
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​​/​c​r​e​a​​t​i​v​e​c​o​​m​m​o​n​​s​.​o​r​g​​/​l​i​c​e​​n​s​
e​s​/​b​​y​-​n​c​​-​n​d​/​4​.​0​/.

Leal Filho et al. Discover Sustainability          (2025) 6:1204 
https://doi.org/10.1007/s43621-025-02056-1

*Correspondence:
Izabela Simon Rampasso
izarampasso@gmail.com

Full list of author information is 
available at the end of the article

Greening the factory floor and reducing the 
climate impact of the manufacturing sector
Walter Leal Filho1,2,3 , Yusuf A. Aina4 , Andrea Gatto5,6,7 , Izabela Simon Rampasso8* , Tiago F. A. C. Sigahi9 , 
Rosley Anholon10 , Ricardo L. F. Bella11 , Osvaldo L. G. Quelhas12 , Claudio Ruy Portela de Vasconcelos13,14  and 
Johannes M. Luetz15,16,17

1  The economic significance of the manufacturing sector
The manufacturing sector is recognised as a key driver for long-term economic devel-
opment, technological progress, and structural transformation. It is also a pivotal con-
tributor to job creation (K et al., 2020). The sector is also important for enhancing the 
capabilities of human capital, fostering research development, and driving innovation 
[1]. Throughout history, the manufacturing sector has played a key role in economic 
development [2, 3].

Despite many positive effects of industrialisation, production and consumption mod-
els have often been criticised [4, 5]. For instance, Agenda 21 acknowledged as early 
as 1992 developed countries’ consumption and production patterns were unsustain-
able, given the environmental limits of global resources [5]. The Rio Declaration urged 
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nations to change these standards, emphasising the unsustainable approach adopted by 
the manufacturing systems and social lifestyles [5], p. 2).

However, the rapid industrialization of the past two centuries, while laying the 
groundwork for modern economies, has also led to considerable environmental degra-
dation and accelerated climate change. This necessitates an urgent reconsideration of 
manufacturing methodologies [6]. This urgency is amplified by international accords like 
the 2015 United Nations Framework Convention on Climate Change, which established 
ambitious goals to limit global temperature increases, thereby mandating a swift and 
thorough decarbonization of economic and social frameworks [7].

Currently, the widespread ramifications of climate change present considerable chal-
lenges at both macroeconomic and microeconomic levels for the manufacturing sector, 
primarily manifesting as significant reductions in productivity [8]. Consequently, adopt-
ing environmentally sustainable practices has become a priority, driven by increasing 
pressure from governmental entities, non-governmental organizations, and a growing 
base of environmentally conscious consumers [9]. This heightened awareness is prompt-
ing firms to adopt proactive strategies, including green entrepreneurship and green 
innovation, aimed at both environmental stewardship and the cultivation of a competi-
tive edge [8].

Key strategies such as improving energy efficiency, transitioning to renewable energy 
sources, optimizing resource utilization, and embracing circular economy principles are 
essential for reducing carbon emissions and promoting sustainable industrial growth 
[10]. These initiatives are not merely compliance measures but represent strategic 
opportunities for manufacturers to foster resilience, develop novel product lines, and 
secure long-term market viability in an evolving global economy.

These operational strategies are increasingly supported by a broader international 
policy framework. In the last few decades, several summits, policies, and international 
environmental agreements have been put forward to boost national, regional, and global 
green growth [11, 12]. The international development agenda and academia have often 
remarked on the compellingness of economic decoupling [13]. Throughout the years, 
theories, good practices, studies, and metrics have been developed globally to better 
understand, mainstream, and measure green growth [14–16].

Although the negative consequences of climate change have been evident for decades, 
initiatives to reduce carbon emissions still need to be prioritised by both developed [17] 
and developing nations [18]. This historical trajectory of industrialisation, characterised 
by burgeoning energy consumption and greenhouse gas emissions, has directly contrib-
uted to the current climate crisis, making the manufacturing sector a critical focal point 
for urgent mitigation and adaptation strategies [19]. Indeed, the manufacturing and con-
struction sectors alone accounted for 20% of global greenhouse gas emissions as of 2014, 
underscoring the imperative for substantial reductions to achieve climate mitigation 
goals [20].

This necessitates a comprehensive shift towards sustainable manufacturing practices, 
integrating waste reduction, energy efficiency, and the adoption of renewable energy 
sources to minimise environmental impact and promote green economic development 
[21]. This involves re-evaluating production processes, integrating eco-friendly materi-
als, and optimising supply chains to reduce the overall carbon footprint [22]. Addressing 
this urgent challenge requires a paradigm shift towards sustainable energy systems and 
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circular economy principles, which are critical for mitigating adverse climate effects by 
reducing greenhouse gas emissions and conserving natural resources [23].

Policymaking has further clarified this urgency. It is worth mentioning that initiatives 
at the EU and global level are also pivotal. Intergovernmental projects to foster green 
growth at the industrial level can drive policymaking and strategies formulation. Among 
others, as part of the Green Deal Industrial Plan [24], the EU Net Zero Industry Act 
[25] has the objective to enhance clean technology for manufacturing in the EU to boost 
the energy transition plan in Europe and accelerate decarbonisation related to them. 
An additional goal of the EU Net Zero Industry Act is to attract investments via net-
zero technologies manufacturing and to reach the target of 40% of annual deployment 
needs by 2030. The Act also aims to create quality jobs and make the EU more energy 
independent.

At the global level, another key initiative is the UNIDO’s Industrial Decarbonization 
Accelerator [26], to be conceived in the wider framework of UNIDO’s Industrial Decar-
bonization Projects. The accelerator is a network of global initiatives promoted by the 
UNIDO and aimed at boosting energy efficiency, renewables and low-carbon alterna-
tive fuels, electrification, carbon capture, utilization and storage (CCUS), and alternative 
feedstocks. The initiative has the goal of facilitating industrial decarbonization policy 
formulation. The final target is to achieve full decarbonization by 2050.

Furthermore, practical applications of mitigation strategies, such as assessing carbon 
footprints in various sectors, highlight tangible pathways for emission reduction. For 
instance, quantifying the carbon footprint of transport activities in healthcare facilities 
provides a concrete example of how detailed assessments can inform targeted emis-
sion reduction strategies across diverse industrial contexts [27]. Additionally, global 
industrial operations, particularly in sectors like steel, cement, and logistics, are under 
increasing regulatory and sustainability scrutiny, necessitating innovative and energy-
efficient solutions to reduce their environmental footprint and align with global carbon 
reduction targets [28].

Such efforts can be bolstered by advanced water resource management under various 
climate scenarios to enhance resilience [29], alongside decomposition analyses of CO2 
emissions to identify key drivers for targeted interventions. These approaches under-
score the importance of integrating robust environmental management systems within 
industrial frameworks, promoting not only operational efficiencies but also ecological 
stewardship [30]. This aligns with the theoretical framing of ecological modernisation, 
which contends that environmental sustainability and economic growth are not mutu-
ally exclusive but can be achieved by technological innovation, market mechanisms and 
regulation. For manufacturing, the framework translates into cleaner production, Indus-
try 4.0, and circular economy approaches. Pan and Zhou [31] highlighted how China’s 
manufacturing industries leveraged the framework in the context of green logistics and 
regulatory reforms to achieve decarbonisation. Reis et al. [32] contend that the Indus-
try 4.0 paradigm can aid organisations in addressing a range of sustainability challenges. 
According to the authors, this approach introduces intelligence into production pro-
cesses, which can result in reduced consumption of raw materials, water, and electricity, 
in addition to the potential to lower equivalent CO₂ emissions.

However, the underlying tensions of the trade-offs between environmental conser-
vation and economic growth in the manufacturing sector have not been thoroughly 
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investigated in the literature, especially in the developing countries, where the challenges 
jeopardise their sustainability performance [33]. Moreover, most studies are sector-spe-
cific (e.g., steel, cement, automotive), limiting the ability to draw cross-sectoral lessons 
[34]. Meanwhile, emerging research suggests the need for cross-sector comparative 
insights [35]. Thus, it is pertinent to ask the research question, “How can manufacturing 
industries operationalise climate mitigation while maintaining economic viability?” This 
paper, therefore, aims to explore the multifaceted strategies available to the manufactur-
ing sector for mitigating its climate impact and adapting to the challenges posed by a 
changing climate.

Given the urgent need to understand how climate risks affect industrial systems, this 
study adopts a sector-specific definition of vulnerability, referring to the susceptibility 
of manufacturing activities to both rapid and slow-onset climate-related changes. This 
encompasses both acute events (e.g., extreme weather) and slower-onset phenomena 
such as desertification, salinisation, rising sea levels and temperatures, forest degrada-
tion, and biodiversity loss, among others.

The novelty of the paper lies in the fact that it focuses on more than just energy effi-
ciency. It proposes a new framework that directly incorporates circular economy prin-
ciples into production lines. It shows how tracking resources in real time and turning 
waste into valuable materials can separate manufacturing growth from its environmen-
tal effects. This approach offers a scalable way to achieve a truly sustainable industry.

2  Climate change and the manufacturing sector
The relationship between the manufacturing sector and climate change is multifaceted 
and significant. For instance, manufacturing industries are important greenhouse gas 
emitters [36–39]. These emissions result from the use of fossil fuels for energy genera-
tion, chemical reactions from processes [40], and energy-intensive activities like heating, 
cooling, and material transport [41].

In addition, the manufacturing sector is one of the largest consumers of energy glob-
ally [42, 43]. This high energy demand often relies on fossil fuels, contributing signifi-
cantly to greenhouse gas emissions worldwide [44, 45]. Transitioning to renewable 
energy is essential for reducing the sector’s carbon footprint [46].

Moreover, manufacturing processes often involve the extraction and processing of raw 
materials, activities that can result in deforestation, habitat loss, and biodiversity decline 
[47]. Additionally, if not properly managed, waste generated from manufacturing opera-
tions can cause significant environmental harm [48, 49].

Life cycle assessment (LCA) details the environmental impacts arising from produc-
tion systems across the entire supply chain. This encompasses stages from raw material 
extraction, transportation, and the production process, to commercialization, use and 
end-of-life disposal [50–52].

Without disregarding the other stages, the post-use phases are particularly problem-
atic. In response, the manufacturing sector has increasingly prioritised developing sus-
tainable products and reducing waste through circular economy strategies [53]. Growing 
pressure from governments and consumers has accelerated global efforts to develop 
technologies that mitigate climate change. These include, in addition to technologies 
associated with industry 4.0, innovations in energy efficiency, renewable energy systems, 
and low-carbon materials [54, 55].



Page 5 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

In response, governments globally are enacting policy measures to curb carbon emis-
sions from the manufacturing sector. These include emissions reduction targets, carbon 
pricing mechanisms, and incentives for the adoption of cleaner technologies [56]. At the 
operational level, Fig. 1 illustrates the risks that climate change poses to manufacturing 
infrastructure and supply chains.

Overall, climate change compels manufacturers to adapt and innovate in order to 
mitigate associated risks. This may include investing in climate-resilient infrastructure, 
diversifying supply chains, adopting sustainable practices, and developing products 
aligned with climate targets and broader sustainability goals [57]. The sector must there-
fore adapt by enhancing its resilience to extreme weather events and shifting climate 
conditions [58, 59]. Given its transnational scope, the manufacturing sector’s response 
to climate change requires coordinated international action. In this context, industri-
alised nations—with more advanced manufacturing capabilities and higher historical 
emissions—bear a greater responsibility to lead in reducing carbon outputs and advanc-
ing sustainable practices [60, 61].

