(p. 84), “neither small-scale incremental change nor radical transformational change works: instead,
innovative activity can only be successfully generated through the third kind of change, such as new
product and process development brought about by self-organizing teams.”
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Relatedly (p. 84), “because organizations are complex systems, which are radically unpredictable
and where even small changes can have massive and unanticipated effects, top-down change cannot
deliver the continuous innovation which organizations need in order to survive and prosper. Instead,
it is argued that organizations can only achieve continuous innovation if they position themselves
at the edge of chaos”. According to Burnes, self-organization is the only way to reach and keep this
position, and is itself based on rules that are order-generating. The key point here is that, if the latter
(i.e., rules) result in no longer fitting the organizational context, they can be re-created exactly because
of the existence of the former (i.e., self-organization).

Having explained the above, a noteworthy example of complexity-based leadership can be offered
by a recent case study considering a military organization as a CAS [50], with a focus on its inner
complex dynamics, as an enabler to increase organizational effectiveness. As the case demonstrates,
despite the traditionally hierarchical and linear characteristics of military organizations, in order to
face the surrounding complexity, the rapidly changing defense environment has substantially proved
to need a more adaptable and flexible structure.

On this basis, the military leader willing to adopt a complex approach to the commanding action
will seek to foster those dynamics typical of CT (such as non-linear relationships and feedback) in
order to increase adaptability and organizational learning. This also implies the need to drive the
organization from hierarchical to network-centered dynamics, thus assuring governance cohesion
throughout the organization, thanks to the development of a shared vision across the top management
team. In principle, this perspective can also be considered as presenting similarities with many
conceptual underpinnings featuring the notion of socio-technical systems (e.g., [51]].

4.2. Settings of Observation and Research Methodologies

Concerning the settings of observation, in a similar vein as above, we could argue that, together
with the key high-tech contexts in EM already emerging from our analysis, other central contexts
in the sustainability field, such as energy, healthcare, and construction, could become the basis of
complexity-based observations. Regarding these contexts, in fact, apart from a few exceptions our
analysis could not evidence any specific focus.

Relatedly, with respect to research methodologies, on the one hand, our findings have shown
that conceptual modeling tested through quantitative techniques has largely prevailed in the
complexity-based observations in EM. On the other hand, however, we maintain that designing
and conducting in-depth qualitative case studies [52] should also be important in the field. In this
regard, (a) we are substantially in line with those scholars [53,54] who have, for a long time, generally
argued that case studies are highly appropriate in complementing computational methods to understand
the distinctive features of CAS; and (b) we are particularly in line with those scholars who have used
the properties of case studies to develop complexity-based observations in key EM fields, such as NPD.

Taking the above into account, for example, McCarthy et al. [4] used a comparative analysis of
three cases to examine how the CAS features of non-linearity, self-organization, and emergence can
occur in NPD processes. In particular, these scholars conceive a model of NPD processes, as CAS,
featured by three levels of DM, in stage, review, and strategic, respectively. Taking a middle ground
between stage gate, chain linked, and chaotic models of NPD, their analysis produces interesting
results. In their view, NPD is not necessarily a fixed process; it can adapt and switch from linear to
chaotic (and vice versa), thus producing corresponding degrees of incremental or radical innovation.
In the practice of EM, their model would be very helpful to avoid the DM traps, potentially regarding
the search for fit between (new) product, (new) process, and market demand.

4.3. Conceptual Frameworks

Our analysis has shown that, among the many key ingredients of CT quite clearly observable in the
analyzed publications, modeling and optimizing DM under uncertainty appears to prevail. Accordingly,
we support the recent argument by Baumann and Siggelkow [6] that, in conditions of rationally bounded
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problem solving, understanding whether integrated (i.e., entirely and simultaneously performed) or
chunky (i.e., incrementally expanded) search processes are the most appropriate could also add value.
Again, in a technology innovation context of NPD, these scholars focused on this issue through the
application of a simulation model. Their analysis has evidenced interesting results: incremental should
be preferred to integrated patterns of search when time pressure is not a variable under consideration;
moreover, the larger the chunks added at the beginning of the search process, the less the need of a
totally incremental search.

According to our results for EM, complexity-based observations have often associated the
uncertainty variable with fuzzy logics, stochastic modeling, and ABM, but also with non-linear and/or
evolutionary dynamics. As this association has mostly happened on a separate basis (see Table 1), we
argue that all-inclusive, complexity-based frameworks could be developed further. Again, this claim
corresponds with other key evidence from our analysis: as previously stated, we have shown that,
in EM, only a limited number of studies still seem to formally adhere to CT to explain the EM issues
under investigation.

The more comprehensive frameworks elicited above could then be tested in different EM settings to
assess their reliability. For example, a recent, remarkable attempt of this kind has been the Generalized
Complexity Index developed by Jacobs [55]. Based on the three dimensions of multiplicity, diversity,
and interconnectedness, this index can be used as an analytical decision tool to evaluate the pros and
cons of potential portfolio diversification and/or product differentiation. Furthermore, especially in
these learning-based, innovation contexts, distinguishing between complex adaptive and complex
generative systems [56] could also be valuable. While the former systems are able to adapt without the
need for radical changes, the latter can witness changes which largely modify their inner features and
even generate new entities.

4.4. Co-Evolutionary Dynamics in Complexity-Based Research Designs

The issue of the interconnectedness brings us to the last item to be discussed in terms of potential
implications for sustainability, which is a direct call to embed more fine-tuned co-evolutionary
perspectives in complexity-based research designs [57,58]. Specifically, we argue, this call appears
to have particular momentum if (and when) hypercompetitive technology environments are under
investigation. In fact, recalling what was recently demonstrated by Ndofor et al. [3] on the basis of
their 36-year observations of 19 industry sectors, these environments are often chaotic, i.e., featured
by a significant degree of a non-linear relationship among elements, together with inter and path
dependence. As a fast growing meta-theoretical perspective in social sciences [59–62], and being
generally conceived as the joint and dynamic outcome between industry, managerial, and environmental
forces [63–65], co-evolution demonstrated effectiveness in capturing all three distinctive features
surrounding complexity [66].

In the context of technological entrepreneurship, for example, as maintained by McKelvey ([67],
p. 67), “An entrepreneur could have co-evolutionary dynamics going on in his/her firm; a change in
one part of a product leads to a change in another part, which then leads to further change in the part
showing the initial change; these changes could affect marketing, production, supply chains, and so on.
Finally, it could happen that an entirely new product appears. For example, think of all of the coevolving
changes in computer, cell-phone, battery, and touch-screen technologies, computer programming, cell
towers, the Internet, and the development of apps that led to current smart-phone products.”

Similarly, in the context of technological ecosystems, Phillips and Ritala [68] interestingly build
(and apply) a specific complexity-based, co-evolutionary framework. In particular, they suggest that
three intertwined dimensions, i.e., conceptual (boundary and perspectives), structural (hierarchies and
relationships), and temporal (dynamics and co-evolution) should be taken into account to understand
(and predict) the behavior of complex ecosystems, especially in the case of an innovation (e.g.,
NPD) context.
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Relatedly (and finally), as far as understanding the institutional complexity [69] of co-evolutionary
ecosystems is specifically concerned, we are also in line with those scholars [70] who have recently
claimed the increasing adoption of a neo-configurational perspective based on qualitative comparative
analysis (QCA). Hence, for example, Misangyi [71] recently offered remarkable evidence regarding
28 business facilities projecting and implementing an environmental management system.

More generally, the claim towards the use of QCA is also in line with our claim above (please
see Section 4.2.) that more qualitative research methodologies should be adopted to understand
the complex nature of innovation-based settings. In this regard, for example, in a novel case study
regarding innovation and change in organizational culture, Schlaile et al. [72] used a meme-based
approach [73] to investigate the complexity-based interdependencies occurring in a German automotive
consultancy firm.

5. Limitations and Conclusions

Through the results (and proposed implications) of this conceptual article, we do not aim to
propose CT as the solution to all of the current EM sustainability-related issues. We also agree with
those scholars who, seminally [74,75] or more recently [76,77], have identified the risks of transforming
CT, when (even more generally) applied to management, as the fad of modern times. Specifically,
we do not believe that this fast-growing approach will totally overwrite all of those theories based on
positivism and reductionism [10,78].

Relatedly, we are also conscious that, from a methodological point of view, the results from our
analysis present some limits, in that they are, at present, strictly focused on the leading journal in the
EM field and on a static explanation. At this stage, in other words, our analysis of the 38 articles should
be considered through the lens of a (hopefully useful) initial qualitative assessment, rather than the
lens of a quantitative research, which has statistics and trends also aimed at being predictive. In this
regard, however, we believe that our results could serve as a heuristic proxy, i.e., a conceptual start to
be expanded through more journal-based searches and/or dynamic analyses.

In sum, although aware of the limitations above, and through discussing the implications of our
findings, we attempted to explain how CT can contribute to govern many current issues associated with
the EM research (concerning the research in, and practice of, sustainability issues). If firms are modeled
as CAS, through the identification of agents, their interactions, feedback, and emergent phenomena,
CT can then help find novel ways of working to foster a supposed desired emergent behavior
(e.g., improved efficiency and effectiveness in NPD, team organization, technology management,
or PM); thus, providing engineers and managers with new tools for improving decision-making and
performance [79–81]. In this regard, for example, Bianchi et al. [82] innovatively deal with complexity
management in a recent NPD context through a study of the interaction between stage-gate and agile
models (and their associated principles to reduce uncertainty).

Of course, scholars and practitioners argue that, in order to be more than a metaphorical device,
a relevant CT framework will need to always be more rigorous from the theoretical, mathematical, and
computational modeling points of view [83,84]. We also believe that this modeling will need to be
tested in different industry settings to ensure appropriate comparisons between models and real world
structures [85–87]. In this way, CT may also be taken as a useful approach, for engineers and managers,
to test the reliability and consistency of more conventional methods intended to improve sustainability.

In conclusion, firms, clusters, networks, and industries, may be seen, from some aspects, as similar
to living organisms [88,89], which grow, evolve, and die [90,91]. They can be healthy or sick [92–94]
and their behavior emerges from their internal qualities and dynamics, which provide complexity
to the system, and from their interactions with the environment [95–97]. A firm’s behavior is both
affected by linear control, such as that imposed by bureaucracy or top-down management decisions,
and natural, uncontrolled dynamics. If enterprise complexity fits the complexity of the environment,
then desired behaviors, such as high performance and synergy, emerge [98,99].
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To date, complexity represents one of the main problems surrounding sustainable business.
While we think that the application of CT to business cannot eliminate this problem, we believe that it
can help reduce it to a satisfying level.
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Abstract: Carbon neutral buildings are dependent on effective energy management systems and
harvesting energy from unpredictable renewable sources. One strategy is to utilise the capacity from
electric vehicles, while renewables are not available according to demand. Vehicle to grid (V2G)
technology can only be expanded if there is funding and realisation that it works, so investment must
be in place first, with charging stations and with the electric vehicles to begin with. The installer of
the charging stations will achieve the financial benefit or have an incentive and vice versa for the
owners of the electric vehicles. The paper presents an effective V2G strategy that was developed and
implemented for an operational university campus. A machine learning algorithm has also been
derived to predict energy consumption and energy costs for the investigated building. The accuracy
of the developed algorithm in predicting energy consumption was found to be between 94% and 96%,
with an average of less than 5% error in costs predictions. The achieved results show that energy
consumption savings are in the range of 35%, with the potentials to achieve about 65% if the strategy
was applied at all times. This has demonstrated the effectiveness of the machine learning algorithm
in carbon print reductions.

Keywords: carbon neutral; electric vehicle; vehicle-to-grid; renewable energy; smart charging; net-zero

1. Introduction

The future of power generation will be dominated by harvesting energies from renew-
able sources and methods for reducing CO2 emissions. This is ensured through government
regulations with, e.g., the UK’s net-zero greenhouse gas (GHG) target by 2050 [1]. As the
demand for energy increases, the reliability of the generation and distribution network of
national grids (NGs) decreases, due to intermittent renewable energy sources. This can be
unpredictable, as the supply can be low when the renewable generation is high, and the
volatility of renewable generation can create an unpredictable demand from the NG. In
France, the decrease in fossil fuels leads to an increase in renewables, mostly wind, which
leads to the greater import of energy and a decrease in grid consistency [2].

To compensate for the inefficiency of renewable power supply installations, Vehicle to
grid (V2G) can be used. In the V2G method, the batteries from charged electric vehicles
(EV) can be discharged back into the grid at peak times. It can be connected to the grid, or
it can be utilised by a business, which can choose to store the energy, sell to the national
grid, or use it. Peak power plants are used when the demand exceeds what is expected [3].
These plants can quickly generate the required energy on top of the already generated
energy of the NG, but they are not environmentally friendly, with the fuel being sourced
by gas or diesel generating CO2 as a bio-product. Therefore, it is required to develop a way
of excess peak power generation without the use of fossil fuels.
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1.1. UK EVs and Power Generation

In March 2019, it was estimated 38.4 million licensed vehicles in the UK [4] with
317,000 ultra-low emission vehicles (ULEV) recorded [5], and only 25,000 recorded EV
charging points, mostly located in dense areas, such as cities. The EV market should scale
100% of new sales by 2030, making it a future leader in-vehicle use in the UK. As the
number of EVs increase, the infrastructure and techniques used for charging-discharging
will have to be adapted and improved. If there is a lack of EV chargers compared to the
number of EVs, the EV market will not grow because many EV owners will not be able to
charge, and use, their car. The UK’s demand is 38.58 GW at 10:30 on 4 February 2020 [6],
with an average EV battery size being 37.125 kW [7], meaning the EV battery capacity
in the UK is 26.3% of the total demand. The sizeable, combined EV battery capacity can
reduce stress and increase profitability for both the NG and businesses that employ V2G.
However, the low number of charging points means this is reduced to 2.4%, which is a big
loss. More EV charging points will enable more V2G to take place, meaning the EV battery
capacity can be utilised more for the benefit of the grid and the business that employs it.
The amount of EV charging points will obviously increase with the rising EVs. Renewable
production equates to 31.49% wind, 2.36% hydro and 4.71% solar, which is 38.56% of the
production. Wind power varies between 0.25–12.5 GW, hydro 0–0.5 GW and solar varies
between 0–4 GW per week. This equates to a variability of 16.75 GW per week, which is
43% of the demand. The EVs’ current capacity is more than half of the renewable variation.

