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Abstract. Global sustainability challenges are increasingly constraining and 
driving industrial development. Eco-efficiency and circular economy are power-
ful concepts providing guiding principles to achieve superior environmental per-
formance. However, they are not systematically integrated into the design, plan-
ning, development, management and improvement of industrial systems, poten-
tially resulting in increased environmental impacts and other unintended conse-
quences. This paper presents a thematic research framework based on workshops 
with manufacturers and researchers in the field of production engineering and 
management. The framework aims to establish a stronger foundation to advance 
research and technological development for eco-efficient and circular industrial 
systems, embracing environmental sustainability as core operating principles. 

Keywords: Circular economy, Eco-efficiency, Green manufacturing, Sustaina-
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1 Introduction 

Addressing global and systemic environmental issues (e.g., climate change, accumula-
tion or persistent pollutants, natural capital depletion) has been recognised as an imper-
ative for decades to ensure a healthy future for our society and our planet. Industry is a 
key driver for sustainability transitions, especially since it has been a driving force for 
social and economic development, yet at a high environmental cost. Coordinated and 
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systematic efforts are needed to accelerate actions if we are to mitigate and avoid the 
worst of the unintended consequences of industrial developments in the past centuries.  

The United Nations created the Sustainable Development Goals (SDGs) in 2015 to 
establish an international agenda to assist such globally coordinated efforts. While the 
SDGs are high-level, many companies have translated them into ambitious strategic 
goals and started to develop roadmaps to achieve them. Eco-efficiency and circular 
economy are powerful approaches to executing these strategies and roadmaps. Eco-
efficiency is achieved “by the delivery of competitively priced goods and services that 
satisfy human needs and bring quality-of-life, while progressively reducing ecological 
impacts and resource intensity throughout the lifecycle to a level at least in line with 
the earth’s estimated carrying capacity” [1]. Its guiding principles are: reduce material 
and energy intensity, reduce toxic dispersion (waste and pollution), enhance recyclabil-
ity, maximise the sustainable use of renewable resources, extend product durability, 
and increase service intensity. These principles align with the circular economy princi-
ples as advocated by the Ellen MacArthur Foundation: eliminate waste and pollution, 
circulate products and materials at their highest value, and regenerate nature [2]. 

To support research in a more sustainable direction, the purpose of this paper is two-
fold: (1) to provide priority areas and examples of research questions to advance pro-
duction engineering and management research toward environmental sustainability; 
and (2) to propose a framework capturing different research themes to tackle environ-
mental challenges meaningfully and realistically in industrial development. 

2 Methods 

A thematic analysis was used to identify common topics and patterns in production 
research towards eco-efficiency and circular industrial systems. The structure of the 
thematic research framework was developed based on a systematic review of the last 
ten years of research contributions from the International Federation for Information 
Processing Working Group 5.7 (IFIP WG5.7) on Advances in Production Management 
Systems (APMS) through its dedicated annual conference1 [3]. Three workshops (Table 
1) were used to collect experts’ inputs about research needs (challenges and opportuni-
ties) to transition to more eco-efficiency and circular industrial systems. The outputs 
from the workshops were analysed and clustered around similar research needs to create 
the initial priority areas. The thematic research framework was then iteratively refined 
by the authors and consolidated with research questions to reach a consensus about 
research priorities for more sustainable production systems.  

Table 1. Workshop dates, topics, and number of participants. 

Date Workshop, No. of participants  
29 April 2021 TRUST project2, workshop on “Why is eco-efficiency so rare?”,  

21 participants from academia and industry 

 
1 www.ifipwg57.org and www.apms-conference.org 
2 European project: Twinning foR indUstrial SustainabiliTy (TRUST)  
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12 October 2021 Swedish Manufacturing R&D, Cluster on Production Management, 
workshop on “Sustainable production through eco-efficiency and 
circularity”, 37 participants from academia and industry  

23 March 2022 IFIP WG5.7, workshop for the Special Interest Group on Eco-effi-
cient and Circular Industrial Systems, 20 participants from academia 

 

3 Results 

This section summarises the results of the workshops with references to relevant work. 
For each priority area, we propose some research questions to guide future research and 
to track the impact of the research agenda on the community over time. The thematic 
framework is then presented to encourage researchers in the field of production research 
to (re)frame their contribution toward environmental sustainability. 