Although renewable energy technologies are becoming more affordable, their uptake 
in manufacturing is still limited by structural and operational barriers. High-heat needs, 
round-the-clock operations, old equipment, and tight margins make many manufactur-
ing subsectors difficult to electrify [56, 62]. Moreover, uncertainties about trade, policy, 
and grid integration further discourage large-scale investment [63, 64]. Overcoming 
these barriers calls for coordinated policy and sector-specific support to enable a just, 
effective transition to low-carbon manufacturing [56, 62].

Relatedly, biodiversity loss, waste, and consumer pressure are interconnected, show-
ing that manufacturing transitions must be seen as value-chain shifts, not isolated 
challenges. Global supply chains displace land-use change and biodiversity impacts to 
producer regions, making downstream consumption an indirect driver of species decline 
with epistemic and cultural consequences that are widely underappreciated and diffi-
cult to quantify [65, 66]. Circular-economy strategies can help mitigate these pressures 
by limiting extraction, recirculating materials, reducing waste, and easing biodiversity 
losses from raw-material demand [67]. At the same time, sustained customer pressure 
can push firms to adopt greener practices and products, advancing circular transitions 

Fig. 1  Key Climate-Related Risks Affecting the Manufacturing Sector. (Source: Authors)
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[68]. Taken together, manufacturing transitions should be seen as value-chain redesigns 
rather than end-of-pipe fixes, ensuring social legitimacy and safeguarding biodiversity 
[65, 66].

The imperative to combat climate change can be a significant catalyst for industrial 
innovation, manifesting across several key areas: (a) the integration of renewable energy 
sources, such as solar panels, wind turbines, and geothermal systems [69–71],(b) prod-
uct design for circularity, which involves developing products specifically for easy disas-
sembly, component recovery, reuse, remanufacturing, and recyclability [72],(c) process 
innovation for cleaner production, entailing the redesign of industrial and commercial 
processes to reduce pollution at source, enhance energy efficiency, minimise material 
consumption, and eliminate hazardous substances [54, 55, 73, 74], and (d) dematerialisa-
tion and lightweighting, which refer to the systematic reduction of material weight or 
embedded energy in products during the design phase [75, 76].

Beyond the initiatives undertaken by manufacturers, numerous scholars acknowledge 
the fundamental role of trade unions in advancing sustainable development. Accord-
ing to Räthzel and Uzzell [77], the significance of trade unions in this regard was for-
mally established at the 1992 Rio Earth Summit within Agenda 21, a document which 
explicitly recognizes the influence and role of workers and their representatives. The 
authors emphasize that trade unions constitute a fundamental tier of a tripartite system, 
alongside government and employers. Through the implementation of collaborative, 
win–win strategies, this system is instrumental in designing, implementing, promoting, 
and strengthening green jobs. This process entails making substantive improvements to 
product design, production processes, and workplaces to mitigate global greenhouse gas 
emissions. Furthermore, scholars such as Thomas [78] and Felli [79] contend that trade 
unions, as key social actors, possess a unique capacity to mobilise substantial numbers of 
people. This mobilization is critical for lobbying governments to provide essential sup-
port, foster social dialogue, and institute protective measures to safeguard both workers 
and communities throughout the transition to a low-carbon economy.

Overall, the manufacturing sector’s relationship with climate change is complex, pre-
senting both challenges and opportunities for innovation and sustainability [80]. Reduc-
ing the manufacturing sector’s environmental impact is essential for achieving the global 
climate targets established in the 2015 Paris Agreement [81]. Given the manufacturing 
sector’s dual role as a major contributor to climate change and as one of its most exposed 
industries, this paper reviews the relevant literature and proposes guidelines to mitigate 
its environmental impacts.

3  Theoretical framework
This study is grounded in the complementary perspectives of industrial ecology (IE) [82] 
and systems thinking (ST) [83], which together provide the conceptual foundation for 
interpreting the relationship between manufacturing and climate change, as well as for 
formulating guidelines for sectoral decarbonisation [84, 85].

Industrial ecology conceptualises industrial systems as analogues of natural ecosys-
tems, where materials and energy are cycled to minimise waste and maximise efficiency 
[86]. Its core premise is that the environmental impact of production can be reduced by 
optimising resource flows across the life cycle of products and processes [87].
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Within manufacturing, IE emphasises strategies such as eco-efficiency, waste valorisa-
tion, product life-cycle assessment, and the implementation of circular economy princi-
ples [88]. By treating waste streams as potential inputs for other processes, IE promotes 
“closed-loop” systems that reduce reliance on virgin raw materials and mitigate green-
house gas emissions [86]. Moreover, industrial symbiosis, a subfield of IE, highlights 
opportunities for cross-industry collaboration in which the by-products of one facility 
serve as inputs for another, fostering collective reductions in environmental impact [89].

Systems thinking, in turn, extends this perspective by situating manufacturing within 
complex, adaptive socio-technical systems [90]. ST emphasises interdependencies, feed-
back loops, and dynamic interactions between production processes, supply chains, 
regulatory structures, and societal expectations [91, 92]. From this perspective, the chal-
lenge of decarbonising manufacturing cannot be reduced to discrete technological fixes; 
it must be approached as a systemic transition that requires coordination across actors 
and scales [93, 94].

ST directs attention to structural barriers (e.g., such as high-heat demands, legacy 
infrastructure, and fragmented supply chains) that are reinforced through feedback 
mechanisms and institutional lock-ins [95]. At the same time, it underscores the lever-
age points where targeted interventions (e.g., carbon pricing, procurement standards, 
collaborative networks) can trigger broader shifts towards sustainable trajectories [90].

Together, IE and ST form a synergistic theoretical framework. IE provides analytical 
perspective for assessing material and energy flows within and across manufacturing sys-
tems, while ST broadens the scope to include governance, organizational practices, and 
societal drivers of change [84, 85]. By integrating these perspectives, this study ensures 
analytical depth and coherence: IE anchors the technological and operational aspects of 
decarbonisation, whereas ST highlights the systemic nature of transitions, ensuring that 
proposed guidelines address not only efficiency improvements but also the structural, 
institutional, and cultural dimensions of sustainable manufacturing.

4  Methodology
This study employed a systematic literature review to identify scholarly publications 
addressing the interface between the manufacturing sector and climate change. Using 
inductive content analysis, the selected literature was organised into thematic catego-
ries. Based on these categories, the study developed a set of guidelines grounded in the 
reviewed literature.

In the first step, a structured search string was applied to the Scopus and Web of Sci-
ence databases: ("climate change" OR "climate impact" OR "carbon emission*" OR "car-
bon emission*" OR "carbon footprint" OR "greenhouse gas" OR "greenhousegas" OR 
"Paris Agreement" OR "climate") AND ("manufactur*") AND ("vulnerability" OR "influ-
ence") AND ("case stud*"). The search was limited to the title, keywords, and abstract 
fields.

The search string returned 71 papers from Web of Science and 94 from Scopus. After 
removing duplicates, a total of 104 unique papers remained. These were screened based 
on their titles and abstracts to assess their relevance to the research focus. The selec-
tion criteria were: 1) the study must focus on the manufacturing sector; 2) the study 
must focus on climate change. This process resulted in a final selection of 29 papers. The 
screening procedure is summarised in Fig. 2 using a flow diagram.
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The 29 papers remaining after the screening process were analysed using inductive 
content analysis, following the guidelines proposed by Elo and Kyngäs (2008). This type 
of analysis involves the following steps: (1) open coding, in which notes and headings 
are generated during a close reading of the material to create coding sheets and initial 
categories; (2) category creation and grouping, where related codes are clustered under 
higher-order headings; and (3) abstraction, the process of formulating general descrip-
tions and synthesising the categories into overarching themes. Finally, the results are 
reported based on these abstracted categories.

Based on the results of the inductive content analysis, this study proposes a set of 
guidelines outlining actions the manufacturing sector can take to address climate 
change.

5  Findings and discussion
5.1  Sectoral characteristics of the sample

Before presenting the content analysis, it is useful to provide descriptive information 
about the sample of papers reviewed. The first aspect examined is the year of publication. 

Fig. 2  Literature Screening and Selection Process. Source: Adapted from Page et al. (2021)
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As shown in Fig.  3, while no clear trend can be identified, the years with the highest 
number of publications were 2014, 2022, and 2023.

With respect to publication venues, three journals published more than one of the 
selected papers: Journal of Cleaner Production, Journal of Industrial Ecology, and Sus-
tainability. This indicates the broad relevance of the topic across the academic literature. 
The diversity of journal scopes is also noteworthy, encompassing outlets focused on sus-
tainability, specific industries, and disciplinary research areas.

5.2  Key themes in the literature

As noted earlier, the systematic literature review identified 29 papers addressing the 
intersection of climate change and the manufacturing sector. An inductive content anal-
ysis of these papers resulted in the development of nine thematic categories, based on 
the specific industries addressed. The categorisation is as follows: General manufactur-
ing (24.1%), Automotive (17.2%), Food and Beverage (10.3%), Steel (6.9%), Cement/Con-
crete/Construction (17.2%), Machining Processes (10.3%), Aircraft/Aerospace (6.9%), 
Consumer Goods (3.4%), and Fashion (3.4%). Further details regarding the individual 
papers and their contributions to the climate change discourse are presented in Table 1.

In the first group of papers—those addressing general or multiple industries—several 
key aspects of the relationship between the manufacturing sector and climate change are 
highlighted. The main themes include: the influence of carbon footprint considerations 
on procurement decisions [96], the role of energy management in enhancing corporate 
sustainability [97–99], the need to reconsider product strategies [100, 101] the impor-
tance of infrastructure to support circular economy practices and increased information 
sharing across the supply chain [99] and the need for policies that incentivise eco-effi-
ciency among companies [102].

In the second group of studies, which focus on the automotive industry, the studies 
reflect concerted efforts within the sector to reduce carbon emissions through innova-
tions in technology [103], materials [104], and design [105]. However, the pace of change 
remains slow in some contexts, as illustrated by the case of the United States [103].

Fig. 3  Temporal Distribution of Selected Publications (2010–2023). (Source: Authors)
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In the third group of papers, which focus on the food and beverage industry, the stud-
ies highlight the growing pressure on companies to reduce their carbon emissions [106, 
107]. They also document measures being implemented in response to this pressure, 
including the monitoring and reduction of greenhouse gas (GHG) emissions [108], and 
the imposition and mainstreaming of more stringent environmental requirements across 
the supply chain [106].

In the fourth category of studies related to the steel industry, manufacturing processes 
are analysed to optimise energy and material use to reduce carbon emissions [109, 110]. 
This focus is particularly important given the high volume of greenhouse gas (GHG) 
emissions associated with the sector [109].