1.2. EV Infrastructure and Net Profits

The success of the V2G solution relies on consumers’ cooperation, and thus, it is
dictated by consumers’ perspective. Location of charging stations play a great role in using
EVs as some people prefer to charge their EV at home, whereas some of them do at work.
The number of charging stations play a role as well, as there may not be available enough
at their place of work either. This creates a disadvantage with the range of the vehicle, as
using conventional fuelled vehicles allow long-distance travel and quick fuelling, whereas
EV’s are limited by distance and charging time. Some areas are situated without charging
points for 10’s of miles, thus, the availability of charging points is essential for future use
of EVs.

According to ‘Office for Low Emission Vehicles’ (OLEV), an EV charger will cost
roughly £650 to purchase and install with a Government incentive to pay up to £500 of
the cost [8]. This would eliminate the problem of people without having enough charging
points as they could charge them at home. While charging at home, people may not charge
their EV’s at work, in the denser areas where bi-directional EV charging is essential. UK
Government offers a grant towards EVs as they are more costly than ICE’s. This grant
could be up to 35% on cars passing certain requirements and 20% on motorcycles, mopeds,
vans and taxis of up to £3500, £1500, £1500, £8000 and £7500, respectively.

The importance of the financial side of the method is discussed through investigating
the costs and benefits of EVs participating in a V2G scheme. The work in Reference [9]
uses four brands of EV, showing the trend between energy use from the battery and the
higher price for peak-time, which can generate income. As the battery is being charged and
discharged more commonly, the lifespan may drastically decrease where the consumers
require buying new batteries more often, so the cheaper the battery, the higher the net
income. The highest cost of V2G investment by power grid companies in the battery
storage needed. The larger the battery capacity of EVs, the fewer EVs are needed to match
the same capacity, meaning the reduction of investment costs for battery storage from
the NG.

1.3. Lifespan and Variables of EVs

An average motorists’ mileage is around 7600 miles per year, and the battery capacity
for an EV may decrease to 80% after 20 years of driving [10,11]. A certain model of EV was
driven with a mileage of 232,442 miles and had a range of 220 miles of its original 265-mile
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range. This equates to 83% of the original battery life, meaning the batteries for an EV
should last at least 20 years or even longer [10]. Another EV model estimated battery life
to be 10–12 years beyond the life of the car, with Nissan’s evaluation of a 10-year car life
and up to 22 years for the lifespan of the battery [12].

The EV is usually under perfect driving conditions when tested or simulated, whereas
the driving range can be more accurately predicted using various methods. A ‘Fuzzy
Logic Classifier’ method was used for conducting simulation and prediction. Certain
variables are necessary to get a prediction, such as the battery size and weights of 1, 2 and
4 people in the car. This also includes variables, such as the slope, in which the vehicle is
travelling to calculates a more accurate prediction on the battery lifespan [13]. EV batteries
are continuing to improve, with different companies improving at different rates. The
lifespan of the battery plays a great role in the proposed method, as the owner of the EV
is compensated for the reduction in battery lifespan. The range on a type of EV battery
is reduced by 2% for every 100,000 km [14]. As batteries become more efficient and last
longer, this does not make as much of an impact on the method.

1.4. Methods of V2G Charging

Several techniques are employed for charging and discharging EVs [15]. Controlled
charge-discharge allows the operator to decide when EV will be charged and discharged,
giving more freedom and control to the grid. If the EV is plugged in at peak demand, the
operator can hold charging of the vehicle until the demand is less. Uncontrolled charge-
discharge starts to charge the EV as soon as it is plugged in. It may have a great effect on
the reliability of the NG, producing problems, including a greater variation of frequency,
demand, and overall, reliability. Therefore, this method is unlikely to find its way into
the future of EV charging. Intelligent charging uses real-time energy demand to decide
whether the EVs will be charged or discharged, using grid requirements, allowing the
operator to maintain the quality of the grid, such as the frequency and voltage etc. Indirect
controlled charging works from the users’ perspective, allowing the user to charge their car
for a lower price or possibly in the future for a profit, as the EVs can be charged at off-peak
and then discharged at peak times, generating a small profit.

1.5. Previous V2G Simulations

The V2G method has been proposed for use in domestic applications, but unfortu-
nately, without the incentives for the EV owners [16,17]. These simulations showed the
volatility of the system and the difficulty in predicting the future supply and demand,
meaning the simulations can be inaccurate. The supplier of the energy, in this case, has
great advantages, through having a less volatile demand, as the V2G method provides
peak shaving. Attention should be given to the V2G method for predicting energy demand
rather than financial benefits for both parties. Various topologies of V2G with dependence
existed where the EVs are connected to the grid. However, ‘Vehicle to building’ (V2B),
‘Vehicle to home’ (V2H) and ‘Vehicle to load’ (V2L) are the same methods, which covers all
variations in the process [18].

The depth of discharge is a contributing factor to the results within this method, as
the battery that is discharged less will have a longer lifespan [19]. To improve the lifespan
of the battery, if the battery does not need to be discharged, then it shouldn’t be. Fuel cells
can be combined with the V2G technology to provide a more efficient method. With the
application of fuel cell vehicles (FCV), there can be a 51% increased income as the required
supply is spread out over FCV and V2G instead of using only one method [20].

As the total cost of ownership (TCO) of EVs can vary, changing consumers’ opinion
on if they will use one or not. This is being amended by the tariff schemes given by
the government [21]. Xcel energy’s off-peak EV rate is 4.3 cents per kWh compared
to on-peak rates of 17 cents, with a four-fold increase, the time of purchase creates an
incentive. A suitable EV infrastructure, and smart EV chargers, which enable the demands
of the consumer to be met, will allow the expansion of EVs. Carbon neutral building will
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integrate the use of V2G systems and EVs, whether it’s V2G or just the use of EVs rather
than standard vehicles. It is undeniable that the use of EVs reduces the carbon footprint
of the building on a university campus [22]. EVs and hybrid electric vehicles (HEVs) are
becoming more efficient and useable. As the V2G method requires the use of EVs, further
research into better performance and attractiveness to consumers’ increases the value of
the V2G method [23].

V2G methods are not unfamiliar, as is shown in previous research papers. The applica-
tion of V2G methods into large public and commercial buildings, e.g., university campus,
validated by data collected from operational environments and critically analysed by em-
ploying advanced algorithms, have not been investigated yet. The surrounding aspects,
such as the vehicle range, using ML have been previously analysed without focusing on
the buildings and EV users’ financial and environmental benefits.

A V2G system is currently being tested in the UK, with no mention of how the
system is going to be set up or analysed. There is not enough information available in
the literature for predicting energy management of public buildings, particularly with
employing machine learning (ML) algorithms [24]. A machine learning algorithm can
enhance the quality of projects, such as these, by giving the company an accurate outcome,
regarding the financial and energy characteristics of the project. The ‘Parkers Vehicle-Grid
Integration Summit’ showed the implementation of the method, and then the obtaining
of the results [25]. The method proposed in Section 2 can predict the outcome before
the implementation.

The problem surrounding the growth of EVs and V2G systems is uncertain for both
the driver and the building. It is not only difficult to predict the existing V2G system, but
also the future of the V2G system needs to be predicted considering the location, scale of
the building(s), future improved efficiency in EV batteries, etc.

In this paper, an effective V2G scheme has been developed and implemented into
an operational university building, enabling it to be used on a larger scale. Parameters
and system requirements, considering the initial cost, and net profit for both the installers
and users of the EV chargers for the campus, are shown in Section 2. The on-site energy
storage’s price is calculated and equated to EV chargers, cost of EV charging stations, their
lifespan and the campus profit have been presented in Section 3. In addition, the net profit
of both parties, considering the long-term effects of using V2G, application of machine
learning (ML) for predicting energy consumption and cost have also been conducted in
this section. Critical analysis of achieved results with comparisons has also been presented
in this section. Finally, key conclusions are drawn, and future works are suggested in
Section 4.

2. Proposed Methodology
2.1. The Proposed Methodology

The purpose of V2G methods is to acquire energy at peak demand, while still meeting
the target of net-zero GHG emissions. The V2G method presented in Figure 1 was designed
and applied to an operational University campus. The method is determined by the tariff
rate, which is determined by energy demand that depends on the time of day. While the
energy demand is high, the tariff rate is high, and the energy can be taken from the EVs
instead of buying at a higher price from the electricity grid. When the energy demand is
low, the EVs can be charged, as the electricity can be bought from the grid. This method
works under the proposition that the EVs will leave at 17:00, as the most common times
of use is 09:00–17:00. The EV must be fully charged by 17:00, which is enabled by the
above chart.

The English north-west university building used 2,666,560 kW in 2019, with a daily
average of 7936.19 kW with the energy peaking at the university opening hours from 09:00
to 17:00. The university pays 12 p/kW off-peak and 15 p/kW on the peak. The average
EV car battery size is 37.125 kW meaning each charger would provide 27.75 kW of battery
storage for the campus. EV batteries can only be discharged to 25% to stop critical battery
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degradation [26]. This method uses the batteries from the EVs to supply the campus at
peak times instead of buying at peak prices or having a large battery installed.
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Figure 1. The methodological steps of the V2G implementation.

To calculate the costs and savings of charger installation, the company ‘PodPoint’ [27]
was used. This was a quote given for purchasing and installing the charger. Equation (1)
shows the profit (P) calculated using money made (M) and installation cost (I).

P = M − I (1)

The period of return on investment (ROI) was calculated by plotting the ‘Money made’
through time until the profit is no longer a negative. Instead of buying electricity when
the renewable harvesting is low, the electricity from the EV batteries can be used. This
saves money as instead of buying expensive electricity from the grid at peak times, the EV
batteries can be discharged and then recharged at off-peak times. In addition, the cost of
large-scale batteries will outweigh the purchase and installation costs of charging stations.

The electricity usage of the investigated building (Business School Building—BSB)
was 8256 kW. Where ‘t’ is time, ‘Ah’ is Amps per hour, ‘w’ is Watts, ‘Nb’ is the number
of batteries and ‘C’ is battery capacity, the storage for this can be calculated through
Equations (2) and (3).

Ah =
w
t

(2)

Nb =
Ah
C

(3)

The cost and number of batteries can vary significantly depending on the required
capacity. A battery of this size would be roughly £1823.86, which is too expensive to insure a
good ROI. This would be costly for any ROI or to be beneficial to anyone involved, meaning
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the V2G method is essential. Instead of using an on-site battery, the EVs plugged into the
charging points can be used as they’re probably going to be there during peak times.

EV battery cost determines the net-profit of the car owner as the battery will need
to be replaced more often as it is being charged and discharged more frequently. A cost
analysis of the university campus and EV users was carried out to determine if this was
successful for both parties, which has been further elaborated in the results section.

The proposed method is a novel algorithm that is capable of accurately predicting the
present, and future, financial and energy characteristics of the vehicle-to-grid system. The
collected energy characteristic data from the building will train the algorithm and improve
accuracy and usability.

2.2. Machine Learning (ML) Algorithm

For a large amount of data, machine learning (ML), including supervised and unsu-
pervised techniques, are massively used, especially for classification problems [28]. Input
and output data are required to build and train the supervised model, which will be used
in predicting future outcome for relevant new data sets. On the contrary, only input data
are enough in developing models using unsupervised learning [29,30]. Machine learning
was used for predicting energy savings for a building in Reference [31]. The methods used
multiple linear regression, support vector regression, and back-propagation neural net-
work. ML was also used for the thermal response of buildings, e.g., comparisons between
measured and predicted results. The thermal load of a building was predicted using ma-
chine learning. The ML approach proved useful, depending on whether it was predicting
short-term or long-term, and the predicted data was most accurate when supplied with
uncertain weather data. The approach was used to predict only the thermal load of a build-
ing [32]. The behaviour of residential buildings has been predicted using machine learning
techniques in Reference [33]. The model required a small training set while predicting
accurately. The method use was the holt-winters extreme learning machine. This proved to
be accurate while only needing 50 days of input data.

As shown in Figure 2, the neural networks (NN) based model starts with an input
layer, through the weights, into the hidden layer, more weights, and into the output. The
input is multiplied by the weights to reduce the error. Each hidden layer function is
specialised to produce a defined output.
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Figure 2. NN model structure.

It is required to arrange input, output, and validation data for developing a NN model
and making a prediction. After creating the model employing input data, validation data
set are used for conducting prediction of the new data through the developed model [34]. In
NN, the gradient descent method and the Gauss–Newton method are quite popular. Partic-
ularly for solving nonlinear problems, the algorithms use its standard technique [35]. Mean
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squared error performs an evaluation of the training performance through simplifying the
construction of a network by minimising the sum of the squared errors.

Hessian matrix approximates the sum of squares by H = J T J, where J is a Jacobian
matrix, gradient g = J Te. e is denoted as network error and Levenberg-Marquardt training
algorithm can be presented by Equation (4).

Xk+1 = Xk - [JT J + µI]-1 JT e (4)

Connection weight is called by ‘Xk’ at the ‘k’ number of iterations. Scalar combination
coefficient is denoted by ‘µ’, which accomplishes transformation to either gradient descent
or Gauss–Newton algorithm. The identity matrix is represented by ‘I’, where the training
process of NN is performed through the descent gradient method as a learning rule. The
error between the outcome of training and the targeted output is calculated through the
error function. All the calculation is performed by determining the sum of the squared
errors of input data and output patterns of the training set. The error function is calculated
by Equation (5).

ε = ∑ tp - fp (5)

Where ‘tp’ indicates targeted output and ‘fp’ denotes actual output. The goal of using
this learning rule is to search for suitable values of weights for minimising the error.