3.1 Priority Areas and Research Questions 

I. Redefining success. Defining success metrics and strategic goals for organisa-
tions is a complex undertaking. This translates directly to the sustainability arena. When 
performance and success are defined with a narrow definition, it may limit the factors 
included in the design, planning, development, and management of manufacturing, ser-
vice, and logistics operations. In the context of this thematic research framework, suc-
cessful operations are considered sustainable operations [4] that follow eco-efficiency 
and circular principles. Moreover, the requirement to adopt a longer-time perspective 
can act as a barrier in many industries. Therefore, companies must deal with rebound 
effects [5] and the dilemma to balance short-term impact and long-term effectiveness 
[6] along their journey towards sustainable operations, accounting for the short-term 
successes that will make possible the long-term ones. Currently, decisions are often too 
short-sighted to deliver the desired sustainability benefits as they exceed the typical 
time horizon expected by some of the stakeholders (e.g., standard timeframe for return 
on investment). This requires a careful reframing of the purpose of industrial develop-
ment to tackle environmental problems directly and prevent unintended consequences 
by design, and not as an afterthought (as predominantly done today); i.e., avoidance 
and direct reduction of detrimental impacts as part of industrial systems design (green-
field) and redesign (brownfield) requirements. If the technical and managerial solutions 
proposed do not contribute directly to sustainability, then we should question whether 
they are suitable options. If a “solution” creates more problems than it solves, then it 
should be redesigned or not be developed.  

RQ1.1: What are the environmental sustainability implications of manufacturing, 
service, and logistics operations improvements in the short and long term for individual 
organisations and industry as a whole? 

RQ1.2: How can these environmental implications be measured and integrated into 
the definition of sustainable industrial performance and therefore success? 
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II. Highlight trade-offs for holistic, evidence-based decisions. Beware of com-
mon sense and intuitive responses to green options. For example, circular and service-
based solutions may only result in environmental benefits under specific conditions. 
Much of the data and evidence depends on the boundaries and characteristics of their 
providing system—a major hurdle in making scenarios truly comparable for objective 
decision making. The current gold standard is to adopt a holistic and lifecycle perspec-
tive as much as possible. For example, resource efficiency strategies are vulnerable to 
rebound effects when they lead to additional resource use via behavioural and systemic 
responses [5]. If some negative impacts are unavoidable within current systems, they 
should be acknowledged and used as a learning opportunity to update the behavioural 
dynamics of the system modelled for future scenario simulations and assessments. 
These insights can help identify countermeasures to these unavoidable negative effects 
in the short term while developing options to eliminate them in the long term as the 
system moves towards a more sustainable state. Having the right measures and metrics 
available is the first step to making trade-offs visible, detecting and anticipating re-
bound effects, and understanding the underlying issues to solve present problems in the 
near future.  

RQ2.1: What needs to be considered to enable holistic decision making from a 
lifecycle perspective for environmental sustainability? 

RQ2.2: What are key variables to consider and appropriate simplifications to re-
duce complexity in decision-making processes for environmental sustainability? 

III. Empowering people. For stakeholders, predominantly producers and consum-
ers, to buy into the sustainability practices, they need to have sufficient control and the 
intrinsic motivation to do good. Given this assumption, understanding and putting sus-
tainability principles into practice can better be achieved by empowering individuals 
throughout their organisation and personal life so their ideas can become actions. 
Hence, bottom-up initiatives can be more impactful than top-down approaches from the 
executive board. Achieving buy-in and the intrinsic desire to improve the current situ-
ation will avoid the ‘it is not my job’ attitude when it comes to proposing and promoting 
sustainable production and consumption practices and behaviours [7,8]. While motiva-
tion and ideology may vary, (almost) everybody agrees that we need to conserve re-
sources, avoid waste, and mitigate climate change. However, too few are ready and 
allowed to act within their current role (outside of their job description). To overcome 
this hurdle in the short term, creating incentives (e.g., gamify sustainable practices and 
behaviours) to involve all the stakeholders both internally and externally. This is par-
ticularly important for circular value chains in which producers, consumers; service 
providers (for maintenance, repair, remanufacturing, etc.) need to work together for 
product useful life extension and material recovery. 

RQ3.1: What are the barriers preventing people from engaging directly (e.g., job 
description) and indirectly (e.g., motivation) in sustainable practices and behaviours?  

RQ3.2: What are appropriate incentives to empower different stakeholders to tran-
sition towards environmentally sustainable practices and behaviours? 