The fifth thematic group focuses on the cement, concrete, and construction industries, 
which are considered together due to their strong interconnection. The studies in this 
category highlight several good practices adopted across these sectors, including the use 
of waste-derived materials [111] and supplementary cementitious materials in concrete 
mixes [112]. Additionally, adopting alternative construction materials and implementing 
carbon capture and storage (CCS) technologies are noted as key strategies for reducing 
emissions [113]. The literature also considers the operational phase of buildings, with 
attention to emissions generated during their conventional use. For example, Pelzeter 

Table 1  Classification of Reviewed Studies by Industry Focus. (Source: Authors’ analysis)
Group References
Papers addressing general themes or spanning multiple industries Basu et al., [96]

Finnerty et al., [98]
Alaux et al., [97]
Rios and Charnley, [100]
Xu and Qu, [101]
Kumar et al., [99]
Suh et al., [102]

Studies focusing on the automotive industry Penna and Geels, [103]
Schmiedt et al., [104]
Pan et al., [140]
Li et al., [105]
Wei et al., [141]

Papers related to the food and beverage industry González-González and 
Zamora-Ramírez, [108]
Ali et al., [106]
Röös et al., [107]

Studies focusing on the steel sector Priarone et al., [110]
Jeong, [109]

Studies related to the cement, concrete, and construction sectors Bakhoum and Mater, [111]
Pedro et al., [112]
Kim and Miller, [113]
Zhou, [142]
Pelzeter and Sigg, [114]

Studies focusing on machining processes Sun et al., [115]
Liu et al., [117]
Tuo et al., [116]

Studies related to the aircraft and aerospace sector Eckelman et al., [118]
Harclerode et al., [119]

Studies focusing on the consumer goods sector Theißen et al., [120]
Papers related to the fashion industry Hildebrandt et al., [121]
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and Sigg [114] underscore the importance of CO₂-optimised facility services in mitigat-
ing process-related emissions.

The sixth group of studies examines machining processes, with a particular focus on 
evaluating their performance in relation to carbon emissions [115, 116]. These papers 
also explore opportunities for reducing emissions through process optimisation and 
improved operational efficiency [117].

The seventh group of research papers focuses on the aircraft and aerospace industry, 
highlighting efforts to reduce environmental impacts through material reuse and pro-
cess optimisation. The use of recycled alloys is noted for its potential to lessen environ-
mental harm [118]. Additionally, the literature addresses the social costs associated with 
carbon emissions in this sector, suggesting that these could be mitigated through the 
optimisation of remediation processes [119].

The final two groups each consist of a single paper. In the case of the consumer goods 
industry, the focus is on the potential of supply chain collaboration to improve envi-
ronmental outcomes [120]. In the fashion industry, the highlighted study explores the 
use of vegan and bio-based materials as environmentally friendly alternatives. However, 
the authors also note that these materials can have unintended negative environmental 
impacts [121].

5.3  Strategic guidelines proposition

Following the analysis of the selected papers, a set of guidelines was developed to sup-
port the manufacturing sector in responding to climate change. These are presented in 
Table  2. The guidelines are intended to inform both future research and professional 

Table 2  Strategic Guidelines for Climate Change Mitigation in the Manufacturing Sector. (Source: 
Authors’ synthesis)
# Guidelines Descriptions
1 Collaborative 

management
Collaborative management approaches to carbon reduction in the manufacturing 
sector offer significant potential. Companies should actively exchange experiences 
and best practices to generate synergistic benefits and accelerate sector-wide 
sustainability gains

2 Transformative 
industry behaviour

Manufacturing companies must transition towards a “transformative industry” 
model, which involves not only adopting a sustainability-oriented organisational 
culture but also influencing other actors across the production chain to do the same

3 Sustainable energy 
and carbon capture

Sectoral case studies demonstrate the potential of energy efficiency, clean energy 
adoption, carbon capture, and related measures. However, their implementation 
remains limited, and the manufacturing sector must significantly intensify efforts in 
this direction

4 Carbon foot-
print analysis in 
purchases

Carbon footprint considerations should play an increasingly central role in decisions 
regarding the acquisition of equipment and vehicles in the manufacturing sector

5 Carbon emission 
analysis in product 
development

Product development in the manufacturing sector should increasingly prioritise 
low-carbon innovations that contribute to climate change mitigation—such as 
lightweight materials in vehicles to reduce fuel consumption, or alternative cement 
formulations that lower emissions

6 Eco-efficiency and 
low-carbon tech-
nologies detailed 
financial analysis

Eco-efficiency and low-carbon technologies can yield substantial financial benefits. 
Manufacturing firms should develop a comprehensive understanding of these 
concepts rather than dismissing them prematurely

7 Carbon emissions 
estimations for 
processes and 
products

Systematically estimating carbon emissions from manufacturing processes and 
products provides a valuable basis for identifying opportunities for improvement. 
The academic literature increasingly offers indices and decision-support tools to 
guide managers in these analyses
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practice by outlining key pathways for sustainable action. The subsequent section dis-
cusses these guidelines in relation to the broader literature.

Collaborative problem-solving fosters shared understanding, which can support col-
lective action. These shifts in perspective may also generate broader social impacts, 
influencing institutional and governmental responses [122–124]. Furthermore, organ-
isations increasingly rely on learning networks to build capabilities in complex business 
environments. Multi-firm collaboration facilitates the development of shared solutions 
to common challenges and enables economies of scale through the generation of collec-
tive knowledge and the diffusion of best practices [125]. The transition to a low-carbon 
economy is reshaping the business landscape, generating uncertainty across sectors. 
Emerging emissions regulations are expected to exert significant pressure on suppliers. 
As a result, competitive dynamics have shifted from individual firms to entire supply 
chains [126, 127].

Over the next decade, manufacturing is expected to become increasingly decentral-
ised and interconnected. This transformation will involve smart products, collabora-
tive robots, low-energy processes, and the seamless integration of manufacturing and 
logistics systems [128]. Individual products and their components will also be embedded 
within this digital ecosystem [128–130]. With the expansion of Internet of Things (IoT) 
technologies, integrated supply chains are becoming a practical reality, enabling data-
driven decision-making through real-time information sharing across networks.

Collaboration across the manufacturing ecosystem enables the development of smart 
factories that are highly efficient and responsive to evolving industry goals [131, 132]. 
However, smart production systems also entail high energy and resource demands, 
potentially leading to adverse environmental impacts [131]. The operational efficiencies 
enabled by advanced computing often require substantial energy inputs to sustain inte-
grated systems, creating unintended compensatory effects. Nevertheless, these impacts 
can be mitigated through sequentially implemented solutions across the supply chain, 
aimed at reducing the system-wide environmental footprint.

Moving beyond ad-hoc inter-firm collaborations, extended producer responsibility 
(EPR) policies can be implemented to hold producers accountable for the environmental 
impacts of their products at end-of-life. Such policies incentivise improvements in prod-
uct design, including material reduction, waste minimisation, and enhanced recyclabil-
ity and reusability [133]. Distributing responsibility across the supply chain can generate 
multiple benefits for both firms and the environment [134].

Besides inter- and intra-firm collaboration, public policies are key. The industrial sym-
biosis can be a bridge to meet sustainable development goals (SDGs) and circular econ-
omy objectives. The guidelines provided by intergovernmental organisations–such as the 
UNIDO's Industrial Decarbonization Accelerator [26]–and the European Union–above 
all, the EU’s Net Zero Industry Act [25]–can provide a valuable framework to interpret 
and navigate the industrial green growth, suggesting policies, strategies, infrastructures, 
sustainable finance, and practical guidelines to reach these objectives. Following these 
measures will create new green jobs, income, opportunities, and competitiveness, espe-
cially in the energy sector and other critical industries.

Energy production and demand constitute a critical focus for public policy. Rising 
electricity consumption has significantly increased global demand. However, renew-
able energy policies often face implementation challenges due to insufficient research on 
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context-specific barriers. Among the most significant obstacles are policy and political 
constraints, followed by economic, administrative, geographic, technical, and social fac-
tors [64].

Purchasing decisions can play a significant role in reducing a company’s carbon foot-
print. Emissions can be lowered without substantial cost increases by optimising order-
ing strategies. Collaboration among firms within the same supply chain—focusing on 
minimising total system costs rather than individual firm costs—can lead to greater 
overall efficiency and reduced emissions [135]. Although purchasing strategies have con-
siderable impact, focusing on them alone is insufficient,a comprehensive assessment of 
emissions across all industrial activities is essential.

Globally, the steel and cement industries are among the largest contributors to CO₂ 
emissions, exerting a significant impact on climate change [136–138]. Several countries 
and economic blocs have already established targets and regulatory frameworks to miti-
gate the environmental impact of high-emission industries such as steel and cement. The 
European Union, for instance, implemented its cap-and-trade scheme through Direc-
tive 2003/87/EC, which has become a widely adopted model for regulating CO₂ emis-
sions. Similar policies have been introduced in India (since 2001) and Brazil (since 2008). 
China, currently the world’s largest emitter of CO₂, has also committed to reducing its 
emissions through the introduction of binding targets, fuel efficiency standards, and 
increased investment in cleaner technologies [139].

The proposed guidelines can be interpreted through the dual lens of industrial ecology 
and systems thinking, which together provide conceptual coherence to the framework. 
From an industrial ecology perspective, guidelines such as eco-efficiency and low-car-
bon technologies (G6), carbon emission estimation (G7), and carbon analysis in product 
development (G5) operationalise life-cycle thinking by optimising material and energy 
flows, minimising waste, and embedding circularity into design and production pro-
cesses [87, 94].

At the same time, systems thinking underscores that these technical measures must be 
embedded within broader organisational and inter-organisational structures: collabora-
tive management (G1) and transformative industry behaviour (G2) illustrate the impor-
tance of feedback loops, knowledge exchange, and cultural change in scaling climate 
solutions [84, 85]. Similarly, sustainable energy and carbon capture (G3) and carbon 
footprint analysis in procurement (G4) exemplify systemic leverage points that require 
coordinated action across supply chains and governance levels [93, 95].

By grounding the guidelines in these two complementary theories, the framework pro-
poses that decarbonisation strategies address not only technological efficiency but also 
the systemic, organisational, and cultural transformations required for long-term sus-
tainability in the manufacturing sector.

6  Conclusion
This paper has examined the nexus between climate change and the manufacturing sec-
tor. Globally, manufacturing remains a major contributor to greenhouse gas emissions, 
largely due to its reliance on fossil fuels. Addressing these impacts presents significant 
challenges and demands a multifaceted response. Given the sector’s intensive resource 
use and waste generation, the adoption of circular economy principles—such as reduc-
ing resource consumption, reusing materials, and recycling waste—is increasingly 
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critical. In parallel, the implementation of lean manufacturing techniques can support 
these efforts by minimising inefficiencies and reducing waste throughout production 
processes.

The novelty of the paper lies in the fact that it focuses on more than just energy effi-
ciency. It proposes a new framework that directly incorporates circular economy prin-
ciples into production lines. It shows how tracking resources in real time and turning 
waste into valuable materials can separate manufacturing growth from its environmen-
tal effects. This approach offers a scalable way to achieve a truly sustainable industry.

6.1  Policy and practical implications

Based on the new ideas in this paper, several important policy implications arise. Policy-
makers should go beyond focusing only on carbon regulations. They need to encourage 
circular and material-efficient production. This means implementing real-time reporting 
on resource use, providing tax credits for industrial partnerships, and funding research 
and development for closed-loop technologies. Additionally, procurement policies 
must focus on products that have proven low material footprints. This comprehensive 
approach would drive a change from just improving energy efficiency to achieving real 
resource independence. It would also connect industrial policy with larger climate and 
circular economy objectives.