A feed-forward neural network (FFNN) machine learning algorithm (MLA) was used
to predict the future energy demand of the investigated building. The data taken from
2013–2017 was used as an input and built ML models where the years 2018 and 2019 were
predicted, as depicted in Figure 3.
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The proposed approach allows the training of data for the aim of building models and
future prediction. In our study, the energy demand of the building was predicted for the
years 2018 and 2019. In addition, the V2G cost was calculated using the energy demand for
2013–2017, and the cost was predicted for 2018 and 2019, which have been presented in the
results section.

3. Results and Discussion
3.1. On-Site Battery Storage

Excess electricity is stored in a battery where the size of the battery is dependent
on how much electricity is required to store. From the simulation, variables, such as the
type of vehicle, battery capacity, charging rate, number of charging stations, kW rating of
charging station and price of electricity, has been calculated. The ROI and overall profit
for both the consumer and for the stand-alone building can be determined. The 8256 kW
comes from the demand for the building on a given day—see Equations (6) and (7).

Ah =
8256 kW

12
= 688 kA (6)

Nb =
688 kA

4560 A/h
= 150.87 = 151 (7)
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This can be converted to cover the capacity of 10 EVs connected to the campus in
Equation (8).

SC = Cr × Nc × Nh = 6.66 × 10 × 12 = 799 kW/d (8)

SC is the charging station capacity, Cr is the charging rate of the station, Nc is the
number of charging stations, Nh is the number of hours they will be needed for, and
Nb is the number of batteries. The battery capacity for this can be calculated using
Equations (9) and (10).

Ah =
799.2 kW

12
= 66.6 kA (9)

Nb =
66.6 kA

4560 Aph
= 14.6 = 15 Batteries (10)

The price is estimated as £27,432.90 for 15 batteries, where the price of the battery can
be affected by the factors, including capacity, size and the supplier.

3.2. Charging Stations, EV Variability and Campus Profit

The time of day, price of electricity and net profit for all involved in this V2G method
are analysed and explained. If the campus buys at off-peak prices, not giving the EV
owners an incentive, they make 43.56 p/day using a 3.63 kW/h charger (Table 1).

Table 1. Energy sale management based on time and price between EV owner and the university campus.

1. Time 2. Price (Pence) 3. Charge/
Discharge

4. EV Owner
(Pence)

5. Campus
(Pence)

6. Campus at Off-Peak
Prices (Pence)

08:00–09:00 43.56 Charge −43.56 +43.56 +43.56
09:00–10:00 54.45 Discharge +54.45 −54.45 −43.56
10:00–11:00 54.45 Discharge +54.45 −54.45 −43.56
11:00–12:00 43.56 Charge −43.56 +43.56 +43.56
12:00–13:00 54.45 Discharge +54.45 −54.45 −43.56
13:00–14:00 54.45 Discharge +54.45 −54.45 −43.56
14:00–15:00 43.56 Charge −43.56 +43.56 +43.56
15:00–16:00 43.56 Charge −43.56 +43.56 +43.56
16:00–17:00 43.56 Charge −43.56 +43.56 +43.56

Net Profit 0 0 +43.56

Figure 4 demonstrates how the profit can vary throughout the day; if the peak-time,
and off-peak prices are paid for the electricity, there will be no profit. The ‘x’ axis represents
the hours of charge and the ‘y’ axis represents net profit in pence. There are more discharge
hours than charge hours for the EVs, meaning the building must purchase the electricity at
15 p/h and must sell it back to the EV at 12 p/h to break even. The main operating hours
are 09:00–17:00, with 12 p showing the peak times and −15 p showing off-peak times for
the building for an average day.

A 3.63 kW/h charger’s values were calculated using the EVs’ batteries at peak times
and re-charging at off-peak prices. It also shows that if the University charges the EV
batteries at off-peak rates instead of peak rates, the EV owner’s and the campus can profit,
as is shown in columns 4 and 5 in Table 1. If the university buys and sells at off-peak prices,
it makes money throughout the day. While the campus pays both peak, and off-peak prices
with a 1 kW/h charger, it breaks even, as the last payment of the day takes net profit to
zero (Figure 4).

The tariff rate changes throughout the day. The low tariff rate is 12 p/h, and the high
tariff rate is 15 p/h. When these prices are paid, the net profit ends at zero at 17:00. If the
campus pays off-peak prices to the EV owner for any hour of the day, 12 p/day is earned
as the last payment of the day takes net profit to 12 p. Figure 5 presents the outcome of
net profit.
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Table 2 presents a 6.66 kW/h charger that brings in a net profit of 79.92 p/day when
the campus pays off-peak prices at all times of the day.

The battery capacity needed to match 10 charging stations costs £27,432.90 depending
on the supplier, whereas the 10 charging stations purchase and installation costs £8790,
giving the same amount of energy storage at one time, assuming maximum capacity of EVs.
This provides a saving of £18,642.90. Lithium-ion batteries have a lifespan of 2–3 years
or 300–500 charge cycles meaning this cost will build up over time. The charging stations
are designed to last at least 10 years with parts that are easily replaceable, and most of
them have a warranty of 3 years. The charging and discharging rate of a 6.66 kW/h
charger throughout the day has been presented in Figure 6. The outcome of charging and
discharging the EV battery by 6.66 kW/h using a 6.66 kW charger if the car leaves with
the same capacity as it was once plugged in, the EV owner could earn 79.92 p/day. If the
EVs’ owners return to their vehicle and it is out of charge, they are unlikely to use the V2G
method. Taking this into account, for this simulation, the campus must have the car fully
charged by 17:00 when most classes are finished.
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Table 2. Net profit per day while the campus pays off-peak prices.

Time Price (Pence) Charge/Discharge EV Owner (Pence) Campus (Pence) Campus at Off-Peak Prices
(Pence)

08:00–09:00 79.92 Charge −79.92 +79.92 +79.92
09:00–10:00 99.99 Discharge +99.9 −99.9 −79.92
10:00–11:00 99.99 Discharge +99.9 −99.9 −79.92
11:00–12:00 79.92 Charge −79.92 +79.92 +79.92
12:00–13:00 99.99 Discharge +99.9 −99.9 −79.92
13:00–14:00 99.99 Discharge +99.9 −99.9 −79.92
14:00–15:00 79.92 Charge −79.92 +79.92 +79.92
15:00–16:00 79.92 Charge −79.92 +79.92 +79.92
16:00–17:00 79.92 Charge −79.92 +79.92 +79.92

Net profit 0 0 79.92
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The EV owner could earn 79.92 p per day, but the campus would lose that too. The
campus, however, would not have to pay for large battery installation for the energy
storage. In the case of 10 charging stations, the approximate loss becomes £7.99 a day
for the university. The loss may accumulate up to the total cost of the battery capacity of
10 charging stations after 6.4 years. The battery must be changed every 2–3 years depending
on the frequency of use. Overall, if the university campus installed ten 6.66 kW/h EV
charging stations instead of buying the lithium-ion battery capacity to cover the capacity
of the charging stations, the university would save £79,856.29 every 10 years. It is assumed
that the batteries had to be replaced every two years and the charging stations are every
10 years. The day was simulated and mapped out, assuming the car was plugged in at
08:00 at 80% and unplugged at 17:00 at 100%, as is shown in Figure 7.

This method charges the battery as much as possible, which is 6.66 kW/h for 5 h in
the day and thus, discharges it, so it sums to 100% by 17:00. This was calculated through:

Dc = Oc + Cr − Fc = 32 kW + 33.3 kW − 40 kW = 25.3 kW (11)

In Equation (11), the ‘Dc’ is the discharge/day, the ‘Oc’ is the charge before the EV
is plugged in, the ‘Cr’ is how much the EV is charged during a cycle, and the ‘Fc’ is the
EV’s capacity at 100% charge. This allows the EV to leave with 100% charge, while still
discharging as much as possible at peak times.
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Figure 7. The times of peak and off-peak while the battery is being charged or discharged.

3.3. Net Savings and Charge and Discharge Times

The savings for the owner is largely dependent on the cost of the battery for the EV as
a costly battery may lead to a lower net profit. The savings can be calculated through this
section. A new Tesla Model S has a battery warranty of 8 years, which can last 20 years
or more [12]. Three EV models are used to calculate the rate of battery degradation. The
models are classified as type A, B and C. EV type A, and type B have a battery warranty
of 8 years. The cost of type C’s battery is replaced roughly $5000 to $7000 according to
‘Interesting Engineering’ [11], whereas type A’s battery will cost $5500 [13] with a lifespan
of 20 years also. On average, the cost for an EV car battery then is $6000 or £4666.20 on
20 February 2020. The lifespan of an EV battery during this method must include faster
battery degradation, so using the data taken from References [11,12,36,37], it would have a
rough lifespan of 4.81 years until it has 80% of its full battery capacity left, which has been
shown below.

If the average UK mileage is 12,231 km per annum and type A’s battery lasts 20 years,
this equates to 244,620 km. The term ‘NFc’ is the number of full charges, ‘DL’ is the distance
travelled before 20% battery capacity loss, and ‘DFc’ is the distance from a full charge
in miles.

NFc =
DL
DFc

=
152, 000

73
= 2082 (12)

Assuming the EV is plugged in at 80% at 08:00 and is un-plugged at 100% at 17:00, the
battery discharges by 25.3 kW/day, and charges 33.3 kW/day. The battery is discharged
63.25% per day. The standard capacity ‘SC’ over 20 years is:

SC = NFc × Fc = 2082 × 40 kW = 83, 280 kW (13)

The EV must charge by 69,330.6 kW over the 20 years instead of 16,656 kW if it were
not using the V2G method. If 16,626 kW reduces the battery to 80% in 20 years, then at
208.2 kW, there is a 1% loss per year. If the EV is being charged by 69,330.6 kW, there is a
4.16% loss per year. The lifespan calculation of the battery has been shown in Equation (14).

20 Y
4.16%

= 4.81 Y (14)

The EV’s battery will have deteriorated to 80% after 4.81 years of the maximum
capacity where Tesla recommends that the battery is replaced. If EV type A’s battery costs
£4265 and needs to be replaced every 4.81 years instead of every 20, the incentives must
be great. As shown above, the EV owners will make £268.52 /year or £1291.64 before
purchasing another battery. For the consumer to break even, the campus must pay £3.30
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per day or £0.825 per hour to the EV owner, assuming the simulation parameters. The
campus will save £1749.45 per year using these parameters.

The outcome will be greatly affected by the energy demand of the building as for
this example, if the battery storage were for only peak times, it would only need to have
a capacity of 1916 kW over 4 h, which is equivalent to 72 charging stations. A 10-year
simulation on the cost analysis and ROI of installing EV chargers on campus with storage
equivalent of all times of the day showing V2G storage is significantly less costly in
Figure 8.
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Figure 8. 10-year energy price for all times of the day.

The battery equivalent is only the price for the battery capacity, as the battery will
also need to be charged, so the energy still needs to be bought. The EV V2G storage is the
cost of the charging stations. After 2 years, the campus Li-ion battery should be replaced,
whereas the EV battery should be replaced every 4.81 years. A 10-year simulation on the
cost analysis and ROI of installing EV chargers on campus with storage equivalent of only
peak-times of the day leading to a smaller cost for V2G storage than any other system,
which is presented in Figure 9.
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Figure 9. A 10-year simulation on the cost analysis during peak time.
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A 10-year simulation of cost analysis and ROI of installing EV chargers on campus
with storage equivalent of peak and off-peak times shows the significant price difference
between off-peak and peak-time, which is presented in Figure 10.
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Figure 10. A 10-year simulation on the cost analysis on campus during off-peak time.

After one year, it is cheaper to purchase the peak-time energy from the grid, rather
than using the V2G method at peak-times. This is because the EV chargers must be bought
and installed for the first year. The year 5 and 10 year plans show that the V2G method is
cheaper than purchasing from the grid. Off-peak prices from the grid are higher overall
than peak-time as more off-peak hours are available than peak-hours.

3.4. Energy Consumption Prediction Using ML

While most research and applications of machine learning and computational intelli-
gence techniques relate to the energy consumption and price of electricity, the use of such
technologies for enhancing future prediction is yet to be realised and demonstrated. A
neural network (NN) has been employed to predict the future energy demand and the
future V2G cost for the years 2018 and 2019. The predictions for energy demand on each
month in a year have been presented in Figure 11.

A general smooth trend is observed from January to April in Figure 11. However, the
prediction accuracy has been slightly decreased in the month May for the year 2018 and
2019, due to the inconsistency of the trend in actual data observed in training compared to
the previous years. The fundamental principles of ML techniques are to follow the trend of
its training state during prediction. Hence, the prediction of energy consumption for the
remaining months gradually increases in this study. The data showing as blue in the graph
is indicated as actual data, whereas the orange data is the predicted output.

The yearly average prediction of energy demand for the building has also been
presented in Figure 12 for the same years 2018 and 2019. It is observed that a smooth trend
exists in the actual data for all years. Hence, the predictions followed the actual curve.

The predicted yearly average and actual recorded yearly average are different. The
prediction error for 2018 and 2019 are 13,170 kW and 8846 kW. The error percentages for
the years are 5.62% and 3.98%, respectively. This error is due to the volatility of energy
consumption.

The data collected through electricity meters and the predicted data using the machine
learning are varied. This variation can be shown as the prediction error below in Figure 13.
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Figure 11. Cont.
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Figure 11. Energy consumptions prediction on a monthly basis for the year 2018 and 2019 using the MLA. (e.g., November
(Act.) and November (Pred.).
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Figure 12. Annual average energy demand prediction using NN.

The largest error was in April 2018, at 15.1%. The month with the lowest error was in
September 2019 at 0.08%. April’s recorded energy consumption variance was the highest,
at 98,162 kW. September’s recorded energy consumption variance was among the lowest,
at 9680 kW. The input data consisted of the energy consumption, so the more volatile the
data, the harder it is to predict, and thus, the inaccuracy for the month, April. The average
prediction error across all outputs is 5.1%.
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Figure 13. Error percentage for predicted energy consumption compared to recorded.