RQ3.3: How can employers and employees be actively involved in the transition 
towards environmentally sustainable operations?  
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IV. Continuous improvement. A core aspect of industrial engineering is the con-
tinuous assessment and improvement of existing processes. Companies need to under-
stand their current state and/or maturity, and the readiness level of their value chains 
when it comes to environmental sustainability, then identify what sustainability prac-
tices are already in place and why those were selected, e.g., lean, green, and circular 
manufacturing practices [9]. We should envision, design, and develop solutions build-
ing from where we are today through retrofits, upgrades, improvements, etc. Whenever 
possible, barriers to change should be removed or lowered significantly to increase buy-
in from the stakeholders involved. Moreover, understanding that change takes time, it 
is important to create an environment to stimulate a learning curve and build momen-
tum. No matter how small the incremental improvements are (short-term wins), they 
serve a purpose as long as they move us in the right direction (long-term gains). A 
roadmap and a strategic communication plan should inform stakeholders in an ap-
proachable way about the pathways and concrete benefits of continuous improvements 
towards sustainable operations at an individual organisation and value chain levels. 

RQ4.1: How can manufacturing companies assess their current performance and 
identify potential for improvements towards environmental sustainability?  

RQ4.2: What are the practices already in place to support environmentally sustain-
able activities? What improvements can be made to these practices/activities?  

V. Disruptive change. While continuous improvement is the dominant approach in 
most manufacturing environments, disruptive change can overcome hurdles that are 
tough to tackle in current systems. Regrouping and starting from a brand-new solution 
can enable leaps forward (e.g., replacing outdated machines with eco-efficient ones). 
Although it might slow down development, sustainability must be considered in the 
early planning stage to avoid falling back into the traditional ‘first we build the system 
and then we make it sustainable’. In such a scenario, the system developed is initially 
unsustainable and achieving sustainability goals will take longer compared to consid-
ering it as an equal requirement integrated during the design and development stage. 
Getting it right on the first try is usually easier in the long run even if harder in the short 
term. This requires merging core business values with sustainability objectives in the 
overall Key Performance Indicators (KPIs) landscape and not viewing sustainability as 
an add-on or a stand-alone element to avoid conflict. Hence, all future industrial sys-
tems shall be ‘Design for Sustainability’ by default for the redesign of existing products, 
services, and systems, and the development of new ones [10], following an engineering 
approach that emphasizes the well-being of people and the environment as the outcome.  

RQ5.1: How can sustainability be integrated and elevated as a core design principle 
for all products, services, and systems from their conception (and not as an add-on)? 

VI. Dare to fail and share. In entrepreneurship, the ‘fail fast’ paradigm is consid-
ered an appropriate strategy towards success. As part of continuous improvement from 
a sustainability perspective, we need to embrace this design thinking mindset and meth-
odology. Thus, we need to encourage and dare to experiment, fail, learn, and share both 
successes and failures. Falsification applied to qualitative research is a powerful way 
to advance our continuous improvement and innovation methods. Positive outcome 
bias in publishing results may prevent valuable lessons learnt to transfer to the rest of 
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the research community. From a sustainability perspective, we are all working towards 
a common goal which is a significant pivot from our competitive driven mindset to a 
coopetitive one where ‘competition’ and ‘cooperation’ can go hand-to-hand since we 
all operate on one planet and a global market. Coopetition in the industrial ecosystem 
is the only sustainable way to face the challenges ahead in a volatile, uncertain, com-
plex, and ambiguous environment. The triple bottom line of people, planet, and profit 
is under pressure to succeed before the time runs out for many organisations and value 
chains in face of new and stronger environmental regulations. Therefore, sharing the 
best environmental sustainability practices between organisations and value chains is 
the fastest track to sustainable industrial development [11]. 

RQ6.1: What are the best practices, tools, methods, and frameworks that ease the 
implementation of environmental solutions towards sustainable operations? 

RQ6.2: What are the pitfalls that hinder the implementation of environmental solu-
tions towards sustainable operations? 

RQ6.3: How can falsification help to speed up the development of more effective, 
robust, and feasible environmental solutions, lowering the barriers to implementation 
and success in achieving sustainable operations? 