Overall, the transition to greener manufacturing demands substantial investment in 
innovative technologies and sustainable processes. To support this transformation, tar-
geted government incentives and funding mechanisms are essential, both to enhance the 
attractiveness of green investment and fast-track sector-wide mainstreaming. Strategic 
collaboration among firms and key stakeholders, including universities, research institu-
tions, and industry associations, will also be essential for sharing costs, driving innova-
tion, and enabling critical knowledge transfer. Collectively, these coordinated efforts can 
help position the manufacturing sector as a catalyst for climate resilience and long-term 
sustainable economic growth.

Beyond carbon pricing, governments can speed up the adoption of low-carbon tech-
nologies by using focused innovation and demand-side policies. This includes direct 
public funding for research and development, as well as pilot projects to reduce the 
risks associated with technologies like green hydrogen or carbon capture. Implement-
ing Green Public Procurement rules for low-carbon materials in infrastructure projects 
creates immediate market demand. In addition, establishing Product Carbon Standards 
and Material Passports sets clear technical guidelines and promotes circularity, offering 
long-term regulatory certainty for investors and producers in these difficult-to-reduce 
sectors.

Transitioning to climate-compatible manufacturing also depends on a well-prepared 
workforce, supported by sustained employee training and upskilling investment. In 
parallel, educational institutions should design relevant curricula and programmes 
that respond proactively to the evolving competencies demanded by low-carbon and 
resource-efficient production systems.

It is also important to notice that a fair and effective climate framework must reflect 
the principle of Common But Differentiated Responsibilities. Developed nations, with 
their significant historical emissions and greater economic capacity, must take the lead in 
making deep, absolute emissions cuts. They should also provide substantial financial and 
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technological support to developing nations. For developing countries, the focus should 
be on low-carbon development pathways. This aims to separate economic growth from 
emissions. Their expectations should be linked to improved support, enabling them to 
industrialize in a clean way and respond to climate impacts. They should not be held to 
the same immediate absolute reduction targets as developed economies.

6.2  Theoretical implications

The paper provides a set of theoretical contributions, such as extending socio-technical 
transition theory by providing sector-specific decarbonisation pathways; it also sharp-
ens the practical relevance by reframing the seven guidelines into a prioritised Road-
map. The key insights cut across various sectors (e.g., lock-in, supply chain vulnerability, 
rebound effects), which increases its contribution to the literature.

7  Research limitations
This paper has some limitations. First, it focuses specifically on the manufacturing sec-
tor and does not examine other climate-relevant sectors, such as transportation and the 
long-distance movement of goods, which are known to contribute significantly to emis-
sions. Second, the analysis is based on a review of 29 papers, representing a selective 
rather than comprehensive scope. Nonetheless, the paper offers a valuable contribution 
to the literature by illustrating how climate change can disrupt supply chains, partic-
ularly through its impact on the availability of raw materials and components. It also 
highlights the importance of diversifying supply sources and developing more localised 
supply chains, supported by investments in resilient infrastructure and predictive ana-
lytics to anticipate and mitigate future disruptions.

7.1  Future research proposals

Addressing the challenges presented in this paper is essential not only for mitigating cli-
mate change but also for positioning the manufacturing sector as a leader in sustainable 
and competitive innovation. Further research is needed in areas such as carbon pric-
ing and the design of market-based mechanisms that not only reduce emissions but also 
drive strategic advantage. In addition, advancing sustainable manufacturing methods 
and the development of low-carbon products can help set global benchmarks, reducing 
environmental footprints while fostering long-term industrial leadership.
Acknowledgements
Acknowledgments: This study is part of the "100 papers to accelerate the implementation of the UN Sustainable 
Development Goals" initiative, led by the Inter-University Sustainable Development Research Programme (IUSDRP). This 
work was supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), under the grant 
304145/2021-1, and 308354/2021-4, and by the Internal Faculty Start-Up Research Grant of Wenzhou-Kean University 
Project No. ISRG2023014.

Author contributions
Conceptualization, WLF; methodology, WLF, YAA, AG, ISR, TFACS, RA, RLFB, OLGQ, CRPV; validation, WLF, YAA, AG, ISR, 
TFACS, RA, RLFB, OLGQ, CRPV; formal analysis, WLF, YAA, AG, ISR, TFACS, RA, RLFB, OLGQ, CRPV; writing—original draft 
preparation, WLF, YAA, AG, ISR, TFACS, RA, RLFB, OLGQ, CRPV, JML; writing—review and editing, WLF, YAA, AG, ISR, TFACS, 
RA, RLFB, OLGQ, CRPV, JML; supervision, WLF; project administration, WLF.

Funding
This study is part of the "100 papers to accelerate the implementation of the UN Sustainable Development Goals" 
initiative, led by the Inter-University Sustainable Development Research Programme (IUSDRP). This work was supported 
by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), under the grant 304145/2021-1, 
and 308354/2021-4, and by the Internal Faculty Start-Up Research Grant of Wenzhou-Kean University Project No. 
ISRG2023014.



Page 16 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

Data availability
Data sharing is not applicable to this article as no datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors have no conflict of interest to declare. Walter Leal Filho is the Editor-in-Chief of Discover Sustainability and 
confirms he was not involved in the handling or decision-making of his own submission. Rosley Anholon is an Editorial 
Board Member of Discover Sustainability and confirms he was not involved in the handling or decision-making of his 
own submission.

Author details
1Department of Natural Sciences, Manchester Metropolitan University, Chester Street, Manchester M1 5GD, UK
2Research and Transfer Centre “Sustainable Development and Climate Change Management”, Hamburg University 
of Applied Sciences, Hamburg, Germany
3WSB Merito University, Wroclaw, Poland
4Department of Geomatics Engineering Technology, Yanbu Industrial College, Yanbu, Saudi Arabia
5College of Business and Public Management, Wenzhou-Kean University, Wenzhou, Zhejiang, China
6Centre for Studies on European Economy, Azerbaijan State University of Economics, Baku, Azerbaijan
7Division of International Studies, College of International Studies, Korea University, 145 Anam-ro, Seongbuk-gu, 
Seoul 02841, Republic of Korea
8Departamento de Ingeniería Industrial, Universidad Católica del Norte, Antofagasta, Chile
9Department of Production Engineering, Polytechnic School, University of São Paulo, São Paulo, Brazil
10School of Mechanical Engineering, State University of Campinas, Campinas, Brazil
11Engineering Department, Fluminense Federal University, Rio das Ostras, Brazil
12PhD in Sustainable Management Systems and Professional Master’s Degree in Management Systems, Fluminense 
Federal University, Niterói, Brazil
13Department of Production Engineering, Federal University of Paraíba, João Pessoa, Brazil
14Algoritmi Research Centre, School of Engineering, University of Minho, 4800-058 Guimarães, Portugal
15Graduate Research School, Alphacrucis University College, Brisbane, Australia
16School of Law and Society, University of the Sunshine Coast, Maroochydore, Australia
17School of Social Sciences, University of New South Wales, Sydney, Australia

Received: 6 August 2025 / Accepted: 1 October 2025

References
1.	 Ouyang X, Li Q, Du K. How does environmental regulation promote technological innovations in the industrial sector? Evi-

dence from Chinese provincial panel data. Energy Policy. 2020;139:111310. https://doi.org/10.1016/j.enpol.2020.111310.
2.	 Alam GM, Forhad AR, Ismail IA. Can education as an ‘International Commodity’ be the backbone or cane of a nation in the 

era of fourth industrial revolution? - A Comparative study. Technol Forecast Soc Change. 2020;159:120184. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​
1​​0​.​1​0​​1​6​/​j​.​​t​e​c​h​f​​o​r​e​.​2​0​​2​0​.​1​​2​0​1​8​4.

3.	 Zhang Y, Dilanchiev A. Economic recovery, industrial structure and natural resource utilization efficiency in China: effect 
on green economic recovery. Resour Policy. 2022;79:102958. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​r​e​s​o​u​​r​p​o​l​.​2​​0​2​2​.​​1​0​2​9​5​8.

4.	 Jamil M, He N, Wei Z, Mushtaq RT, Khan AM, Hegab H, et al. A state-of-the-art review on sustainability evaluation of 
machining processes involving the effects of advanced cooling technologies. Int J Adv Manuf Technol. 2024;131:4377–
402. https://doi.org/10.1007/s00170-024-13303-6.

5.	 UNCED, 1992. Earth Summit (Agenda 21).
6.	 Karuppiah K, Sankaranarayanan B, Lo H-W. A systematic literature review on the evolution of sustainable manufacturing 

practices: key findings and implications. Clean Eng Technol. 2024;22:100798. https://doi.org/10.1016/j.clet.2024.100798.
7.	 Hechelmann R-H, Paris A, Buchenau N, Ebersold F. Decarbonisation strategies for manufacturing: a technical and eco-

nomic comparison. Renew Sustain Energy Rev. 2023;188:113797. https://doi.org/10.1016/j.rser.2023.113797.
8.	 Skordoulis M, Kyriakopoulos G, Ntanos S, Galatsidas S, Arabatzis G, Chalikias M, et al. The mediating role of firm strategy 

in the relationship between green entrepreneurship, green innovation, and competitive advantage: the case of medium 
and large-sized firms in Greece. Sustainability. 2022;14:3286. https://doi.org/10.3390/su14063286.

9.	 Zafeiriou E, Spinthiropoulos K, Tsanaktsidis C, Garefalakis S, Panitsidis K, Garefalakis A, et al. Energy and mineral resources 
exploitation in the Delignitization Era: the case of Greek peripheries. Energies. 2022;15:4732. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​e​n​1​5​
1​3​4​7​3​2​​​​​.​​​

10.	 Giannarakis G, Zafeiriou E, Arabatzis G, Partalidou X. Determinants of corporate climate change disclosure for European 
firms. Corp Soc Respons Env. 2018;25:281–94. https://doi.org/10.1002/csr.1461.

11.	 Adanma UM, Ogunbiyi EO. A comparative review of global environmental policies for promoting sustainable develop-
ment and economic growth. Int J Appl Res Soc Sci. 2024;6:954–77. https://doi.org/10.51594/ijarss.v6i5.1147.

12.	 Morin J-F, Allan J, Jinnah S. The survival of the weakest: the echo of the Rio Summit principles in environmental treaties. 
Environ Politics. 2024;33:486–507. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​0​9​​6​4​4​0​1​​6​.​2​0​2​3​​.​2​2​3​​6​5​0​5.

13.	 Infante-Amate J, Travieso E, Aguilera E. Unsustainable prosperity? Decoupling wellbeing, economic growth, and green-
house gas emissions over the past 150 years. World Dev. 2024;184:106754. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​w​o​r​l​d​​d​e​v​.​2​0​​2​4​.​1​​0​6​7​5​
4.