3.5. Cost of Electricity Prediction for V2G Using ML

The employment of NN has brought great performance in predicting the cost of
electricity, which has been presented in Figure 14. From the results, it is found a smooth
prediction trend for the month January and February. However, the prediction accuracy
has been observed irregularity for the month May to July, due to having nonsmooth trend
of the actual data for those months for the year 2018 and 2019, which has been shown as
yellow colour in the figure. The prediction cost from the month August to December has
shown a smooth trend between the actual and predicted values. Although accuracy has
been slightly decreased for the months September and October.
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The yearly average cost of the building has also been presented in Figure 15 for the
year 2018 and 2019. Having the smooth trend of actual data for all years, the prediction for
both the years followed the actual trend.

1 
 

 
Figure 15. Annual average cost of electricity prediction using NN.

The months in the middle of Figure 16, within summer, have a higher power consump-
tion than months in neighbouring seasons. While building becomes hotter, air conditioning
is used instead of heating. This shows that air conditioning uses more energy than heating
for the building. The power consumption varies from roughly 225,000 kW to 290,000 kW.
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Figure 16. Monthly basis energy consumption of the building.

The data taken from electricity meters and the predicted data through ML are different.
In the case of larger difference, the error is shown high (Figure 17).

The largest error percentage was 32% in April 2018. The month with the lowest error
was in September 2019 at 1.74%. The average error in prediction is 7.94% over 2018 and
2019. April is more varied through the years than the other months. It ranges from £15,662
to £4081 for the use of the V2G method between 2016 and 2019. This is a difference of
£11,581. September is less varied. It ranges from £5711 to £9105. This is a difference of
£3393. The average error across all months is 7.9%. The more varied the data is, the more
data is necessary for an accurate prediction. Between 2017 and 2019, April’s calculated
V2G cost varied by £6822, whereas between 2017 and 2019, it varied by £5823. The cost
of the V2G method is directly linked to energy consumption. The variance of the date is
the reason for the error. Additional data, including weather, footfall, etc., can be added to
enhance the performance of ML.
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3.6. General Discussion

To cover the cost of battery degradation for the EV owner, the energy must be bought
at 85.2 p/kW. This price has been considered to build ML models. Figure 11 has been
analysed by comparing the actual data and the predicted data. The difference between the
predicted and actual energy demand yearly averages, as shown in Figure 12, is a total of
22,016 kW between 2018 and 2019. This gives a prediction error of 2.07%. The least accurate
month is in August, shown in Figure 11, the variance in 2018 and 2019 is 29,835 kW, which
is 5.57% of the maximum value. The least accurate month from Figure 14, showing the
price of the V2G method, is in April. On the other hand, the values collected through
installed electric meters from 2018 and 2019 are £4081 and £7818, respectively, whereas the
predicted values are £6004 and £6944, respectively. The prediction errors for 2018 and 2019
are £1923 and £875, which are 32% and 11%, respectively. This variance stems from the
volatility of the energy demand in April, as is shown in Figure 11.

The prediction error is most common in months with a larger variance of data. The
more varied and inconsistent the input data is the more input data is needed to secure an
accurate output. In Figures 13 and 17, has the highest energy consumption, also the month
with the highest price for V2G use, whereas the same with the months with the lowest
V2G price and energy consumption. The method is used so that the EVs are fully charged
by 17:00, allowing the EV owner to drive home and back to the university building the
next day with an 80% charge, but this can be changed in the future. Smart metering can be
used so the owner of the EV can input what time they will leave. The method will then be
altered, depending on the leaving time, so the EV is fully charged. It is refreshed hourly;
however, the time could be shortened to provide a more efficient V2G method.

In this work, a novel smart multienergy system with the ability to combine various
energy storage technologies have been proposed to provide the best economic and envi-
ronmental options for a given demand. The EV, energy storage and transaction of on-site
energy must work in unison to enable an effective V2G model. Mazzoni et al. [38] have anal-
ysed the use of energy storage systems, including combined heat and power units, which
show great financial and environmental benefits. V2G provides an incentive-pricing plan
by motivating electric vehicles owners through participating in a charging/discharging
system [39]. The master planning issue on this could be that the EVs’ owners can charge
vehicles at a low cost using unused or extra power in the grid during off-peak demand. In
the case of shortage of power in the grid system during on-peak demand, EVs owners can
earn money by discharging extra stored power from their vehicles at a higher price.

119



Sustainability 2021, 13, 4003

The implementation of a V2G method in any university campus or similar set-up
requires inspection of key economic parameters, including initial investment, operational
expenditure, maintenance, return on investment, and end net profit. Key technical param-
eters of energy storage include type (thermal, chemical, kinetic), capacity, physical size,
charge and discharge rate, depth of discharge, and lifespan of the storage technique [39].
The economic parameters dictate the transferability of the V2G method as EV chargers
must be installed, and there must be a return on investment to confirm that the method is
transferrable to another circumstance. The technical parameters dictate how effective the
method is. The buildings’ characteristics (useable space, times of use, demand etc.) need to
be met with a battery of the correct size, capacity, depth of discharge, and rate of charge,
to ensure the method is effective. The replicability of the V2G method is dependent on
available space for EV chargers, energy characteristics of the building, initial investment
and storage techniques.

4. Conclusions

A V2G set-up of a University campus was modelled based upon energy demands,
potential supply and net profits. A method of integrating V2G technology into a campus
has been created under different scenarios, various demands, such as peak time and off-
peak, to allow the V2G method to take place. The investigation shows that the proposed
method is economically and environmentally beneficial. The proposed method can adapt
depending on the variables, such as the type of EV, battery life, times and intensity of
supply and demand etc. Results reveal that using the charge from EVs costs 64.7% less and
9.79% less than purchasing from the grid and using battery storage, over the 10-year period,
at all times of the day. For only peak times, the cost was 10.8% less and 10.3% less than
purchasing from the grid and using battery storage over the 10-year period. The finance
authority can change to match requirements to suit the owners of the installations or to
add incentives for the EV users. Thus, both parties gain profit instead of simulating just
the benefit of using V2G for the National Grid, which has been performed thoroughly and
presented in various articles [9]. The university campus is used instead, showing the great
financial benefits to provide incentives to improve the growth of the V2G utilisation.

The future of EVs is rapidly growing with efficiency, effectiveness [40–43], and popu-
larity for reducing carbon footprint [44–47], lower cost of EVs, the opportunity of battery
replacement and the increment of the lifespan of the batteries. Although many research
works are conducting on surrounding EVs [48–50] however, the main obstruction for any
V2G method is that the EV consumers will have to buy new batteries more often, and they
will require an incentive to sell their electricity. Therefore, the electricity from the EVs
needs to be paid for at a high enough rate that at least the replacement of the battery can
be covered. This drastically reduces the effectiveness.

Feed forward NN has provided accurate results regarding the energy generation and
V2G cost predictions, for the months of April and May. The months of April and May were
less accurate, due to the volatility of the energy demand, with an error of 11% and 32%.
More data regarding the V2G price could be added into the MLA, and various MLA’s can
be employed to prove the accuracy of volatile energy demands. The V2G price analysis
didn’t include the price of installation, only the price of purchasing the energy from the EVs
at 85.2 p/kW. The main method used 104 EV chargers, whereas the MLA for the V2G price
uses; however, many chargers are needed for the demand of the month. The amount of 6.66
kW chargers ranges from 24 to 104. Further work on the MLA could include integrating
this with other energy factors of the building, such as renewable generation, to drive future
building development towards carbon reduction.

In the future, a smart meter can be designed to meet the EV owners’ demands so
that it can be decided to select the time of charging their EVs. The users should be well
informed about the degradation of their car battery and estimated their net profit. In
addition, buildings with many customers, such as the Manchester University campus or
various businesses, could reduce the cost of energy bill by applying the proposed method.
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This method then relies on the research and improvement of EVs, specific to EV
batteries and price, allowing the consumer to make a profit, giving the National Grid or
any supplier more freedom for the variables of the method. Based on achieved results in
this paper, the method entertains various techniques demonstrating a viable option for EVs
in future.

Author Contributions: Conceptualization, C.S. and M.A.; methodology, C.S. and M.A.; validation,
M.A. and A.A.; formal analysis, M.A. and A.A.; investigation, C.S., M.A. and A.A.; resources, A.A.;
data curation, C.S., writing—original draft preparation, C.S., writing—review and editing, M.A. and
A.A.; visualization, C.S., M.A. and A.A.; supervision, M.A. and A.A.; project administration, M.A.
and A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Committee on Climate Change. How the UK Is Progressing. 2019. Available online: https://www.theccc.org.uk/ (accessed on

10 September 2020).
2. Seck, G.S.; Krakowski, V.; Assoumou, E.; Nadia Ma zi Marauric, V. Embedding power systems reliability within a long-term

energy system optimization model: Linking high renewable energy integration and future grid stability for France by 2050. Appl.
Energy 2020, 257, 114037. [CrossRef]

3. Squire Energy. Peak Power Plants Explained. Available online: https://squireenergy.co.uk/peak-power-plants-explained/
(accessed on 11 September 2020).

4. Society of Motor Manufacturers and Traders. Electric Vehicle and Alternately Fuelled Vehicle Registrations. 2020. Available
online: https://www.smmt.co.uk/vehicle-data/evs-and-afvs-registrations/ (accessed on 15 September 2020).

5. Hirst, D. Electric Vehicles and Infrastructure; Number CBP07480; House of Commons Library: London, UK, 2020.
6. Elexon Portal, Sheffield University. G.B. National Grid Status. Available online: https://www.gridwatch.templar.co.uk/ (accessed

on 25 September 2020).
7. Battery University. BU-1003: Electric Vehicle (EV). Available online: https://batteryuniversity.com/learn/article/electric_vehicle

_ev (accessed on 20 September 2020).
8. Spirit Energy. Domestic EV Charging. 2020. Available online: https://www.spiritenergy.co.uk/ev-charging (accessed on

27 September 2020).
9. Li, X.; Tan, Y.; Liu, X.; Liao, Q.; Sun, B.; Cao, G.; Li, C.; Yang, X.; Wang, Z. A cost benefit analysis of V2G electric vehicles

supporting peak shaving in Shanghai. Electr. Power Syst. Res. 2020, 179, 106058. [CrossRef]
10. Hull, R. How Long Will Electric Car Batteries Really Last? Study Claims Teslas Lose Just 1% Performance Every Year Caused by

Repeat Charges. 2019. Available online: https://www.thisismoney.co.uk/money/cars/article-7764529/US-study-claims-Tesla-b
atteries-lose-just-1-performance-year.html (accessed on 24 September 2020).

11. Yurday, E. Average Car Mileage UK. 2020. Available online: https://www.nimblefins.co.uk/average-car-mileage-uk (accessed
on 21 October 2020).

12. Loveday, S. Nissan LEAF Batteries to Outlast Car by 10–12 Years. 2019. Available online: https://insideevs.com/news/351314/
nissan-leaf-battery-longevity/ (accessed on 28 September 2020).

13. Çeven, S.; Albayrak, A.; Bayir, R. Real-time range estimation in electric vehicles using fuzzy logic classifier. Comput. Electr. Eng.
2020, 83, 106577. [CrossRef]

14. Lambert, F. A Look at Tesla Battery Degradation and Replacement After 400,000 Miles. 2020. Available online: https://electrek.c
o/2020/06/06/tesla-battery-degradation-replacement/ (accessed on 10 February 2021).

15. Solanke, T.U.; Ramachandaramurthy, V.K.; Yong, J.Y.; Pasupuleti, J.; Kasinathan, P.; Rajagopalan, A. A review of strategic
charging-discharging control of grid-connected electric vehicles. J. Energy Storage 2020, 28, 101193. [CrossRef]

16. Shi, R.; Li, S.; Zhang, P.; Lee, K.Y. Integration of renewable energy sources and electric vehicles in V2G network with adjustable
robust optimization. Renew. Energy 2020, 153, 1067–1080. [CrossRef]

17. Kester, J.; de Rubens, G.Z.; Sovacool, B.K.; Noel, L. Public perceptions of electric vehicles and vehicle-to-grid (V2G): Insights from
a Nordic focus group study. Transp. Res. Part D Transp. Environ. 2019, 74, 277–293. [CrossRef]

18. Thompson, A.W.; Perez, Y. Vehicle-to-everything (V2X) energy services, value streams, and regulatory policy implications. Energy
Policy 2020, 137, 111136. [CrossRef]

121



Sustainability 2021, 13, 4003

19. Li, J.; Yang, Q.; Co, W.; Li, S.; Lin, J.; Huo, D.; He, H. An improved vehicle to the grid method with longevity management in a
microgrid application. Energy 2020, 198, 117374.

20. Qian, F.; Gao, W.; Yang, Y.; Yu, D. Economic optimization and potential analysis of fuel cell vehicle-to-grid (FCV2G) system with
large-scale buildings. Energy Convers. Manag. 2020, 205, 112463. [CrossRef]

21. King, C.; Datta, B. EV charging tariffs that work for EV owners, utilities and society. Electr. J. 2018, 31, 24–27. [CrossRef]
22. Shea, R.P.; Worsham, M.O.; Chiasson, A.D.; Kissock, J.K.; McCall, B.J. A lifecycle cost analysis of transitioning to a fully electrified,

renewably powered, and carbon-neutral campus at the University of Dayton. Sustain. Energy Technol. Assess. 2020, 37, 100576.
[CrossRef]

23. Du, G.; Zou, Y.; Zhang, X.; Liu, T.; Wu, J.; He, D. Deep reinforcement learning based energy management for a hybrid electric
vehicle. Energy 2020, 201, 117591. [CrossRef]

24. Nuvve. E-Flex Innovate UK. 2021. Available online: https://nuvve.com/projects/eflex-innovate-uk/ (accessed on 16 February 2021).
25. Christensen, B. Parker’s Vehicle-Grid Integration Summit Was Sold Out. 2018. Available online: https://parker-project.com/par

kers-vehicle-grid-integration-summit-was-sold-out-when-v2g-results-were-presented/ (accessed on 16 February 2021).
26. Making Vehicle-to-Grid a Reality: V2G Developments in the UK. Available online: https://parker-project.com/wp-content/uplo

ads/2018/12/VGI-Summit-Day-2-S1-Initiatives-DK_2018-Vehicle-to-Grid_UK.pdf (accessed on 12 November 2020).
27. EVANNEX. Just How Long Will an EV Battery Last? 2019. Available online: https://insideevs.com/news/368591/electric-car-b

attery-lifespan/ (accessed on 29 September 2020).
28. PodPoint. Smart Home Charger. 2020. Available online: https://pod-point.com/products/homecharge (accessed on

30 September 2020).
29. Kotsiantis, S.B.; Zaharakis, I.D.; Pintelas, P.E. Machine learning: A review of classification and combining techniques. Artif. Intell.