VII. Data-driven solutions. Digital transformation and smart manufacturing are 
inherently data-driven. Transparency, traceability, availability, accessibility, quality, 
usability, and standardisation of information and information models within and outside 
organisations (their value chains) are recurring challenges still unsolved today. This 
expands to sustainability KPIs, practices, and insights development. The objective is to 
have the right information (what) in the right format (how) for the right people (who) 
at the right time (when) for decision-making or action-taking on the shop floor and 
across value chains. This is even more challenging for environmental measures that 
require additional and costly infrastructure for data collection, processing, storage, and 
analysis solutions with potential outcomes that might be detrimental to the bottom line 
at first sight [12]. In addition, companies are often faced with the conundrum of having 
too much data but not in the right quality or state, or not the right data for environmental 
performance management and sustainability metrics. A lot of the data available are 
stored without the necessary context and represent data swamps that are hardly usable 
for informed decision making. The missing contextualization is partly traceable to a 
skills shortage, lack of awareness of the context for sustainability-related metrics 
among operators and data scientists, lack of standards to increase usability for different 
stakeholders, and a perceived lack of incentives to share data among stakeholders, 
within and outside the organisation. Moving forward, we need to create and use stand-
ards to facilitate collaboration (data integration, sharing, and usage) to achieve not only 
sustainable operations at individual organisations’ level but also at the value chain level 
[13]. Using industry commons to design both products and processes in a sustainable 
manner (e.g., Design for Circularity) is essential for industrial development. 

RQ7.1: What data/information needs to be shared, at which level of granularity, 
and amongst which stakeholder(s) to facilitate efficient, sustainable operations?  

RQ7.2: How to ensure information systems interoperability and avoid misinterpre-
tation of data/information using standards for improved decision making? 
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RQ7.3: How to facilitate communication and information exchange beyond organi-
sational boundaries for more efficient, sustainable value chain operations? 

VIII. Use technology to become the ideal partner for sustainability. Take full 
advantage of the sustainability opportunities and new capabilities unlocked by the re-
cent advances in operational and information technologies and systems, which compa-
nies are already investing in [12]; e.g., industrial digitalization, automation, and addi-
tive manufacturing. Digitalization has the potential to improve efficiency and the or-
ganisation’s bottom line both directly and indirectly, but it would also lead to exacer-
bated ecological harm of industrialisation [13]. Technology development, selection and 
implementation should focus on sustainability as a primary goal (not secondary behind 
cost, quality, productivity, etc.). Direct gains include resource efficiency and pollution 
reduction. Indirect gains include the ability to manage sustainability-related data within 
companies and across value chains to coordinate sustainability efforts. The mechanisms 
through which technologies generate either negative or positive impacts should be char-
acterised to ensure that additional impacts from producing, exploiting, and disposing of 
digital technologies are amortized [13].  

RQ8.1: What are the environmental sustainability implications (positive and nega-
tive) when developing, selecting, and implementing advanced technologies?  

RQ8.2: How can these implications be measured and integrated into technology de-
velopment, selection, and implementation to ensure positive outcomes? 

IX. Customer-oriented value definition for products and services design. Cus-
tomers’ choices (i.e., the voice of the customer) are fundamental for promoting sustain-
able business operations. Therefore, organisations’ product and service portfolios must 
be sustainably improved by relying on what customers are willing to pay for. Customer 
orientation addresses the needs of the market by educating the consumer and promoting 
a sustainable consumption mindset (i.e., a healthier and more responsible consumption 
behaviour). Involving customers in the path towards circular and sustainable business 
models can be a competitive advantage since their consumption habits and attitudes are 
fundamental for sustainable consumer behaviours, which are based on four principles 
that encompass (i) selecting environmentally friendly products and services; (ii) mini-
mising the range of consumption; (iii) maximising functionality and product life; and 
(iv) segregating waste to ease recycling or reuse [8] in the circular and sharing econo-
mies. Furthermore, taking customer requirements and needs as continuous improve-
ment or innovation opportunities for sustainable business development. 

RQ9.1: How to involve customers in the co-design of products and services to meet 
their needs in a more eco-efficient way?  

RQ9.2: How to involve customers in extending the life of their products and increas-
ing value co-creation during their usage phase?  

RQ9.3: What type of product and service design standards facilitate the transition 
towards environmentally sustainable and circular business operations? 

X. Doing good. Can incremental improvements of non-sustainable processes even-
tually lead to sustainability? For example, time, efforts, and investment spent on im-
proving a coal-fired power plant may seem necessary to reduce its environmental bur-
den, but it may also distract from shifting to renewable energy systems. Sustainable 
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alternatives should be the focus of industrial improvements to phase out as soon as 
possible non-sustainable activities and start new sustainable, environmentally positive 
ones [15]. However, regenerative sustainability is still rarely considered when planning, 
building and managing industrial systems. The traditional view that we are separate and 
independent from nature contributed to the disconnection of our human systems and 
the ecosystem services they rely on. Companies can move from doing less bad to doing 
more good and go beyond zero impact by understanding the mechanisms governing the 
well-functioning of the surrounding natural ecosystems and accounting for local re-
newal and assimilation rates [16]. Cumulating incremental and radical green improve-
ments, production and consumption levels could pass the threshold for our society to 
operate within the planetary boundaries. First, specific vulnerabilities in damaged local 
ecosystems can be targeted to stop or remove the bad already done (passive regenera-
tion and restoration). Then, more active measures can be adopted through bio-inspired 
innovations and technological developments to tackle the remaining negative impacts.  