14.	 Gatto A. A pluralistic approach to economic and business sustainability: a critical meta-synthesis of foundations, metrics, 
and evidence of human and local development. Corp Soc Respons Env. 2020;27:1525–39. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​c​s​r​.​1​9​1​
2​​​​​.​​​

https://doi.org/10.1016/j.enpol.2020.111310
https://doi.org/10.1016/j.techfore.2020.120184
https://doi.org/10.1016/j.techfore.2020.120184
https://doi.org/10.1016/j.resourpol.2022.102958
https://doi.org/10.1007/s00170-024-13303-6
https://doi.org/10.1016/j.clet.2024.100798
https://doi.org/10.1016/j.rser.2023.113797
https://doi.org/10.3390/su14063286
https://doi.org/10.3390/en15134732
https://doi.org/10.3390/en15134732
https://doi.org/10.1002/csr.1461
https://doi.org/10.51594/ijarss.v6i5.1147
https://doi.org/10.1080/09644016.2023.2236505
https://doi.org/10.1016/j.worlddev.2024.106754
https://doi.org/10.1016/j.worlddev.2024.106754
https://doi.org/10.1002/csr.1912
https://doi.org/10.1002/csr.1912


Page 17 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

15.	 Jansen A, Wang R, Behrens P, Hoekstra R. Beyond GDP: a review and conceptual framework for measuring sustainable and 
inclusive wellbeing. Lancet Planet Health. 2024;8:e695–705. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​S​2​5​4​2​-​5​1​9​6​(​2​4​)​0​0​1​4​7​-​5.

16.	 Ullah S, Khan FU, Saeed I. Promoting green growth through identification of sustainable strategies: a hybrid approach. 
IJOEM. 2024. https://doi.org/10.1108/IJOEM-10-2023-1586.

17.	 Khan KA, Alshahari EA, Akhayere E, Kavaz D, Adebayo TS. Climate policy uncertainty and renewable energy consumption 
at crossroads: designing SDG policies for the United States. Int J Sustain Dev World Ecol. 2024. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​3​​5​
0​4​5​0​​9​.​2​0​2​4​​.​2​3​0​​4​6​1​4.

18.	 Sun XQ, Awosusi AA, Han Z, Uzun B, Öncü E. Racing towards environmental sustainability: a synergy between economic 
complexity, political stability, and energy transition: policy insight from a bootstrap time varying causality approach. Int J 
Sustain Dev World Ecol. 2024;31:206–21. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​3​​5​0​4​5​0​​9​.​2​0​2​3​​.​2​2​6​​8​5​7​3.

19.	 Setyadi A, Soekotjo S, Lestari SD, Pawirosumarto S, Damaris A. Trends and opportunities in sustainable manufacturing: a 
systematic review of key dimensions from 2019 to 2024. Sustainability. 2025;17:789. https://doi.org/10.3390/su17020789.

20.	 Palma D, Hodgett R. Barriers to sustainable manufacturing in the chemical industry: a qualitative study. Sustainability. 
2025;17:3241. https://doi.org/10.3390/su17073241.

21.	 Gramkow C, Anger-Kraavi A. Developing green: a case for the Brazilian manufacturing industry. Sustainability. 
2019;11:6783. https://doi.org/10.3390/su11236783.

22.	 Sun Y, Bi K, Yin S. Measuring and integrating risk management into green innovation practices for green manufacturing 
under the global value chain. Sustainability. 2020;12:545. https://doi.org/10.3390/su12020545.

23.	 Erdoğdu A, Dayi F, Yanik A, Yildiz F, Ganji F. Innovative solutions for combating climate change: advancing sustainable 
energy and consumption practices for a greener future. Sustainability. 2025;17:2697. https://doi.org/10.3390/su17062697.

24.	 EU, 2023a. A Green Deal Industrial Plan for the Net-Zero Age. Communication from the Commission to the Euro-
pean Parliament, the European Council, the Council, the European Economic and Social Committee of the Regions. 
EUCOM/2023/62.

25.	 EU, 2023b. Net Zero Industry Act. Proposal for a regulation of the European parliament and of the council on establish-
ing a framework of measures for strengthening Europe’s net-zero technology products manufacturing ecosystem. 
COM/2023/161.

26.	 UNIDO, 2025. UNIDO’s Industrial decarbonization accelerator: accelerating the transition of industries [WWW Document]. 
URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​u​n​i​d​o​​.​o​r​g​​/​s​o​l​u​​t​i​o​n​s​​/​f​u​e​l​i​​n​g​-​i​​n​d​u​s​t​​r​i​a​l​-​​d​e​c​a​r​b​​o​n​i​z​​a​t​i​o​n​-​s​o​l​u​t​i​o​n​s (accessed 9.10.25).

27.	 Bozoudis V, Sebos I. The carbon footprint of transport activities of the 401 military general hospital of Athens. Environ 
Model Assess. 2021;26:155–62. https://doi.org/10.1007/s10666-020-09701-1.

28.	 Alghieth M. Sustain AI: a multi-modal deep learning framework for carbon footprint reduction in industrial manufacturing. 
Sustainability. 2025;17:4134. https://doi.org/10.3390/su17094134.

29.	 Nydrioti I, Sebos I, Kitsara G, Assimacopoulos D. Effective management of urban water resources under various climate 
scenarios in semiarid mediterranean areas. Sci Rep. 2024;14:28666. https://doi.org/10.1038/s41598-024-79938-3.

30.	 Tsepi E, Sebos I, Kyriakopoulos GL. Decomposition analysis of CO2 emissions in Greece from 1996 to 2020. Strateg Plan 
Energy Environ. 2024. https://doi.org/10.13052/spee1048-5236.4332.

31.	 Pan Y, Zhou Y. Can carbon neutrality promote green and sustainable urban development from an environmental sociol-
ogy perspective? Evidence from China. Sustainability. 2025;17:4209. https://doi.org/10.3390/su17094209.

32.	 Reis JSDM, Espuny M, Nunhes TV, Sampaio NADS, Isaksson R, Campos FCD, et al. Striding towards sustainability: a frame-
work to overcome challenges and explore opportunities through Industry 4.0. Sustainability. 2021;13:5232. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​3​3​9​0​/​s​u​1​3​0​9​5​2​3​2​​​​​.​​​

33.	 Rao A, Kumar S, Gupta P. Decarbonization dilemmas: evaluating the impact on energy security and equity in emerging 
economies. Energy Econ. 2025;145:108448. https://doi.org/10.1016/j.eneco.2025.108448.

34.	 Sherif Z, Sarfraz S, Jolly M, Salonitis K. A critical review of the decarbonisation potential in the U.K. cement industry. Materi-
als. 2025;18:292. https://doi.org/10.3390/ma18020292.

35.	 Scharmer VM, Vernim S, Horsthofer-Rauch J, Jordan P, Maier M, Paul M, et al. Sustainable manufacturing: a review and 
framework derivation. Sustainability. 2023;16:119. https://doi.org/10.3390/su16010119.

36.	 Atescan-Yuksek Y, Mills A, Ayre D, Koziol K, Salonitis K. Comparative life cycle assessment of aluminium and CFRP compos-
ites: the case of aerospace manufacturing. Int J Adv Manuf Technol. 2024;131:4345–57. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​1​7​0​-​0​2​
4​-​1​3​2​4​1​-​3​​​​​.​​​

37.	 Jeulin M, Laratte B, Laheurte R, Darnis P, Cahuc O. Sensitivity analysis of dry machining using a life cycle assessment 
approach. J Manuf Process. 2024;117:205–12. https://doi.org/10.1016/j.jmapro.2024.02.063.

38.	 Samal L, Tripathy P, Mishra BR. Does carbon intensity affect technical efficiency? An empirical assessment of manufactur-
ing industries in Maharashtra, Odisha, and India. Discov Sustain. 2024;5:115. https://doi.org/10.1007/s43621-024-00306-2.

39.	 UN, 2023. Causes and effects of climate change [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​u​n​.​o​r​​g​/​e​n​​/​c​l​i​m​​a​t​e​c​h​​a​n​g​e​/​s​​c​i​e​n​​c​e​/​
c​a​​u​s​e​s​-​​e​f​f​e​c​t​​s​-​c​l​​i​m​a​t​e​-​c​h​a​n​g​e. Last accessed on 24.11.2023 (accessed 11.24.23).

40.	 Juhrich, K., 2016. CO2 Emission factors for fossil fuels.
41.	 UNFCCC, 2017. Industrial energy and material efficiency in emission-intensive sectors [WWW Document]. URL ​h​t​t​p​s​:​​/​/​u​n​f​​

c​c​c​.​i​n​​t​/​t​t​​c​l​e​a​r​​/​m​i​s​c​​_​/​S​t​a​t​​i​c​F​i​​l​e​s​/​g​​n​w​o​e​r​​k​_​s​t​a​t​​i​c​/​b​​r​i​e​f​1​​1​/​c​1​e​​6​a​4​c​9​4​​3​8​a​4​​c​8​5​9​4​​1​8​6​e​5​​e​0​a​a​4​b​​4​8​0​/​​b​7​a​b​6​​6​f​8​7​3​​d​8​4​8​7​6​​b​a​d​2​​7​
b​c​4​3​5​b​a​3​2​c​e​.​p​d​f (accessed 11.24.23).

42.	 German Environmental Agency (UBA), 2023. Indicator: Energy consumption in manufacturing [WWW Document]. URL ​h​t​
t​p​s​:​​/​/​w​w​w​​.​u​m​w​e​l​​t​b​u​n​​d​e​s​a​m​​t​.​d​e​/​​e​n​/​d​a​t​​a​/​e​n​​v​i​r​o​n​​m​e​n​t​a​​l​-​i​n​d​i​​c​a​t​o​​r​s​/​i​n​​d​i​c​a​t​​o​r​-​e​n​e​​r​g​y​-​​c​o​n​s​u​​m​p​t​i​o​​n​-​i​n​-​m​​a​n​u​f​​a​c​t​u​r​i​n​g​#​a​
t​-​a​-​g​l​a​n​c​e (accessed 11.19.23).

43.	 Nicholson SR, Rorrer NA, Carpenter AC, Beckham GT. Manufacturing energy and greenhouse gas emissions associated 
with plastics consumption. Joule. 2021;5:673–86. https://doi.org/10.1016/j.joule.2020.12.027.

44.	 International Energy Agency (IEA), 2023. Industry [WWW Document]. URL https://www.iea.org/energy-system/industry 
(accessed 11.24.23).

45.	 Sahu UK, Pradhan AK. Discovering the determinants of energy intensity of Indian manufacturing firms: a panel data 
approach. Discov Sustain. 2024;5:139. https://doi.org/10.1007/s43621-024-00327-x.