Rev. 2006, 26, 159–190. [CrossRef]
30. Vercellis, C. Business Intelligence: Data Mining and Optimization for Decision Making; Wiley: New York, NY, USA, 2009; pp. 1–420.
31. Gorunescu, F. Data Mining: Concepts, Models and Techniques; Springer: Berlin/Heidelberg, Germany, 2011; Volume 12.
32. Gao, Y.; Wang, J.; Chen, H.; Li, G.; Liu, J.; Xu, C.; Huang, R.; Huang, Y. Machine learning-based thermal response time ahead

energy demand prediction for building heating systems. Appl. Energy 2018, 221, 16–27. [CrossRef]
33. Wang, Z.; Hong, T.; Piette, M.A. Building thermal load prediction through shallow machine learning and deep learning. Appl.

Energy 2020, 263, 114683.
34. Liu, C.; Sun, B.; Zhang, C.; Li, F. A hybrid prediction model for residential electricity consumption using holt-winters and extreme

learning machine. Appl. Energy 2020, 275, 115383. [CrossRef]
35. Engelbrecht, A.P. Computational Intelligence—An Introduction; John Wiley & Sons Ltd.: West Sussex, UK, 2002.
36. Ahsan, M.; Stoyanov, S.; Bailey, C.; Albarbar, A. Developing computational intelligence for smart qualification testing of electronic

products. IEEE Access 2020, 8, 16922–16933. [CrossRef]
37. Soumeur, M.A.; Gasbaoui, B.; Abdelkhalek, O.; Ghouili, J.; Toumi, T.; Chakar, A. Comparative study of energy management

strategies for hybrid proton exchange membrane fuel cell four-wheel drive electric vehicle. J. Power Sources 2020, 462, 228167.
[CrossRef]

38. Mazzoni, S.; Ooi, S.; Nastasi, B.; Romagnoli, A. Energy storage technologies as techno-economic parameters for master-planning
and optimal dispatch in smart multi energy systems. Appl. Energy 2019, 254, 113682. [CrossRef]
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Abstract: The data centre industry (DCI) has grown from zero in the 1980s, to enabling 60% of the
global population to be connected in 2021 via 7.2 million data centres. The DCI is based on a linear
economy and there is an urgent need to transform to a Circular Economy to establish a secure supply
chain and ensure an economically stable and uninterrupted service, which is particularly difficult
in an industry that is comprised of ten insular subsectors. This paper describes the CEDaCI project
which was established to address the challenge in this unique sector; this ground-breaking project
employs a whole systems approach, Design Thinking and the Double Diamond methods, which rely
on people/stakeholder engagement throughout. The paper reviews and assesses the impact of these
methods and project to date, using quantitative and qualitative research, via an online sectoral survey
and interviews with nine data centre and IT industry experts. The results show that the project
is creating positive impact and initiating change across the sector and that the innovative output
(designs, business models, and a digital tool) will ensure that sectoral transformation continues; the
project methods and structure will also serve as an exemplar for other sectors.

Keywords: circular economy; design methods; whole systems thinking; data centre industry

1. Introduction

Data centres are interior spaces that house electronic and electrical equipment that
processes and stores digital data. The data centre industry (DCI) has evolved from zero
in the 1980s into a global industry with 7.2 million sites [1] in 2021, annual electricity con-
sumption is 200 TWh (i.e., 1% of global electricity consumption) [2,3] and carbon emissions
are equivalent to those from the pre-Covid airline industry [4]; 60% of the global population
are now connected via smart phones, laptops, and other computing equipment [5], and
the sector currently processes around 4.2 trillion gigabytes of data per year. It is predicted
that the DCI will grow by around 500%, by 2030, as more people and objects are connected
via the Internet of Things (IoT) [6]. Reliance on digital communications technology and,
therefore, the DCI has developed to the point where any systems failure will adversely
affect major commercial, health, education, and other sectors and dependence has been
highlighted during the Covid pandemic when there was a notable increase in data traffic
in response to remote working, education, and communication. The sector has helped to
transform all aspects of life and has already proved very beneficial to many of those who
have access to digital technology.

The speed and scale at which data centre technology, and equipment, developed far
exceeded that of recycling infrastructure which, in conjunction with the fact that products
were not designed with any consideration for treatment at end-of-life (i.e., linear design)
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and poor perception of second life products, means that the DCI is contributing to the
increasing volume of e-waste that is generated every year. Critical Raw Materials are
essential to DC and other electronic equipment and many are lost to landfill, and/or
incineration, or cannot be accounted for at end-of-life. Consequently, unless there is a
change in practice across all equipment life cycle stages, there is a threat to the supply chain
for these and other materials, which will destabilise the market, the DCI, and all services
that rely on it. Furthermore, current practice is environmentally and socially unsustainable.

There is an urgent need to transform the sector, but this is limited by various technical
and behavioural barriers. The CEDaCI project is the first of its kind, and it was set up to
instigate change and develop a Circular Economy for the Data Centre Industry by using
a whole systems approach in a fragmented industry, comprised of 10 sub-sectors, that
operate in individual silos. A whole systems approach is essential because decisions made,
and actions taken, at each life cycle stage affect the sustainability of all other life cycle stages.
Design thinking and design methods encourage holistic thinking, and, therefore, they were
selected as models for CEDaCI; they underpin the structure and process to ensure that
the project delivers what the sector needs. People/stakeholders and a ‘hearts and minds’
ethos are central to both methods; considering the history of and work practice across the
DCI, however, there was a risk of failure if representatives did not engage with the various
events and platforms. The project launched in October 2018, and in February 2021, a survey
of DCI representatives was carried out to ascertain the extent to which the project structure
and methods were working, to learn whether amendments or revisions were necessary to
ensure success, and to assess the impact of the project to date.

This paper first describes the context of and barriers to a Circular Economy in more
depth. It then describes the design methods and documents, the project structure, activities,
and content, followed by details and results of a quantitative online survey and qualitative
data gathered via semi-structured interviews. Participant numbers were limited to 44 (with
32 usable data sets) and 9 respectively. The response rate appears to be associated with the
COVID-19 pandemic, which significantly increased data traffic, workloads and absence
due to ill-health. The results were very positive and showed that the project methods
and process were appropriate, although there were some shortcomings due to lack of
representatives from two subsectors; the methods and process are raising awareness of
the challenges and potential solutions in the DCI, and of circularity in general, as well as
facilitating development of digital tools, business models, CE-fit designs and prototypes,
and new recycling and CRM reclamation processes. Finally, these results endorse the project
as an exemplar and the methodology could be adapted and applied in other industrial
sectors facing similar challenges.

2. Literature Review: Computing and Data Centres Past and Present
2.1. The Evolution and Expansion of Computing and Connectivity

The history of computing is believed to have started around 2000 years ago with
the Antikythera Mechanism, which was discovered in the sea near Greece in 1901; it is
described as a mechanical computer that was used to make astronomical predictions [7].
Computing and calculation machines and methods were also developed in the China, India,
and the Islamic worlds prior to, and during, the mediaeval period. It was not until the 1820s,
however, that modern computing began in the UK when Charles Babbage developed his
mechanical calculation machines-the Difference Engine and the Analytical Engine—with
support from Ada Lovelace; she was the first person to recognise that a universal computer
could do anything providing that it was given the right data and instructions, and, therefore,
she is often referred to as ‘the first programmer’ [8]. Development continued slowly
through the 19th and early 20th centuries with the introduction of electro-mechanical
machines and, in 1937, there was a significant conceptual breakthrough when the British
mathematician Alan Turing published a paper describing an imaginary machine that
performed simple mathematical tasks by following precise logical steps [9]. He continued
to develop this concept and machines throughout World War II and, with colleagues at

124



Sustainability 2021, 13, 6319

GCHQ, achieved a significant technical breakthrough in 1942 when thermionic valves
(generally used in telephone exchanges) were included in the machines. These components
accelerated processing speed considerably and facilitated development of Colossus, the
world’s first completely programmable, electronic, digital computer, in 1943. Other notable
parallel developments include the German Z series developed by Konrad Zuse (who
used binary language to produce the first electronic calculator in 1938 and the first high-
level programming language 1943–1945) and ENIAC (Electronic Numerical Integrator and
Computer), which was developed and launched, in the USA, in 1945 for military use. It is
worth noting that neither the German or British governments recognised the importance
of, nor funded, Turing or Zuse’s research at the beginning of WWII and, consequently,
the antecedents to and early Colossus computers were made from recycled components
discarded by telephone exchanges for example. Nevertheless, the various technical and
programming developments continued at pace after WWII, and numerous computers were
developed for industrial, commercial, and military applications. Since then, computing
technology has developed ever more rapidly; for example, keyboard input capability
and transistor-based technologies were introduced in the late 1950s. As the evolution of
mainframe computing continued, other developments enabled the introduction of personal
computing. Examples include the invention of integrated circuits, silicon-based transistors
in the late 1950s, the first single-person operated computer (1962), the first microprocessor
(1973), the first Apple 1 and 2 computers (1977), the first IBM personal computer (1982), the
first Apple Macintosh (1984), and the first portable computers in the early 1990s. The first
computer game was developed in 1961 at MIT, after which various dedicated affordable
computers were developed and sold from 1979; computer games were important because
they helped to introduce the wider public to and popularise computers, which ensured
their place outside the workplace and in the home [10,11].

In 1965 Gordon Moore (an engineer and founder of Intel) predicted that, as density
increased, the number of transistors that would fit on a computer chip would double every
year—i.e., Moore’s Law. Although this was amended to two years in 1975, this particular
technical development, in conjunction with the development of new computer languages
and software programmes, further accelerated the power and speed of computing; the de-
velopment of data storage media, such as floppy discs and CDs, also increased functionality
in the workplace and at home.

The earliest computers were stand-alone machines but gradually, research activity in the
USA, France and UK facilitated the development of internal networks to which they were
connected for data exchange. External networks were also developed and initially used in
business and academia with the launch of a global Joint Academic Network (JANET) in 1984
to enable rapid information exchange and collaboration. During the 1980s, the British engineer
and computer scientist Sir Tim Berners-Lee also developed a new digital information and
communication language and network, which subsequently evolved to become the World
Wide Web in 1989. Since then, the user group has expanded from ‘geeks,’ researchers, and
academics to the general public, and in January 2021, over 4.66 billion people and 60% of the
global population were ‘connected’ via the internet; of these individuals, 97% own a smart
phone, 64% a laptop or desktop PC, and 34% a tablet [5].

2.2. Data Centres

While ‘devices’ (desk and laptop computers and mobile phones) serve as human-
digital data interfaces, the hidden, but critical, enabler of connectivity is data centres (DCs).
These facilities may be cupboard-sized or, (like the largest hyper-scale data centres in the
world), equivalent in area to 93 football pitches; they all house digital data processing,
networking and storage (ICT) equipment. Such is the popularity of the internet that, since
its launch, the number of DCs around the world has grown considerably with estimated
floor at 180 million m2; 10 million m2 of which is in Europe, with 70% concentrated in
North West Europe (NWE) [12].
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There are three main types of centres: Enterprise (private facilities dedicated to
supporting single organisations), Colocation data centres (where space, equipment, and/or
data storage, and processing capability is rented to customers) and Cloud data centres
(which are entirely owned and managed by companies who rent their virtual infrastructure
to clients who run and manage their own applications and data). Cloud service providers
include well-known brands such as Google, Facebook, Microsoft, and Amazon who have
other business arms, as well as less publicly-known companies (e.g., Rackspace, OVHCloud,
and Serverspace).

In 2015, there were over 8 million data centres around the world; this total has
decreased to 7.2 million [1], although floor space and data traffic are continuing to rise, and
by 2022, there will be 4.2 trillion gigabytes of data processed per year. Development of the
Internet of Things (IoT) will further increase data traffic and, consequently, it is estimated
that data centre services will increase 300% in Europe by 2025 and 500% globally over
2018 figures [6].

Data centre equipment emits heat and, in addition to electricity for data processing
and storage, DCs consume electricity for cooling and other operations. Consequently in
2018 the sector accounted for approximately 1% (205 TWh) of global electricity use [2,3]
and emitted as much CO2 as the commercial airline industry [4].