RQ10.1: How can companies operate within natural ecosystems’ limits, accounting 
for their renewal and assimilation ability (eco-efficient and circular practices)? 

RQ10.2: What are the mechanisms through which companies can contribute posi-
tively to ecosystems’ health (regenerative and restorative practices)? 

3.2 Thematic Research Framework 

The thematic research framework (see Fig. 1) connects the priority areas to six domi-
nant research themes or fields identified through a thematic analysis of the last ten years 
of APMS conference proceedings. Each theme captures a cluster of related topics: 

1. Operations management—scheduling, production planning and control, lean and 
green, asset management, maintenance, quality management, risk management, etc. 

2. Business development—strategic planning, organizational change, organizational 
learning, dynamic capabilities, innovative business models, servitization, etc.  

3. Value chain management—product lifecycle, manufacturing strategy, green sup-
ply chains, industrial symbiosis, collaborative networks, transparency, etc. 

4. Technological development—process and product design, novel applications of 
manufacturing technologies, ICT, automation, Industry 4.0, etc. 

5. Human factors—health and safety, operator support, skills and knowledge, engi-
neering education, professional training, continuous and life-long learning, etc.  

6. Performance management—novel indicators, multi-criteria decision making, 
modelling and simulation, optimisation, machine learning, big data analytics, etc. 

Some of these research themes already connect strongly to the priority areas. For 
example, the field of business development is challenging the definition of success and 
value (priority area I); e.g., corporate social responsibility, service-based business mod-
els, and sharing economy. A growing number of fields are taking advantage of data-
driven solutions (priority area VII) with operations management and performance man-
agement leading the way. Research on human factors is developing better support sys-
tems to assist, inform and educate people to work more efficiently and safely, empow-
ering them to make better decisions (priority area III); e.g., new and renewed 
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occupational health and safety standards, modern worker assistance systems with aug-
mented and collaborative technologies. Much can be learnt from the field of operations 
management regarding tools and methods for continuous improvement (priority area 
IV); e.g., lean-green and zero-defect paradigms to improve resource efficiency. How-
ever, regenerative sustainability (priority area X) is still rarely adopted in industrial 
research. 

 

 
Fig. 1. Thematic Research Framework for Eco-efficient and Circular Industrial Systems. 

Each research theme requires a different approach to tackle environmental sustaina-
bility meaningfully and realistically. The priority areas can be used to reframe the prac-
tical problems addressed and reflect on the conditions causing them. Then the proposed 
research questions can be used to prompt and guide the formulation of more specific 
research questions and research frameworks by individual researchers in their field. 
Ultimately, it is the responsibility of each researcher to scope and focus their contribu-
tion to move in the right direction (towards operating within the planetary boundaries). 

4 Conclusions 

This paper aims to stimulate discussions and encourage us all to address environmental 
sustainability more systematically and effectively in production engineering and man-
agement research. A thematic research framework for eco-efficient and circular indus-
trial systems is presented to take advantage of the ongoing efforts on dominant research 
themes. With a clearer understanding of the research needs in the field of industrial 

I. 
Rede'ning 
success

II. 
Highlight 
trade-offs 

III. 
Empowering 

people

IV. 
Continuous 

improvement

V. 
Disruptive 
change

VI. 
Dare to fail 
and share

VII. 
Data-driven 
solutions

VIII. 
Use 

technology 

IX. 
Customer-

oriented value 

X. 
Doing 
good

Eco-ef'cient 
and Circular 

Industrial 
Systems

1.
Operations 

management

2.
Business 

development

3.
Value chain 
management

4.
Technological 
development

5.
Human
factors

6.
Performance 
management



10 

sustainability, priority areas and research questions are proposed to guide ongoing and 
future research with a strong focus on environmental challenges to tackle them mean-
ingfully in further industrial development. All stakeholders, from producers to consum-
ers, need to embrace eco-efficiency and circular economy principles as the standard 
mode of operation for industry (production) and society (consumption), building on 
each other’s knowledge and actions, enabling mutual learning, and eventually acceler-
ating the much-needed sustainability transition.  

Finally, the thematic research framework presents the priority areas along with six 
dominant themes to guide further research and technological development towards sus-
tainable industrial solutions in the factory, supply chain, and industry as a whole level. 
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