46.	 Gielen D, Boshell F, Saygin D, Bazilian MD, Wagner N, Gorini R. The role of renewable energy in the global energy transfor-
mation. Energy Strategy Rev. 2019;24:38–50. https://doi.org/10.1016/j.esr.2019.01.006.

https://doi.org/10.1016/S2542-5196(24)00147-5
https://doi.org/10.1108/IJOEM-10-2023-1586
https://doi.org/10.1080/13504509.2024.2304614
https://doi.org/10.1080/13504509.2024.2304614
https://doi.org/10.1080/13504509.2023.2268573
https://doi.org/10.3390/su17020789
https://doi.org/10.3390/su17073241
https://doi.org/10.3390/su11236783
https://doi.org/10.3390/su12020545
https://doi.org/10.3390/su17062697
https://www.unido.org/solutions/fueling-industrial-decarbonization-solutions
https://doi.org/10.1007/s10666-020-09701-1
https://doi.org/10.3390/su17094134
https://doi.org/10.1038/s41598-024-79938-3
https://doi.org/10.13052/spee1048-5236.4332
https://doi.org/10.3390/su17094209
https://doi.org/10.3390/su13095232
https://doi.org/10.3390/su13095232
https://doi.org/10.1016/j.eneco.2025.108448
https://doi.org/10.3390/ma18020292
https://doi.org/10.3390/su16010119
https://doi.org/10.1007/s00170-024-13241-3
https://doi.org/10.1007/s00170-024-13241-3
https://doi.org/10.1016/j.jmapro.2024.02.063
https://doi.org/10.1007/s43621-024-00306-2
https://www.un.org/en/climatechange/science/causes-effects-climate-change
https://www.un.org/en/climatechange/science/causes-effects-climate-change
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/brief11/c1e6a4c9438a4c8594186e5e0aa4b480/b7ab66f873d84876bad27bc435ba32ce.pdf
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/brief11/c1e6a4c9438a4c8594186e5e0aa4b480/b7ab66f873d84876bad27bc435ba32ce.pdf
https://unfccc.int/ttclear/misc_/StaticFiles/gnwoerk_static/brief11/c1e6a4c9438a4c8594186e5e0aa4b480/b7ab66f873d84876bad27bc435ba32ce.pdf
https://www.umweltbundesamt.de/en/data/environmental-indicators/indicator-energy-consumption-in-manufacturing#at-a-glance
https://www.umweltbundesamt.de/en/data/environmental-indicators/indicator-energy-consumption-in-manufacturing#at-a-glance
https://www.umweltbundesamt.de/en/data/environmental-indicators/indicator-energy-consumption-in-manufacturing#at-a-glance
https://doi.org/10.1016/j.joule.2020.12.027
https://www.iea.org/energy-system/industry
https://doi.org/10.1007/s43621-024-00327-x
https://doi.org/10.1016/j.esr.2019.01.006


Page 18 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

47.	 Furszyfer Del Rio DD, Sovacool BK, Griffiths S, Bazilian M, Kim J, Foley AM, et al. Decarbonizing the pulp and paper 
industry: a critical and systematic review of sociotechnical developments and policy options. Renew Sustain Energy Rev. 
2022;167:112706. https://doi.org/10.1016/j.rser.2022.112706.

48.	 Environmental Protection Agency, 2023. Hazardous waste [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​e​p​a​.​g​​o​v​/​h​​w​/​l​e​a​​r​n​-​b​a​​s​i​c​
s​-​h​​a​z​a​r​​d​o​u​s​-​w​a​s​t​e (accessed 11.24.23).

49.	 Evode N, Qamar SA, Bilal M, Barceló D, Iqbal HMN. Plastic waste and its management strategies for environmental sustain-
ability. Case Stud Chem Environ Eng. 2021;4:100142. https://doi.org/10.1016/j.cscee.2021.100142.

50.	 OECD, 2021. Towards a more resource-efficient and circular economy [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​o​e​c​d​.​​o​r​g​/​​e​n​v​i​
r​​o​n​m​e​n​​t​/​w​a​s​t​​e​/​O​E​​C​D​-​G​2​​0​-​T​o​w​​a​r​d​s​-​a​​-​m​o​r​​e​-​R​e​s​​o​u​r​c​e​​-​E​f​f​i​c​​i​e​n​t​​-​a​n​d​-​C​i​r​c​u​l​a​r​-​E​c​o​n​o​m​y​.​p​d​f (accessed 11.24.23).

51.	 Sakib MN, Kabir G, Ali SM. A life cycle analysis approach to evaluate sustainable strategies in the furniture manufacturing 
industry. Sci Total Environ. 2024;907:167611. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​3​.​​1​6​7​6​1​1.

52.	 Schneider D, Woerle M, Kagermeier J, Zaeh MF, Reinhart G. Sustainability risk assessment in manufacturing: a life cycle 
assessment-based failure mode and effects analysis approach. Sustain Prod Consum. 2024;47:617–31. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​
0​1​6​/​j​.​s​p​c​.​2​0​2​4​.​0​4​.​0​3​0​​​​​.​​​

53.	 Kazakova E, Lee J. Sustainable manufacturing for a circular economy. Sustainability. 2022;14:17010. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​
/​s​u​1​4​2​4​1​7​0​1​0​​​​​.​​​

54.	 Wang C, Geng L, Rodríguez-Casallas JD. How and when higher climate change risk perception promotes less climate 
change inaction. J Clean Prod. 2021;321:128952. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​1​.​1​2​​8​9​5​2.

55.	 Wang F, Harindintwali JD, Yuan Z, Wang M, Wang F, Li S, et al. Technologies and perspectives for achieving carbon neutral-
ity. Innovation (Camb). 2021;2:100180. https://doi.org/10.1016/j.xinn.2021.100180.

56.	 Rissman J, Bataille C, Masanet E, Aden N, Morrow WR, Zhou N, et al. Technologies and policies to decarbonize global 
industry: review and assessment of mitigation drivers through 2070. Appl Energy. 2020;266:114848. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​
6​/​j​.​​a​p​e​n​e​​r​g​y​.​2​0​​2​0​.​1​​1​4​8​4​8.

57.	 Matos S, Viardot E, Sovacool BK, Geels FW, Xiong Y. Innovation and climate change: a review and introduction to the 
special issue. Technovation. 2022;117:102612. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​t​e​c​h​n​​o​v​a​t​i​o​​n​.​2​0​​2​2​.​1​0​2​6​1​2.

58.	 Kokare S, Oliveira JP, Godina R. A LCA and LCC analysis of pure subtractive manufacturing, wire arc additive manufacturing, 
and selective laser melting approaches. J Manuf Process. 2023;101:67–85. https://doi.org/10.1016/j.jmapro.2023.05.102.

59.	 OECD, 2018. Climate-resilient Infrastructure [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​o​e​c​d​.​​o​r​g​/​​e​n​v​i​r​​o​n​m​e​n​​t​/​c​c​/​p​​o​l​i​c​​y​-​p​e​r​​s​p​
e​c​t​​i​v​e​s​-​c​​l​i​m​a​​t​e​-​r​e​​s​i​l​i​e​​n​t​-​i​n​f​​r​a​s​t​​r​u​c​t​u​r​e​.​p​d​f (accessed 11.24.23).

60.	 Allan B, Lewis JI, Oatley T. Green industrial policy and the global transformation of climate politics. Glob Environ Polit. 
2021;21:1–19. https://doi.org/10.1162/glep_a_00640.

61.	 IPCC, 2007. Sustainable development and mitigation [WWW Document].
62.	 Nilsson LJ, Bauer F, Åhman M, Andersson FNG, Bataille C, De La Rue Du Can S, et al. An industrial policy framework for 

transforming energy and emissions intensive industries towards zero emissions. Clim Policy. 2021;21:1053–65. ​h​t​t​p​s​:​​/​/​d​o​i​​.​
o​r​g​/​1​​0​.​1​0​​8​0​/​1​4​​6​9​3​0​6​​2​.​2​0​2​1​​.​1​9​5​​7​6​6​5.

63.	 McMillan CA, Wachs L. Industrial process heat decarbonization: a user-centric perspective. Energy Res Soc Sci. 
2024;112:103505. https://doi.org/10.1016/j.erss.2024.103505.

64.	 Shah SAA, Solangi YA, Ikram M. Analysis of barriers to the adoption of cleaner energy technologies in Pakistan using modi-
fied Delphi and fuzzy analytical hierarchy process. J Clean Prod. 2019;235:1037–50. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​9​.​0​
7​​.​0​2​0.

65.	 Cabernard L, Pfister S, Hellweg S. Biodiversity impacts of recent land-use change driven by increases in agri-food imports. 
Nat Sustain. 2024;7:1512–24. https://doi.org/10.1038/s41893-024-01433-4.

66.	 Luetz JM. The epistemological implications of species extinction: an overview. Ambio. 2025. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​3​2​8​
0​-​0​2​5​-​0​2​2​3​0​-​9​​​​​.​​​

67.	 Sakao T, Bocken N, Nasr N, Umeda Y. Implementing circular economy activities in manufacturing for environmental 
sustainability. CIRP Ann. 2024;73:457–81. https://doi.org/10.1016/j.cirp.2024.06.002.

68.	 Onjewu A-KE, Jafari-Sadeghi V, Kock N, Haddoud MY, Sakka G. The catalyzing role of customer pressure on environmental 
initiatives and export intensity: a study of family firms. J Bus Res. 2023;166:114134. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​b​u​s​r​​e​s​.​2​0​2​​3​.​1​
1​​4​1​3​4.

69.	 Alamry SF, Al-Jashaami SHK. Urban governance and renewable energy for sustainable city planning and management. J 
Hum Earth Future. 2024;5:591–602. https://doi.org/10.28991/HEF-2024-05-04-04.

70.	 Ezeasor IC, Ozougwu PE. Climate change: opportunities and risks for the manufacturing sector. In: Madu CN, editor. Hand-
book of environmentally conscious manufacturing. Cham: Springer International Publishing; 2022. p. 177–85.

71.	 Rastegar H, Sajjad A, Eweje G, Kobayashi K. Sustainability solution: renewable energy innovation against climate disasters. 
Bus Strat Env. 2025. https://doi.org/10.1002/bse.70096.

72.	 Tan ES, Lee AWL, Shekar YC, Tan YS. Design for circularity: a framework for sustainable product redesign. Procedia CIRP. 
2024;122:479–84. https://doi.org/10.1016/j.procir.2024.01.070.

73.	 Amjad MS, Rafique MZ, Khan MA. Leveraging optimized and cleaner production through industry 4.0. Sustain Prod Con-
sum. 2021;26:859–71. https://doi.org/10.1016/j.spc.2021.01.001.

74.	 Husin AE, Sinaga L, Amin M, Kristiyanto AEJ, Kussumardianadewi BD, Ator WT. Cost efficiency of retrofitting green chemical 
industrial buildings. Civ Eng J. 2024;10:714–28. https://doi.org/10.28991/CEJ-2024-010-03-04.

75.	 Masanet E, Heeren N, Kagawa S, Cullen J, Lifset R, Wood R. Material efficiency for climate change mitigation. J Ind Ecol. 
2021;25:254–9. https://doi.org/10.1111/jiec.13137.

76.	 Pauliuk S, Heeren N. Material efficiency and its contribution to climate change mitigation in Germany: a deep decarbon-
ization scenario analysis until 2060. J Ind Ecol. 2021;25:479–93. https://doi.org/10.1111/jiec.13091.

77.	 Räthzel N, Uzzell D. Trade unions and climate change: the jobs versus environment dilemma. Glob Environ Change. 
2011;21:1215–23. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​l​o​e​n​​v​c​h​a​.​2​​0​1​1​.​​0​7​.​0​1​0.

78.	 Thomas A. Framing the just transition: How international trade unions engage with UN climate negotiations. Glob Environ 
Change. 2021;70:102347. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​l​o​e​n​​v​c​h​a​.​2​​0​2​1​.​​1​0​2​3​4​7.