Since inception, the main concern and focus of the DC industry has been 100% unin-
terrupted service for customers. The most significant changes are increasing operational
energy efficiency, some of which derives from changes in hardware, component design, and
software; other reductions in electricity consumption have been achieved by changing from
electro-mechanical air cooling to liquid cooling. This form of cooling can be system-based
(e.g., open water circuits with adiabatic coolers or cooling towers) and/or localised (on-chip
or submissive/immersion cooling). Examples of the latter use oil-based dielectric fluids
whereas the former often use water; water is also used for humidification in air handling
units. Water use is not a panacea and, although it can reduce operational energy inputs, it
also has an adverse impact on the environment because the water discharged from data
centres includes contaminants such as biocide chemicals (used to control Legionella in
pipework and heat exchangers), dissolved salts (like limescale in kettles) and acidic or
alkaline PH correctors, copper and steel corrosion protectors, and metal particles [13,14]
Water cooling also uses 0.2–0.8 L per kWh used [15] so the sector consumes the equivalent
of 120,000 Olympic sized swimming pools per year, all of which contributes to global water
stress. Another alternative to electro-mechanical air cooling is described as free cooling,
which draws exterior air into the centre; in this case, cold air is beneficial and, consequently,
a growing number of data centres, and hyperscale centres in particular, are located either
near to or in the Arctic Circle. The combined use of these differing technologies means that
the DCI has a significant impact on energy and resource consumption

In summary, computing and associated industries evolved very slowly until the late
1930s when there were some major conceptual developments. Development accelerated a
little until the 1960s when it began to accelerate more rapidly in response to major technical
innovations; development further accelerated in the 1970s and 1980s, and computers grad-
ually became accepted in the domestic as well as academic and commercial environments.
The World Wide Web was launched in 1989, and since then, the sector has expanded in
scope, scale, and at speeds unlike any other sector in history; within 30 years, life for those
with access to the computers and the internet (now 60% of the global population) has
been transformed. Although many adverse impacts are associated with connectivity (e.g.,
cyber bullying and fake news) they are outweighed by the many diverse positive benefits.
Examples include access to education in remote locations, micro-loans, and new business
development among disadvantaged communities in Africa, video calls with friends and
family, and on-line shopping during the COVID-19 pandemic. Industry is also benefit-
ting from digital technologies, such as robotics, additive, and other new manufacturing
techniques and quality monitoring all of which will grow concurrently with the IoT while
information exchange has transformed logistics, transport, public, and private travel.
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2.3. The Challenge of e-Waste

The speed and scope of development, change, and the wish to provide consumers with
smaller, lighter, more portable products with access to more data and storage capability,
increasing processing speeds, product convergence, and functionality have all significantly
influenced the design and manufacture of physical products. In the majority of cases, they
have been and are designed for the present and life in use, which is generally limited
by the design and life span of operating systems and firmware rather than failure of
physical components.

The wish to both fulfil, and drive, consumer expectations has also driven develop-
ments in data centre equipment design. As previously mentioned, DCs may be repurposed
spaces in commercial premises, but an increasing number are purpose built; size depends
on location but generally, DCs have few windows. These centres are full of racks with
servers, (which are, fundamentally, computers without screens), routers, switching and
telecommunications equipment, mains and backup power supplies (such as batteries and
generators, which are used to ensure uninterrupted service in the event of mains power
failure), and cooling systems. The equipment is mainly comprised of metal and plastic
cases and housing, and electrical and electronic components, the majority of which are
made from a mixture of materials. Since the invention of integrated circuits, transistors and
silicon chips, components have also decreased in size, but the underlying design principles
of the equipment have not really changed.

This practice, in conjunction with rapid evolution of the sector, means that, in addition
to other electrical and electronic products and sectors, the DC industry is contributing to the
growing volume of e-waste/WEEE (waste electrical and electronic equipment) produced
every year; in 2020 this was around 54 million tonnes (equivalent to 7.3 kg per person)
and, unless there is a major change in culture, behaviour and treatment of equipment
at end of life, this will increase to 120 million tonnes per year by 2050 [16]. This growth
has been, and is being exacerbated, by the design and manufacture of products and
components themselves, which makes separation of sub-components and materials either
very difficult or impossible; although there is some evidence of steel, aluminium, and
copper (i.e., larger components) recycling and gold recycling (which is found in relatively
high concentrations in mobile phones and computers), the relatively low cost and size
of the majority of individual components make recycling uneconomic unless executed
at scale. It is impossible to say how much e-waste is actually recycled: while 17.4% is
documented as collected and properly recycled, the remaining 82.6% cannot be accounted
for; it is estimated that 8% is discarded in waste bins in high-income countries and that
7–20% is exported as second-hand products or e-waste to low-to-middle-income countries
(LMICs) [16]. Although the exact whereabouts of the majority of e-waste is unknown,
a considerable percentage is exported for processing and/or landfilling e.g., in Africa and
China and similar countries, where practice and processes are frequently unregulated,
often hazardous, and damage the environment and health.

Electrical and electronic equipment is complex and embodies approximately 69 elements:
they include iron, aluminium and copper as well as precious metals (gold, silver, platinum,
palladium, ruthenium, rhodium, iridium, and osmium), iron, aluminium, and copper as
well as at least seven Critical Raw Materials (CRM). CRM are defined as such because
they are economically and strategically important while availability is determined by
concentration of production, geo-political location, potential of substitution, and current
recycling rates. In 2011, the EU identified 14 such materials, but this increased to 20 in 2014,
to 27 in 2017, and to 30 in 2020. They are already essential to renewable energy generation
and low carbon technologies (such as wind turbines and batteries) and are becoming
increasingly important to high technology products and emerging innovations [17,18], and
like more mundane electrical and electronic products, demand is increasing.

Unlike older and other technologies, products, and materials (e.g., furniture, vehicles,
clothing, mechanical equipment, electrical equipment), which can be repaired and recycled
at end of life with comparative ease. As stated above, electronics do not; furthermore,
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recycled and resource reclamation infrastructure remains limited; there is also evidence of
ring-fencing reserves, and China is purchasing mines and land in Africa, for example [19]
as well as limiting export of rare earth minerals [20]. The combined impact of these factors
is a threat to and potential disruptor of the supply chain, which will affect manufacturing
capability unless manufacturers have materials reserves.

2.4. Data Centre Equipment Design and Manufacture

Data centre equipment life varies according to type, and while some last for 20 years,
the average life of other products such as servers ranges from under one year in hyperscale
centres to 5+ years in enterprise and colocation centres. Consequently, disruption to
manufacture will influence current DC operators’ ability to improve service (by upgrading
equipment) or extend provision (by expanding current and/or equipping new data centres).
Reliance on digital technology and services has grown to a point where interruption of
many current services (e.g., health, traffic control) would have very adverse social and
economic impacts; examples include increased costs which will eventually be passed on to
end users and limit access to the internet by the poorest populations. Uncertainty about
the supply chain will also affect longer term business and service planning.

The engineering profession is comprised of many specialisms (e.g., civil, mechanical,
electrical and electronic, computing, aeronautical); the ‘traditional’ approach is mono-
disciplinary, and expertise and knowledge tends to be specific and deep but narrow, and,
consequently, problem solving has not been holistic in that challenges have been addressed
by developing fixes for individual problems and linear thinking, rather than going back to
first principles and/or adopting a whole systems approach. This approach is prevalent
in the data centre industry, which is comprised of 10 internal subsectors and 1 external
subsector (see Figure 1), each of which employs highly talented and skilled professionals.
However, there has been very little interaction between the subsectors and, consequently,
problems solved in one part of the system (subsector) have often created problems in other
parts of the system, one example of which is described above, i.e., that of reducing energy
consumption by increasing water use.

Figure 1. Data Centre Industry actors and sub-sectors, the CEDaCI project.

In summary, the data centre industry is unique: the rate and scale of growth of the
technology and sector are unprecedented, as is the impact of services provided (specifically
connectivity) on almost every aspect of daily life in the developed world, and influence
is increasing in the developing world. To date, the sector has focused on the short term
and provision of increasingly fast and extensive services, based on a linear take-make-
use-dispose economy. The fundamental design of data centre equipment has not changed
since the sector began, and most disruption and innovation are associated with the services
provided by the technology, rather than the technology itself. The above factors necessitate
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an urgent and systemic review and change in practice across the sector to ensure that
future services remain uninterrupted and that the sector becomes environmentally, socially,
and economically sustainable. This could be assured through development of a sectoral
Circular Economy although silo working and fragmentation currently presents consider-
able technical and behavioural challenges to this [21]. Section 3 will discuss CEDaCI–a
project that was developed to initiate a Circular Economy for the Data Centre Industry; the
methods employed to underpin this project are also described, and then, their impact is
investigated, and assessed, via the quantitative and qualitative data in Section 4.

3. CEDaCI—A Circular Economy for the Data Centre Industry

The particular and diverse challenges of the data centre industry are unique and
require an innovative whole systems approach to instigate major change because decisions
made and actions taken at each life cycle stage affect the sustainability of all other life cycle
stages. The Circular Economy for the Data Centre Industry (CEDaCI) project was initiated
to kick start this change; it was developed and executed by academics and consultants
from several different disciplines (including product and engineering design, social and
behavioural sciences, business and life cycle management, and materials science), with
knowledge of, but working outside, the sector, which is helping them to overcome these
challenges. The project includes around 20 partners based in North West Europe; it is led by
London South Bank University and other main partners include Operational Intelligence
(UK), WeLOOP, TND and TEAM2 (France), GreenIT Amsterdam and SDIA (Netherlands),
and Wuppertal Institute for Climate Environment and Energy (Germany). The project
structure is underpinned by respected and proven methods for innovation, namely Design
Thinking and the Design Council’s Double Diamond process. Both methods also support a
whole systems approach, which is critical to the development of any circular economy, and
in particular, that within fragmented sectors.

3.1. Method: Design Thinking and the Double Diamond Framework

Design Thinking has always been integral to design practice and the design profession
but the approach was introduced to the business community in 2008 [22] and wider
community in 2009 [23] by Tim Brown, who defines it as ‘a human-centred approach
to innovation that draws from the designer’s toolkit to integrate the needs of people,
the possibilities of technology and the requirements for business success’ (see Figure 2);
it is also defined as a hands-on, user-centric ideology [24], and a non-linear iterative
process that teams use to understand users, challenge assumptions, redefine problems,
and create innovative solutions [25], and it has evolved to become an established practice.
It has already proved successful to many sectors because it addresses the biases and
behaviours that hamper innovation [26]; its value is also recognised well-beyond the
design profession, and a number of reputed leadership and training establishments now
offer courses in Design Thinking, such as Cambridge University [27] and Massachusetts
Institute of Technology, for example [28].

Prior to Brown’s public dissemination of Design Thinking, in 2005 the UK Design
Council published the Double Diamond, which has become a universally accepted depic-
tion of the design process (see Figure 3). The developers also acknowledged that the process
and methods were already integral to, and widely practiced by, the design profession but
the diagram was devised to structure the process more clearly and, therefore, to both
support designers to progress, from problem to solution, and to help them to explain the
process to clients. The original version lists four stages, the first two of which (Discover and
Define) encourage broad and deep exploration of the challenge (divergent thinking), while
the second two (Develop and Deliver) encourage focused action (convergent thinking) [29].
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Figure 2. Design Thinking used to initiate innovation, adapted from IDEO.

Figure 3. Adapted from Design Council Double Diamond, 2005.

The Double Diamond was also very successful within, and beyond, the design commu-
nity, and in 2015, it was revised and enhanced to form a framework for innovation and to
provide a structure for Design Thinking (see Figure 4). In Design Thinking and the Double
Diamond framework, people (stakeholders) are critical to the process and successful project
delivery. This is further clarified in the Double Diamond model, which includes stakehold-
ers in all stages as follows. The entire process is underpinned by Engagement (building
relationships between citizens, stakeholders, and partners) and Leadership (to create condi-
tions to allow innovation, including culture change skills and mind sets). Design Principles
and Methods were also added to the revised Double Diamond model and, again, both
specify engagement strategies: Design Principles-1. be people centred; 2. communicate
visually and inclusively; 3. collaborate and co-create and 4. iterate, iterate, iterate-and
Methods Bank-1. Exploration (of challenges, needs, and opportunities), 2. Shape (proto-
types, insights and visions) and 3. Build (ideas, plans, and expertise) [30]. The principles
and methods are integrated throughout the process, so stakeholders should be regularly
consulted to ensure that the project output meets their current and future requirements.
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Figure 4. Adapted from Design Council Double Diamond framework for innovation, 2015.

3.2. Stakeholder Engagement and the CEDaCI Project

Stakeholder engagement has already proved beneficial to many sectors because it
clarifies communication and the exchange of ideas and helps all parties to develop a
thorough understanding of issues, alternative perspectives, and potential solutions; it also
strengthens the resources of the involved individuals and groups by increasing awareness,
confidence, skills, and co-operation, and it improves sustainability of the initiatives by
increasing the quality of decisions and their acceptance among stakeholders [31]. The
reasons for its success as a strategy are associated with motivation and fundamental
human psychology: engagement has been defined as the sum of supportive conditions
for authentic expression; it is motivated by either cognitive factors (such as a rational
work goal), emotional factors (a state of mind that affects behaviour) [32], or motivated
by a combination of cognition and emotions [33]. These drivers tend to vary according
to role, so consumers are motivated by emotional factors such as empathy, gratitude, and
trust [34] while stakeholders are motivated by more functional and rational (cognitive)
factors [35], which may be evidenced as goal-directed behaviours such as accomplishing a
predetermined purpose [36].

Stakeholder engagement was seen as critical to the CEDaCI project to enable and
ensure a whole systems approach to the challenge, via knowledge exchange between
the project team members and stakeholders and among stakeholders from the various
sub-sectors. However, the history and evolution of and behaviours across the Data Centre
Industry meant that there was a risk of non-engagement. The leadership team believed
they could reduce this risk to a manageable level by stimulating interest through first- and
second-hand contacts and by meeting potential participants in person at trade and other
events, although this is a time and resource intensive activity.

The structure of the DCI means that members are often simultaneously stakeholders
and consumers (i.e., they are involved in delivery and procurement and use of products
and services) and therefore, they are motivated by both cognitive and emotional factors.
In the context of CEDaCI, for example, as stakeholders, their eventual goal is to increase
sustainability of the DCI and build a Circular Economy; as consumers, they meet the
team partners and colleagues from across the industry, and by sharing experience and
knowledge, they develop empathy and trust.

In order to reach and engage as many actors as possible during and after the project
three types of activity were developed and employed:
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• Working Groups (WGs): stakeholder-focussed meetings by invitation and referral
where experts associated with the sector discuss and advise on general project activities
to ensure they meet sectoral requirements; 20–25 participants per event

• Co-creation Workshops (CCWs): consumer and stakeholder focused events by invi-
tation and referral where experts guide and review the design and development of
specific outputs; 20–25 participants per event

• A virtual pan-sectoral Network (NM): consumer and stakeholder focused platform
with open membership to publicise project activities, progress, news and events, and
encourage knowledge sharing and connection among members during and after the
project (100 members to date)

3.3. Project Structure and Process

As stated above the four stage Double Diamond framework project underpinned the
project structure and stakeholders were also involved throughout every stage.