79.	 Felli R. An alternative socio-ecological strategy? International trade unions’ engagement with climate change. Rev Int Polit 
Econ. 2014;21:372–98. https://doi.org/10.1080/09692290.2012.761642.

https://doi.org/10.1016/j.rser.2022.112706
https://www.epa.gov/hw/learn-basics-hazardous-waste
https://www.epa.gov/hw/learn-basics-hazardous-waste
https://doi.org/10.1016/j.cscee.2021.100142
https://www.oecd.org/environment/waste/OECD-G20-Towards-a-more-Resource-Efficient-and-Circular-Economy.pdf
https://www.oecd.org/environment/waste/OECD-G20-Towards-a-more-Resource-Efficient-and-Circular-Economy.pdf
https://doi.org/10.1016/j.scitotenv.2023.167611
https://doi.org/10.1016/j.spc.2024.04.030
https://doi.org/10.1016/j.spc.2024.04.030
https://doi.org/10.3390/su142417010
https://doi.org/10.3390/su142417010
https://doi.org/10.1016/j.jclepro.2021.128952
https://doi.org/10.1016/j.xinn.2021.100180
https://doi.org/10.1016/j.apenergy.2020.114848
https://doi.org/10.1016/j.apenergy.2020.114848
https://doi.org/10.1016/j.technovation.2022.102612
https://doi.org/10.1016/j.jmapro.2023.05.102
https://www.oecd.org/environment/cc/policy-perspectives-climate-resilient-infrastructure.pdf
https://www.oecd.org/environment/cc/policy-perspectives-climate-resilient-infrastructure.pdf
https://doi.org/10.1162/glep_a_00640
https://doi.org/10.1080/14693062.2021.1957665
https://doi.org/10.1080/14693062.2021.1957665
https://doi.org/10.1016/j.erss.2024.103505
https://doi.org/10.1016/j.jclepro.2019.07.020
https://doi.org/10.1016/j.jclepro.2019.07.020
https://doi.org/10.1038/s41893-024-01433-4
https://doi.org/10.1007/s13280-025-02230-9
https://doi.org/10.1007/s13280-025-02230-9
https://doi.org/10.1016/j.cirp.2024.06.002
https://doi.org/10.1016/j.jbusres.2023.114134
https://doi.org/10.1016/j.jbusres.2023.114134
https://doi.org/10.28991/HEF-2024-05-04-04
https://doi.org/10.1002/bse.70096
https://doi.org/10.1016/j.procir.2024.01.070
https://doi.org/10.1016/j.spc.2021.01.001
https://doi.org/10.28991/CEJ-2024-010-03-04
https://doi.org/10.1111/jiec.13137
https://doi.org/10.1111/jiec.13091
https://doi.org/10.1016/j.gloenvcha.2011.07.010
https://doi.org/10.1016/j.gloenvcha.2021.102347
https://doi.org/10.1080/09692290.2012.761642


Page 19 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

80.	 OECD, 2009. Sustainable manufacturing and eco-innovation [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​o​e​c​d​.​​o​r​g​/​​i​n​n​o​v​​a​t​i​o​n​​/​i​
n​n​o​/​​4​3​4​2​​3​6​8​9​.​p​d​f. (Accessed 11.24.23).

81.	 Liu W, McKibbin WJ, Morris AC, Wilcoxen PJ. Global economic and environmental outcomes of the Paris agreement. 
Energy Econ. 2020;90:104838. https://doi.org/10.1016/j.eneco.2020.104838.

82.	 Pauliuk S, Arvesen A, Stadler K, Hertwich EG. Industrial ecology in integrated assessment models. Nat Clim Change. 
2017;7:13–20. https://doi.org/10.1038/nclimate3148.

83.	 Meadows, D.H., 2008. Thinking in systems: A Primer. Chelsea Green Publishing.
84.	 Berry HL, Waite TD, Dear KBG, Capon AG, Murray V. The case for systems thinking about climate change and mental health. 

Nat Clim Change. 2018;8:282–90. https://doi.org/10.1038/s41558-018-0102-4.
85.	 Glendell M, Hare M, Waylen KA, Adams K, Boucher JL, Gagkas Z, et al. Systems thinking and modelling to support transfor-

mative change: key lessons from inter-disciplinary analysis of socio-ecological systems in applied land systems research. 
Discov Sustain. 2025;6:231. https://doi.org/10.1007/s43621-025-00987-3.

86.	 Baldassarre B, Schepers M, Bocken N, Cuppen E, Korevaar G, Calabretta G. Industrial symbiosis: towards a design 
process for eco-industrial clusters by integrating circular economy and industrial ecology perspectives. J Clean Prod. 
2019;216:446–60. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​9​.​0​1​​.​0​9​1.

87.	 Saavedra YMB, Iritani DR, Pavan ALR, Ometto AR. Theoretical contribution of industrial ecology to circular economy. J 
Clean Prod. 2018;170:1514–22. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​7​.​0​9​​.​2​6​0.

88.	 Hariyani D, Mishra S. Organizational enablers for sustainable manufacturing and industrial ecology. Clean Eng Technol. 
2022;6:100375. https://doi.org/10.1016/j.clet.2021.100375.

89.	 Magnusson T, Andersson H, Ottosson M. Industrial ecology and the boundaries of the manufacturing firm. J Ind Ecol. 
2019;23:1211–25. https://doi.org/10.1111/jiec.12864.

90.	 Williams A, Kennedy S, Philipp F, Whiteman G. Systems thinking: a review of sustainability management research. J Clean 
Prod. 2017;148:866–81. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​7​.​0​2​​.​0​0​2.

91.	 Sigahi TFAC, Sznelwar LI. Which complexity? A review of typologies and a framework proposal for characterizing complex-
ity-based approaches. Kybernetes. 2024;53:1374–94. https://doi.org/10.1108/K-11-2022-1507.

92.	 Sigahi TFAC, Sznelwar LI. From isolated actions to systemic transformations: exploring innovative initiatives on engineering 
education for sustainable development in Brazil. J Clean Prod. 2023;384:135659. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​2​.​1​3​​5​
6​5​9.

93.	 Malmgren S, Sinha R. Exploring paths toward enabling transitions: systems thinking-based approach and its application to 
shifts toward sustainable circulation of materials in transportation infrastructure. J Ind Ecol. 2025;29:1310–21. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​1​1​1​/​j​i​e​c​.​7​0​0​4​9​​​​​.​​​

94.	 Simões JCT, Júnior SV. Industrial symbiosis concept applied to green hydrogen production: a critical review based on 
bibliometric analysis. Discov Sustain. 2024;5:504. https://doi.org/10.1007/s43621-024-00780-8.

95.	 Tietz Cazeri G, Sigahi TFAC, Rampasso IS, De Moraes GHSM, Zanon LG, De Oliveira Gavira M, et al. A multicriteria approach 
for assessing the maturity of supply chains regarding the implementation of circular economy practices in Brazil. Int J 
Sustain Dev World Ecol. 2024;31:611–25. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​3​​5​0​4​5​0​​9​.​2​0​2​4​​.​2​3​0​​4​6​1​6.

96.	 Basu RJ, Subramanian N, Gunasekaran A, Palaniappan PLK. Influence of non-price and environmental sustainability factors 
on truckload procurement process. Ann Oper Res. 2017;250:363–88. https://doi.org/10.1007/s10479-016-2170-z.

97.	 Alaux N, Saade MRM, Hoxha E, Truger B, Passer A. Future trends in materials manufacturing for low carbon building stocks: 
a prospective macro-scale analysis at the provincial level. J Clean Prod. 2023;382:135278. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​
0​2​​2​.​1​3​​5​2​7​8.

98.	 Finnerty N, Sterling R, Contreras S, Coakley D, Keane MM. Defining corporate energy policy and strategy to achieve carbon 
emissions reduction targets via energy management in non-energy intensive multi-site manufacturing organisations. 
Energy. 2018;151:913–29. https://doi.org/10.1016/j.energy.2018.03.070.

99.	 Kumar R, Gupta S, Rehman UU. Circular economy a footstep toward net zero manufacturing: critical success factors analy-
sis with case illustration. Sustainability. 2023. https://doi.org/10.3390/su152015071.

100.	 De Los Rios IC, Charnley FJ. Skills and capabilities for a sustainable and circular economy: the changing role of design. J 
Clean Prod. 2017;160:109–22. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​6​.​1​0​​.​1​3​0.

101.	 Xu B, Qu HX. Impact of the design industry on carbon emissions in the manufacturing industry in China: a case study of 
Zhejiang Province. SUSTAINABILITY. 2022. https://doi.org/10.3390/su14074261.

102.	 Suh Y, Seol H, Bae H, Park Y. Eco-efficiency based on social performance and its relationship with financial performance a 
cross-industry analysis of South Korea. J Ind Ecol. 2014;18:909–19. https://doi.org/10.1111/jiec.12167.

103.	 Penna CCR, Geels FW. Climate change and the slow reorientation of the American car industry (1979–2012): an applica-
tion and extension of the dialectic issue lifecycle (DILC) model. Res Policy. 2015;44:1029–48. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​r​e​s​p​
o​l​.​2​0​1​4​.​1​1​.​0​1​0​​​​​.​​​

104.	 Schmiedt M, Schneider R, Hezler C, Grant RJ, Rimkus W, Schlosser JM, et al. Repurposing steel press production lines for 
hot formed high-strength aluminium automotive body components. Adv Ind Manuf Eng. 2022. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​
i​m​e​.​2​0​2​2​.​1​0​0​0​8​0​​​​​.​​​

105.	 Li Q, Zhang Y, Zhang CX, Wang X, Chen JQ. Analysis method and case study of the lightweight design of automotive parts 
and its influence on carbon emissions. Processes. 2022. https://doi.org/10.3390/pr10122560.

106.	 Ali H, Zhang JW, Shoaib M. A hybrid approach for sustainable-circular supplier selection based on industry 4.0 framework 
to make the supply chain smart and eco-friendly. Environ Dev Sustain. 2023. https://doi.org/10.1007/s10668-023-03567-5.

107.	 Röös E, Sundberg C, Hansson PA. Uncertainties in the carbon footprint of food products: a case study on table potatoes. 
Int J Life Cycle Assess. 2010;15:478–88. https://doi.org/10.1007/s11367-010-0171-8.

108.	 González-González JM, Zamora-Ramírez C. Towards the consolidation of climate change strategies in organizations the 
case of Heineken Spain. Int J Climate Change Strateg Manag. 2013;5:6–20. https://doi.org/10.1108/17568691311299336.

109.	 Jeong SJ. System dynamics approach for the impacts of FINEX technology and carbon taxes on steel demand: case study 
of the POSCO. Int J Precis Eng Manuf-Green Technol. 2015;2:85–93. https://doi.org/10.1007/s40684-015-0011-1.