• Discover—research and analysis of the entire DCI and associated activities; secondary
data collected from publications and primary data through contact with stakeholders

• Define—Brief, project scope and key outputs were developed in response to the above
findings by the core CEDACI team and confirmed in Working Group meetings (with
partners and stakeholders)

• Develop—regular WG meetings and CCWs with stakeholders to identify their require-
ments and wishes, share knowledge, and gain feedback to support iteration and
execution of the Project Pilots (A—design and manufacture; B—product life exten-
sion increased by incentivising secondary market; C—new recycling processes and
increased CRM reclamation) and digital tools.

• Deliver—Project output (e.g., bespoke Eco-design and CRM assessment tools; over-
all Data Centre sustainability assessment tool) tested and reviewed by stakehold-
ers/consumers; tools and other output refined in response to feedback. Following
final delivery CE training offered to 50+ SMEs (stakeholders/consumers).

The project and progress are continually publicised, via a dedicated website, and reg-
ularly promoted via panel discussions and presentations at global trade events (e.g., Data
Centre World, Data Centre Dynamics), and specialist conferences (e.g., TechUK, Forum
for Sustainability through Life Cycle Innovation) and via social media platforms to raise
awareness, maintain a public profile, and engage with as many DCI and IT industry
representatives as possible.

4. Results

The anecdotal response to invitations and attendance of the various meetings and
events was positive; however, a more objective assessment of the level and impact of
engagement and suggestions for improvement was sought in order validate the whole
systems approach, the engagement strategy, and perceived impact of the project overall.
Initially, quantitative data was collected via an online survey to produce a general overview
of the response to the CEDaCI project and the level of stakeholder engagement. This was
followed with a more comprehensive qualitative research using semi-structured interviews
to gather deeper insights. (See Supplementary Materials for the list of questions).

4.1. Quantitative Research

The on-line survey of CEDaCI Network Members was published via the CEDaCI
Network and comprised of 18 questions, most of which required multi-choice/tick box
responses, but 3 also offered respondents the opportunity to add comments. Standard data
collection and analysis software was used to set up and run the survey, which was live for
14 days. The response rate was fair (44/100 NM) and once the data were cleaned there were
32 usable datasets; although a larger dataset would have been better, it was reasonable
for this type of survey and deemed valid during a global pandemic. COVID-19 adversely
affected many businesses and individuals (e.g., through illness, work-life balance, caring
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and educator roles, furlough, and redundancy); however, there was a marked increase in
data traffic and associated activity and workloads in the data centre industry as populations
worked, studied, and communicated remotely, which limited time for DCI members to
engage in non-essential activities like surveys and interviews.

The respondents included actors from 8/11 life cycle stages/subsectors as shown in
Figure 1 above. Most respondents work in companies with more than one main activity
while others work in companies that engage in main and secondary activities, as shown
in Table 1 below, which also showed that the main businesses of respondents vary, and
8 are directly involved in data centre systems design and operations (2 and 4), 3 in refur-
bishment and reuse (8 and 9), 1 in de-installation (5) and 1 in recycling (10); secondary
business activities include systems design (2), data sanitisation (7), refurbishment, and
reuse (8 and 9) and recycling (10).

Table 1. Respondents to CEDaCI engagement survey—identified by subsector—32 responses.

Data Centre Industry Subsector Main Business Activity Secondary Business Activity

1. Suppliers 0 0
2. Design (DC systems) 8 2
3. Manufacturing
4. Operation/use 8
5. Installation and dismantling 1
6. Transport
7. Data sanitisation 7
8. Reuse 3 10
9. Refurbishment 3 10
10. Recycling 1 10
11. Other actors e.g.,
policy/regulation bodies

Respondents’ roles are as follows: the majority (18/32) are employed as data centre
design, strategy, management, and operations consultants, or as sustainability and circular
economy leads for global and national private companies, public, and non-profit organisa-
tions, and all respondents (32) hold senior positions, such as managers, senior managers,
CEOs, directors, and owners.

Table 2 below shows that all 32 respondents were Network members by default but
analysis of the results showed that 9 were only Network members, 16 participate in the
Network and either the Working Groups, or Co-creation Workshops, and 7 participate in
the Network, Working Group, and Co-creation Workshops.

Table 2. Respondents to CEDaCI engagement survey–level and type of activity–32 responses.

Activity Number of Respondents

Network members 32
Network Members only 9

Network membership and Co-creation Workshops (CCW)
or Working Group (WG) membership 16

Network membership and CCW and WG membership 7

The respondents have been engaging throughout the project and 27/32 volunteered
information about the date that they joined the Network: 11 as soon as it was launched
in January 2019, a further 10 during 2019 and 6 in 2020 Network membership is open
to anyone whereas participation in the Working Group and Co-creation workshops was
by invitation only or referral to ensure that there were representatives from as many
subsectors as possible and numbers were manageable. The WG and CCW invitations
were circulated soon after the project launch and again most respondents (16/19) joined,
and have participated regularly, since invited, and 3 have joined between September and
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December 2020 by referral, all of which indicates commitment to the project and activities
(see Table 3).

Table 3. Respondents to CEDaCI engagement survey–length of membership–27 responses.

Joining Date-Network Number of Respondents

January 2019-launch 11
During 2019 10
During 2020 6

Joining Date–CCW and WG
January 2019–Launch 16

September–December 2020 3

23 Network members also connect with the CEDaCI team outside the organised
events (see Table 4) but connection appears to be local (e.g., Network members based
in the UK connect with LSBU, those in France with WeLOOP, in the Netherlands with
GreenIT Amsterdam/SDIA, and with those in Germany with Wuppertal Institute); this
could be due to language or mutual contacts in the local area, for example. Levels of
contact also vary and although 9 members have not yet made personal contact 11 members
make intermittent contact, 3 once a month, 6 once since joining, but 1 person contacts
the project team at least once a week. Most respondents selected more than one reason
for joining the Network: only 8 joined to provide advice and 13 to connect with other
members of the Network; the most popular reasons cited were to share information (with
the project partners) (17) and to follow project progress (17). With regard to the benefits
of Network membership, once again, some respondents selected one benefit, others 2,
and others 3. The main benefit was identified as being able to connect with colleagues
in the same subsector (selected by 14 respondents), the second was to get information
about data centre sustainability (9), and only 5 respondents saw connecting with other
subsectors as beneficial; this is not entirely surprising and reflects the silo-working practice
(see Table 4). As previously stated, silo working and attitude is common to the DCI, so the
results were not entirely surprising and the project team realise they have to do more to
engage cross-sectoral communication. Finally, 11 respondents follow CEDaCI on LinkedIn,
4 on Twitter, and 2 on both platforms, i.e., 18/32 respondents; this could be due to a low
level of engagement with social media across the group or to ignorance about the CEDaCI
accounts. The team will publicise the links more widely through other DCI accounts and
work to increase Network membership and engagement.

Table 4. Respondents to CEDaCI engagement survey–reasons for joining and benefits: 23 responses.

Reason for Joining Number of Respondents

To provide advice 8
Connect with Network members 13

Share information with project partners 17
Follow project progress 17

Perceived Benefits
Connecting with individuals in same subsector 16

Connecting with individuals in different subsectors 5
Get information about DC sustainability 9

In summary, the respondents were very positive about the project and their experi-
ence; their early enrolment, and regular participation in activities, reflects their on-going
commitment to the project.

They are also informed about sustainability, and their senior positions and roles,
within their organisations, indicate that they all have potential to influence practice either
inside and/or outside their organisation. They see participation as beneficial for network-
ing, although connections tend to be local and limited to their sub-sector rather than
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cross-sectoral. There was no negative feedback, but there were several suggestions about
increasing project visibility and marketing drives to increase uptake, including demonstra-
tion and training sessions for the UK government Sustainable Technology Group, which
positively endorses the project and its output. This feedback was useful, but very general,
and so, a further study was undertaken to gain deeper insights into the strengths and
weaknesses of the project and stakeholder engagement so far.

4.2. Qualitative Research

In order to gain deeper understanding of the response to the project, and to find
out whether the methods employed were successful or needed to be adjusted or revised,
a more extensive survey was also undertaken. As stated above, DCI representatives were
affected by the pandemic and although 12 candidates responded to interview requests and
were invited to participate in the research activity, two then said they were unable to do
so due to a high volume of work and one candidate had to withdraw at the last minute
for personal reasons, so there were 9 participants. This response rate, and the results, are
regarded as acceptable for the nature of the study.

Nine professionals associated with the data centre and digital technology sectors
participated in semi-structured interviews, with 10 open questions, which lasted between
30 and 60 min. All interviews were conducted online using video/audio software and
recorded; every recording was transcribed, then analysed, using specialist software, which
enabled identification of particular themes and sub-themes; the results were also cross-
referenced to identify trends in expertise, attitudes, and behaviours and to assess the
success and impact of the CEDaCI project model and methods to date.

All nine participants hold senior positions within their organisations, as shown in
Table 5, and include: 3 sustainability leads/managers in a refurbishing company (B), an
assets disposition company (E), and a national non-profit organisation (C); a Circular
Economy manager for a corporate IT producer (A); an associate director for climate,
environment, and sustainability in a digital technology trade association (I); a vice president
of a foundation for open source hardware and data centre design (G); an ambassador for
a non-profit global ICT producer (D); expert in electrical and electronics materials (F); and
a technical director of a data centre consultancy (H).

Table 5. Participants in CEDaCI Qualitative study –roles and employment.

Identifier Participant’s Role Participant’s Role

A Corporate IT producer Circular Economy manager
B Refurbishment Sustainability manager/lead
C National non-profit organisation (digital section) Sustainability manager/lead

D Non-profit global ICT producer (open source hardware and
data centre design) Ambassador

E Assets deposition Sustainability manager/lead
F University Expert in electrical and electronics materials

G Non-profit global ICT producer (open source hardware and
data centre design) Vice president

H Data centre consultancy Technical director

I Digital technology trade association Associate director for climate, environment
and sustainability

4.2.1. General Contextual Questions, Responses and Evaluation

An overview of the responses to the general and individual questions posed is pre-
sented in Table 6 below; a more detailed review and analysis is also presented as follows:
the first three questions were designed to confirm the participants’ knowledge and experi-
ence in order to validate their responses to the specific questions about CEDaCI.
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Table 6. Overview of responses to semi-structured interview questions.

Participants A B C D E F G H I

Subject knowledge
circularity x x x
efficiency x x

energy efficiency x x x
materials efficiency

economic x x
environment x x x x

social x x
conflict minerals x

data security concerns x

Sustainability within company
energy efficiency-now x x x x x x x x
economic factors-now x x x x x x x x

environmental factors-now x x x x x x x x
social factors- now x x x x x x x x

good practice in the future x x
IT energy savings-necessary x

cycling-client visits etc. x
reduce impact of travel and transport x x

sustainable practice in-house x x x x
philanthropic activity x

Project vision and change
positive impact of CEDaCI x x x x x x x x

Awareness raising, contribution to developing CE and initiating change
positive impact on Data Centre Industry x x x x x x

Impact of CEDaCI on participants and employers
beneficial support-now x x x x x x x x x

brings specialist knowledge to company x x
beneficial support-future x x x x x x x x x

Value of stakeholder engagement
new to CCWs and WGs x x x x

prior experience of CCWs and WGs x x x x
cross-sectoral activities are beneficial x x x x x x x x

Future activities
economics of CE x

ethical procurement x
broadening scope of LCAs etc. x x

publicising output and educating DCI and other industries x x x

Participants were first asked for their definition of data centre sustainability: the most
common subject was circularity, which was mentioned by (B), (C), (G), (H), and (I) who
all had a good understanding of the principles of the circular economy, that the embodied
impact of products is as important as that of operational energy and the need for a holistic
approach to the challenge. (A)—the Circular Economy lead—did not mention circularity
as such but alluded to it in points about the complexity of data centre sustainability, whole
product life cycles, removal of redundant equipment, space used, and operational efficiency;
both (A) and (C) commented on efficiency, and it is worth noting that both work for very
large (global and national) organisations.

Economic, environmental, and social factors were each mentioned by 2 participants.
(B) and (I) mentioned economics, and (E) and (I) mentioned the environment; all of their
comments were linked to operational energy consumption, associated impacts, and use of
renewables rather than physical resources, which was a little surprising considering the par-
ticipants’ comments regarding the circular economy. (C) and (I) mentioned social factors, al-
though their emphasis was different, and while (C) referred to concerns about data security,
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(I) referred to conflict minerals, which is keeping with their respective roles—(C) within
a national operator that relies on DCI services and (I) a technology advisory organisation;
in fact (I)’s entire response to data centre sustainability was the broadest, and all subjects,
other than efficiency were specifically mentioned, which is also in keeping with role.

The second and third questions were about the participants’ organisations (employ-
ers), what they are, and what they could be doing better in relation to sustainability.
Economic, energy efficiency, social, and environmental factors were identified in response
to question 2, and all participants other than (A) mentioned these in relation to current
activities within their organisations, although (A) did talk about potential and future im-
provements. The subjects and responses were significantly interlinked, and participants
referred to in-house and external practices (with clients and customers). All participants
cited examples of good practice, but they varied according to the focus and size of the
organisation and local political factors. For example, (H) works for a small consultancy,
and all employees work remotely at home, or on site, with clients; although the employees
are encouraged to cycle to sites, energy efficiency is dependent on personal habits at home.
Conversely, (C) works for a huge national organisation and has driven good practice to
make significant energy and resource savings across their IT activities. Employees of
customer and client facing organisations ((B), (D), (E), (G), (H), (I)) are also driving good
practice as part of their business and activities (e.g., increasing energy efficiency, extend-
ing product life, and reducing packaging and general waste to reduce environmental
impact) and developing strategies, tools, products, and services to help their clients to
do the same. There are also examples of philanthropy, and one refurbishment company
donates unsalable, but fully functioning, products to organisations that develop IT skills
in developing countries and support local charities that help people with special needs.
There were several common observations, including the lack of robust recognised metrics
and standards, for the secondary market and products; although several organisations
are developing their own, they will not be comparable with each other, which may be
confusing for customers who want to compare metrics.

Another common point relates to the increasing awareness of embodied impact and
frustration at the lack of infrastructure, or policy, to guide and bring about significant
change. (F) noted that, until recently, his organisation would not buy second life (refur-
bished) equipment because of issues around warranties; however, this is changing in
response to policy change (specifically Wales’ Well Being of Future Generation act), which
is encouraging more circular practice, which could drive common metrics and standards.
Finally, the general consensus of (C), (G), and (H) who are influencing change in house,
and with external clients, is that sustainability has to be linked to the bottom line.

Unsurprisingly, subjects raised in response to question 3 included future, growth, and
targets in addition to economic, environmental, and social factors. Both (E) and (G) were
confident that their business practices are as sustainable as they can be at the moment,
although (G) would like open-source hardware to be included in policy to increase market
growth for this type of product as an alternative to being locked into single brands. This
is contrary to (A), who works for a company that is seeking to increase brand loyalty by
selling a service rather than equipment, one benefit of which is that the company will have
control over the entire product life cycle from cradle to cradle. (B) and (H) mentioned that
they could reduce the impact of travel and transport of goods, while (C) mentioned that the
sustainability programme now includes resilience, so it can cope with emerging and future
challenges, such as COVID-19, pandemics, and climate shocks. Finally, (I) commented that
the organisation is based in rented premises, and they don’t control waste and recycling at
present, but they are measuring their current activities, so they can make their business
activities more sustainable, and this includes signing up to the Race to Zero (carbon
reduction) initiative. In general, all participants simultaneously recognised current good
practice in their organisation and the need to improve.

This investigation and analysis of participants’ current knowledge and workplace
activities, practice, and attitudes provided extremely important insights into their business
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practice, role, and trends across the sector. It also confirms that their opinions about, and
responses to, the CEDaCI project are based on high level of knowledge and experience.
The subsequent questions related their reaction to, and perception of, the CEDaCI project
as a whole and highlighted the value of stakeholder engagement.

4.2.2. Response to and Evaluation of the CEDaCI Project

Individual Questions

Question 4, the first in the section, relates to the project vision and asked whether
CEDaCI is accelerating development of a sectoral Circular Economy: the response was almost
unanimously positive and even the participant who responded negatively (H) qualified their
response and commented that it was impossible “because it is such a huge task but the project
is raising awareness of the Circular Economy and is making decision makers think.” All other
responses were very positive: and 4 further participants ((B), (D), (F), and (G)) commented
that the project is raising awareness and “has opened conversation that wasn’t there before and
people didn’t bother thinking about before’ ‘despite limited resources.”

Awareness raising is the first step in the development of the Circular Economy; second
steps involve supporting and empowering businesses and organisations to make change.
The participants were again very encouraging and commented that “It is the first (project)
to investigate the challenge analytically” and “the potential is huge” (B); “the project is also
bridging the gap between theory and practical guidance” (C) and the output (specifically the
digital Circular Data Centre Compass (CDCC)) “is immensely valuable” (F) and will “support
public and private organisations to make informed decisions about procurement and practice” (E).
Similarly, if we “make those (tools) available to organisations and they are able to use them easily
and adopt them, you’ve solved a huge issue that most places don’t have the time to look at. If you
simplify the process for them, it removes huge barriers” (F).

Question 5 was designed to find out whether CEDaCI is supporting the DCI in general;
all participants responded very positively, highlighted subjects were (again) awareness,
circularity, green procurement, the public sector, market visibility, and the CDCC digital
tool. The responses acknowledged the wider benefits and impact of CEDaCI; for example,
“The tools that you have provided will be hugely helpful for operators who currently still are very
energy and carbon focused and they are not thinking about the embedded carbon in the assets that
they use” (I). The link between economics and sustainability was repeated and “Anybody who
adopts your tools and uses them properly should make more money. This means that they can save the
planet and create social value and sustainable options for the future” (F). The project output has
the potential to influence change “provided that important buyers like the government and others
start requesting this information and demanding action it will drive the market accordingly” (C).
This could be realised because one participant is already referencing CEDaCI to government
bodies, such as DEFRA, who are developing a Cloud Sustainability Standard and another
wants to “showcase the CDCC to the Cross-Government Technology Group to get feedback and as
a game changer for their thinking” (C).

Questions 6 and 7 were designed to gather more specific feedback about the impact
of CEDaCI on the participants and their organisations now and in the future; some of the
subjects identified were the same as those raised by other questions (business, future, and
growth) but they also included planning and support. Again, all participants responded
positively and commented that support for current business practice was highly beneficial;
for example, “Those involved in sustainability impact roles can use this information to make their
case in their organisations for sustainable choices to be made” (D). Examples of specific project-
partnership tasks include checking other LCAs and carbon assessments in the public domain
and creating new LCAs of open source hardware; participants (B) and (C) agreed that the
CEDaCI team bring different specialist knowledge to their organisations and that external
analysis and reports increase objectivity and credibility (“The findings . . . . published by
someone like you will be invaluable” (G)). They also expect that project output will continue to
support them in the future, as more output like the CDCC and Pilot projects are completed.
Several participants also made suggestions for future work and collaboration after the
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project: for example, “You have the data with the Compass and when we talk to the big systems
integrator about the data centre contract, I think CEDaCI could help support us” (E). Similarly,
“It’s likely that sustainability principle will be added to our code of practice so you could look at how
to mesh your thinking and tool into how the public sector operates” (C).

Like question 4, question 8 was designed to learn whether the project process and
output was fulfilling a key aim: as explained above, the DCI is fragmented and silo
working is endemic across subsectors. Development of a Circular Economy requires a
holistic approach and input from representatives from all life cycle stages across an entire
industry. CEDaCI is seeking to do this, and although the (internal) team recognises that
there is some progress and shortfalls, external feedback from participants is essential to
confirm or negate this perception. Consequently, participants were asked whether the mix
and composition of partners, Working Group, and Co-creation Workshop members is right.
The question encouraged comments around the environment, suppliers, manufacturers,
and users from 7/9 participants. The feedback was mixed, but this was expected because,
despite major efforts to recruit DC operators, most said they were too busy to join the
activities although consultants with prior experience of running data centres were a good
substitute. A typical comment was “There was a great mix of people. There could be more
users involved in the development process” (I). Similarly, the team were unable to engage
manufacturers in the project regularly; they visited a global IT producer’s site in Scotland,
but their production plant, like those of other manufacturers, is outside the UK so the visit
was to a “technology renewal” reuse and recycling centre. Again, low engagement was due to
high volume of work and other typical comments were “End users and manufacturers lacked
representation, but that is understandable as many are distributed globally” (H). The participants
believe that there is potential to engage with more users and manufacturers when the
outputs—and especially the CDCC tool—are complete.

Question 9 related to perception of the Working Groups and Co-creation Workshops
and the value of stakeholder engagement: 8/9 participants responded when asked whether
they had taken part in similar events prior to the CEDaCI events and 50% (A), (C), (D), (F)
said no, or not in the way that the CEDaCI activities were run, and the other 50% (B), (G),
(H), (I) said yes but made comments like “I’ve learnt more from CEDaCI than from anywhere
else apart from our own research” (B). When asked about the benefits of the cross-sectoral WGs
and CCWs to the CEDaCI project, and to them as individuals, all 8 participants responded
very positively and the general consensus was that the events were very successful in
initiating different ways of thinking about problems. For example, “The key thing is a
change of consciousness. You are getting people to think about new ideas” (D). The format also
encouraged open and objective conversations, which participants really appreciated: “To
get all those people involved was a major challenge, discussing openly problems and solutions. They
are able to freely talk about ideas and mutual benefit” (F); “it helps to ensure that you can take
account of scoping issues by bringing together the supply chain and actors that might not normally
come together. It’s good to hear different perspectives and have a balanced view, without it being
influenced by vested interests” (B). Participants also valued the interdisciplinary composition
of the meetings and (I) “found it interesting to hear other people’s perceptions and views that I
would not have had access to otherwise” while (G) said “each one of the meetings felt useful” and
“the biggest benefit is meeting other people with other perspectives. The community aspect is one of
the benefits of working groups”.

In the last question (10), participants were asked for suggestions about future activities
or events: the response was encouraging and indicated that there is scope for future work
to extend the impact of CEDaCI by organising a “meeting or event where you discuss your
approach to developing those tools and how you can help others to build similar things or transfer
to different industries” (F). Ethical procurement issues (C) and understanding “more about
the chemical processes that are used to extract elements” (H) and (in response to HM Treasury
Business Case) (C) said that factoring “sustainability into business decisions and working that
through to monetised values . . . would be really useful”; broadening research and modelling
to include all types of current and emerging DC equipment (D), were also highlighted as
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subjects for further investigation. The most significant suggestion that was made by several
participants, concerning wider dissemination of project output to inform and educate the
DCI, other industries, and the public: for example, (I) suggested a briefing event or blog for
members of the technology trade association, (H) felt that publicising information about
the overall manufacturing process would generate interest in the industry, (G) will be
happy to do a joint webinar for their business community so they can see the end results
once the tool is released, and (B) said “you can reach a lot wider audience and you can educate
them about what’s in the technology and from a sustainability point of view, it has the benefit of
educating people about data and ICT as well.”

Aggregated Data and Trends

The key themes identified in the transcripts are shown in Figure 5 below, which also
shows frequency. Aggregation and analysis of qualitative data, generated by responses
to all 10 questions, showed that of the 17 themes identified in the transcripts the most
common was the environment (identified 15 times), followed by circular/circularity and
economic (8); efficiency/energy efficiency (7), social and support (6), awareness, future,
manufacture, and public sector (4), growth and market visibility (3), business, green
procurement, target, and users (2) and tool (1). Considering the interests (i.e., all bar one
have engaged with the CEDaCI project and take part in WGs and CCWs), expertise and
roles within the organisations (5 are directly linked to sustainability, 3 are linked to overall
efficiency and 1, sustainability-linked research) these results are not surprising; similarly,
alignment of the themes with the individual participants reflected the type of organisation
with which they work: for example the (A) (who works for a corporate global IT producer)
focussed on efficiency, growth, manufacture, and targets; (B) and (E), who work for SMEs
specialising in refurbishment/second life products and recycling, focused on the three
tenets of sustainability, education, and circularity, as did (C), who also commented on
the public sector and works for a national non-profit organisation; (D) and (G) work for
a non-profit global open-source IT provider, and both referred to sustainability-linked
criteria and the future growth; (F) (who works in a university) focused on the environment
and economics as did (H), the technical consultant who also spoke of manufacture and
business. Finally, (I) who works for an advisory body, mentioned the broadest range of
themes, including sustainability and circularity, business, manufacture, planning, public
sector, the future, and targets.
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5. Discussion

This paper began with a brief history of computing and the data centre industry,
outlining established thought process and practice in the general engineering profession
and data centre industry. This review was necessary in order to contextualise the scale and
nature of the current and future challenges facing the sector unless there is a significant
change from a linear to circular economy. The paper then describes two methods (De-
sign Thinking and the Double Diamond Framework for Innovation), which underpinned
CEDaCI, a unique project that was set up to kick start the Circular Economy for the Data
Centre Industry. People and stakeholder engagement are central and critical to the design
methods; however, the DCI is very fragmented and silo working is the established practice
in the various sub-sectors so there was a risk that the project would be compromised, or
fail to deliver, because of lack of engagement. The project team used various strategies to
engage stakeholders; this has proved successful so far, and the CEDaCI team has built a
Network with 100 members. All Working Groups meetings and Co-creation Workshops
are also well-attended, and participants appear to fully engage with the project team and
each other throughout.

In order to assess the impact of the project, the level of stakeholder engagement and
the success of the design methods, quantitative and qualitative data were collected and
analysed via an on-line survey and semi structured interviews. The overall response from
this research indicates that the project is very well received and is fulfilling aims so far;
the enormous scope of the project means that creating a sectoral circular economy in three
and a half years is unrealistic but the project is raising awareness across the sector and
demonstrating that a CE is possible. For example, participant (D) volunteered that “CEDaCI
has created an awareness and an interest to look into the topic of the circular economy. That’s a huge
success. That will create a big change on the market”.

The participants’ response to the WG meetings and CCWs has exceeded expectations;
the aim of these events to was to bring together actors from across the DCI to enable whole
systems approach, to address the challenge of a sectoral Circular Economy, by encouraging
knowledge transfer and exchange, and the following comments from participants indicate
that this objective is being realised: for example, (F) commented that “You must be achieving
(the Circular Economy) to some extent because there has been awareness raising. You have brought
together stakeholders from around the value chain. They have knowledge that no others do.” And
“I’ve met some interesting people that I’ve been able to bounce ideas off of. Some of the experts bring
insight and knowledge that I couldn’t get from the papers” and (G) said that “the biggest benefit is
meeting other people with other perspectives. The community aspect is one of the benefits of working
groups”. Stakeholder engagement is proving mutually beneficial and the CEDaCI team
are continually learning from the industry partners; what is learned is feeding into the
Pilot projects, and other output, to ensure that it both meets DCI requirements and initiates
change towards a circular economy.

Although the feedback from the two research exercises is all very positive, it must
be remembered that the research has limitations: the participants are already committed
to sustainability and sustainable development, and they all work for organisations that
are either promoting and/or practicing it. A bigger challenge is engaging and educating
stakeholders who are not interested, are still totally focussed on energy efficiency (rather
than that and physical resources), or believe that any products that are sent for recycling
are actually recycled rather than being stockpiled, sent to a landfill, or that second life
products cannot possibly meet their requirements.

These stakeholders may be forced to change practice in order to conform to any new
and future legislation, although the CEDaCI project will publicise incentives such as the
CDCC tool, models, and case studies to illustrate the economic, and other, benefits of
adopting circular practices.

Despite these short comings, the research shows that project is leading change, which
validates the use of design methods; the project is also an exemplar, and the meth-

141



Sustainability 2021, 13, 6319

ods and underlying structure can also be transferred to other sectors to support their
transformation to circularity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13116319/s1, The supplementary materials comprise questions for qualitative and quantita-
tive data collection via the on-line survey and the semi-structured interviews.
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