110.	 Priarone PC, Ingarao G, di Lorenzo R, Settineri L. Influence of material-related aspects of additive and subtractive Ti-6Al-4V 
manufacturing on energy demand and carbon dioxide emissions. J Ind Ecol. 2017;21:S191–202. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​i​
e​c​.​1​2​5​2​3​​​​​.​​​

https://www.oecd.org/innovation/inno/43423689.pdf
https://www.oecd.org/innovation/inno/43423689.pdf
https://doi.org/10.1016/j.eneco.2020.104838
https://doi.org/10.1038/nclimate3148
https://doi.org/10.1038/s41558-018-0102-4
https://doi.org/10.1007/s43621-025-00987-3
https://doi.org/10.1016/j.jclepro.2019.01.091
https://doi.org/10.1016/j.jclepro.2017.09.260
https://doi.org/10.1016/j.clet.2021.100375
https://doi.org/10.1111/jiec.12864
https://doi.org/10.1016/j.jclepro.2017.02.002
https://doi.org/10.1108/K-11-2022-1507
https://doi.org/10.1016/j.jclepro.2022.135659
https://doi.org/10.1016/j.jclepro.2022.135659
https://doi.org/10.1111/jiec.70049
https://doi.org/10.1111/jiec.70049
https://doi.org/10.1007/s43621-024-00780-8
https://doi.org/10.1080/13504509.2024.2304616
https://doi.org/10.1007/s10479-016-2170-z
https://doi.org/10.1016/j.jclepro.2022.135278
https://doi.org/10.1016/j.jclepro.2022.135278
https://doi.org/10.1016/j.energy.2018.03.070
https://doi.org/10.3390/su152015071
https://doi.org/10.1016/j.jclepro.2016.10.130
https://doi.org/10.3390/su14074261
https://doi.org/10.1111/jiec.12167
https://doi.org/10.1016/j.respol.2014.11.010
https://doi.org/10.1016/j.respol.2014.11.010
https://doi.org/10.1016/j.aime.2022.100080
https://doi.org/10.1016/j.aime.2022.100080
https://doi.org/10.3390/pr10122560
https://doi.org/10.1007/s10668-023-03567-5
https://doi.org/10.1007/s11367-010-0171-8
https://doi.org/10.1108/17568691311299336
https://doi.org/10.1007/s40684-015-0011-1
https://doi.org/10.1111/jiec.12523
https://doi.org/10.1111/jiec.12523


Page 20 of 20Leal Filho et al. Discover Sustainability          (2025) 6:1204 

111.	 Bakhoum ES, Mater YM. Decision analysis for the influence of incorporating waste materials on green concrete properties. 
Int J Concr Struct Mater. 2022. https://doi.org/10.1186/s40069-022-00553-5.

112.	 Pedro JPQde, Lagao JAT, Ongpeng JMC. Life cycle assessment of concrete using copper slag as a partial cement substitute 
in reinforced concrete buildings. Buildings. 2023. https://doi.org/10.3390/buildings13030746.

113.	 Kim A, Miller SA. Meeting industrial decarbonization goals: a case study of and roadmap to a net-zero emissions cement 
industry in California. Environ Res Lett. 2023. https://doi.org/10.1088/1748-9326/acf6d5.

114.	 Pelzeter A, Sigg R. CO2 emissions from facility services. Facilities. 2019;37:216–33. https://doi.org/10.1108/F-12-2017-0132.
115.	 Sun Q, Zhang W-M, Li P-Z, Tang X-D. Machining process classification based on carbon footprint analysis. J Donghua Univ 

(English Edition). 2014;31:262–5.
116.	 Tuo JB, Liu PJ, Liu F. Dynamic acquisition and real-time distribution of carbon emission for machining through mining 

energy data. IEEE Access. 2019;7:78963–75. https://doi.org/10.1109/ACCESS.2019.2919564.
117.	 Liu Q, Liu JL, Dong ZR, Zhan MM, Mei Z, Ying BS, et al. Integrated optimization of process planning and scheduling for 

reducing carbon emissions. J Ind Manag Optim. 2021;17:1025–55. https://doi.org/10.3934/jimo.2020010.
118.	 Eckelman MJ, Ciacci L, Kavlak G, Nuss P, Reck BK, Graedel TE. Life cycle carbon benefits of aerospace alloy recycling. J Clean 

Prod. 2014;80:38–45. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​4​.​0​5​​.​0​3​9.
119.	 Harclerode MA, Lal P, Miller ME. Quantifying global impacts to society from the consumption of natural resources during 

environmental remediation activities. J Ind Ecol. 2016;20:410–22. https://doi.org/10.1111/jiec.12380.
120.	 Theißen S, Spinler S, Huchzermeier A. Reducing the carbon footprint within fast-moving consumer goods supply chains 

through collaboration: the manufacturers’ perspective. J Supply Chain Manag. 2014;50:44–61. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​s​c​
m​.​1​2​0​4​8​​​​​.​​​

121.	 Hildebrandt J, Thrän D, Bezama A. The circularity of potential bio-textile production routes: comparing life cycle impacts of 
bio-based materials used within the manufacturing of selected leather substitutes. J Clean Prod. 2021. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​
0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​2​​0​.​1​2​​5​4​7​0.

122.	 Lankester AJ. Conceptual and operational understanding of learning for sustainability: a case study of the beef industry in 
north-eastern Australia. J Environ Manage. 2013;119:182–93. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​1​​3​.​0​2​​.​0​0​2.

123.	 Pahl-Wostl C, Craps M, Dewulf A, Mostert E, Tabara D, Taillieu T. Social learning and water resources management. Ecol Soc. 
2007;12:art5.

124.	 Stagl S. Theoretical foundations of learning processes for sustainable development. Int J Sustain Dev World Ecol. 
2007;14:52–62. https://doi.org/10.1080/13504500709469707.

125.	 McGovern P. Learning networks as an aid to developing strategic capability among small and medium-sized enterprises: a 
case study from the Irish Polymer Industry. J Small Bus Manage. 2006;44:302–5. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​1​​1​1​/​j​.​​1​5​4​0​-​​6​2​7​X​.​2​​0​0​6​.​​0​
0​1​7​0​.​x.

126.	 Hult GTM, Ketchen DJ, Arrfelt M. Strategic supply chain management: improving performance through a culture of com-
petitiveness and knowledge development. Strateg Manag J. 2007;28:1035–52. https://doi.org/10.1002/smj.627.

127.	 Lee K-H. Integrating carbon footprint into supply chain management: the case of Hyundai Motor Company (HMC) in the 
automobile industry. J Clean Prod. 2011;19:1216–23. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​c​l​e​p​​r​o​.​2​0​1​​1​.​0​3​​.​0​1​0.

128.	 Wollschlaeger M, Sauter T, Jasperneite J. The future of industrial communication: automation networks in the era of the 
internet of things and industry 4.0. EEE Ind Electron Mag. 2017;11:17–27. https://doi.org/10.1109/MIE.2017.2649104.

129.	 Tsang KF, Gidlund M, Akerberg J. Guest editorial industrial wireless networks: applications, challenges, and future direc-
tions. IEEE Trans Ind Inf. 2016;12:755–7. https://doi.org/10.1109/TII.2016.2528228.

130.	 Vitturi S, Pedreiras P, Proenza J, Sauter T. Guest editorial special section on communication in automation. IEEE Trans Ind 
Inf. 2016;12:1817–21. https://doi.org/10.1109/TII.2016.2607639.

131.	 Kamble SS, Gunasekaran A, Gawankar SA. Sustainable industry 4.0 framework: a systematic literature review identifying 
the current trends and future perspectives. Process Saf Environ Prot. 2018;117:408–25. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​p​s​e​p​.​2​0​1​8​.​
0​5​.​0​0​9​​​​​.​​​

132.	 Wittenberg C. Human-CPS interaction: requirements and human-machine interaction methods for the Industry 4.0. IFAC-
PapersOnLine. 2016;49:420–5. https://doi.org/10.1016/j.ifacol.2016.10.602.

133.	 Albino V, Balice A, Dangelico RM. Environmental strategies and green product development: an overview on sustainabil-
ity-driven companies. Bus Strateg Environ. 2009;18:83–96. https://doi.org/10.1002/bse.638.

134.	 Wang Z, Wang Y, Li B, Cheng Y. Responsibility sharing strategy of product ecological design and collection in manufac-
turer-retailer closed-loop supply chain. Comput Ind Eng. 2023;176:108926. https://doi.org/10.1016/j.cie.2022.108926.

135.	 Benjaafar S, Li Y, Daskin M. Carbon footprint and the management of supply chains: insights from simple models. IEEE 
Trans Autom Sci Eng. 2013;10:99–116. https://doi.org/10.1109/TASE.2012.2203304.

136.	 ETC, 2019. China 2050: a fully developed rich zero-carbon economy [WWW Document]. URL ​h​t​t​p​s​:​​/​/​w​w​w​​.​e​n​e​r​g​​y​-​t​r​​a​n​s​i​t​​i​o​
n​s​.​​o​r​g​/​w​p​​-​c​o​n​​t​e​n​t​/​​u​p​l​o​a​​d​s​/​2​0​2​​0​/​0​7​​/​C​H​I​N​​A​_​2​0​5​​0​_​A​_​F​U​​L​L​Y​_​​D​E​V​E​L​​O​P​E​D​_​​R​I​C​H​_​Z​​E​R​O​_​​C​A​R​B​O​N​_​E​C​O​N​O​M​Y​_​E​N​G​L​I​S​H​.​p​
d​f (accessed 1.12.24).

137.	 Ren L, Zhou S, Peng T, Ou X. A review of CO2 emissions reduction technologies and low-carbon development in the iron 
and steel industry focusing on China. Renew Sustain Energy Rev. 2021;143:110846. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​r​s​e​r​.​2​0​2​1​.​1​1​0​
8​4​6​​​​​.​​​

138.	 WSA, 2019. Steel statistical yearbook [WWW Document]. URL www.worldsteel.org (accessed 1.12.24).
139.	 Oggioni G, Riccardi R, Toninelli R. Eco-efficiency of the world cement industry: a data envelopment analysis. Energy Policy. 

2011;39:2842–54. https://doi.org/10.1016/j.enpol.2011.02.057.
140.	 Pan MX, Chen WM, Wang SY, Wu XL. The influence of low carbon emission engine on the life cycle of automotive prod-

ucts: a case study of three-cylinder models in the Chinese market. Energies. 2022. https://doi.org/10.3390/en15186849.
141.	 Wei GX, Zhang X, Qin XH, Bary B. Operational strategy for low-carbon supply chain under asymmetric information of fair-

ness concerns. Discrete Dyn Nat Soc. 2022. https://doi.org/10.1155/2022/7655745.
142.	 Zhou W. Carbon emission estimation of prefabricated buildings based on life cycle assessment model. Nat Environ Pollut 

Technol. 2021;20:147–52. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​4​6​​4​8​8​/​N​​E​P​T​.​2​​0​2​1​.​v​2​​0​i​0​1​​.​0​1​5.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s40069-022-00553-5
https://doi.org/10.3390/buildings13030746
https://doi.org/10.1088/1748-9326/acf6d5
https://doi.org/10.1108/F-12-2017-0132
https://doi.org/10.1109/ACCESS.2019.2919564
https://doi.org/10.3934/jimo.2020010
https://doi.org/10.1016/j.jclepro.2014.05.039
https://doi.org/10.1111/jiec.12380
https://doi.org/10.1111/jscm.12048
https://doi.org/10.1111/jscm.12048
https://doi.org/10.1016/j.jclepro.2020.125470
https://doi.org/10.1016/j.jclepro.2020.125470
https://doi.org/10.1016/j.jenvman.2013.02.002
https://doi.org/10.1080/13504500709469707
https://doi.org/10.1111/j.1540-627X.2006.00170.x
https://doi.org/10.1111/j.1540-627X.2006.00170.x
https://doi.org/10.1002/smj.627
https://doi.org/10.1016/j.jclepro.2011.03.010
https://doi.org/10.1109/MIE.2017.2649104
https://doi.org/10.1109/TII.2016.2528228
https://doi.org/10.1109/TII.2016.2607639
https://doi.org/10.1016/j.psep.2018.05.009
https://doi.org/10.1016/j.psep.2018.05.009
https://doi.org/10.1016/j.ifacol.2016.10.602
https://doi.org/10.1002/bse.638
https://doi.org/10.1016/j.cie.2022.108926
https://doi.org/10.1109/TASE.2012.2203304
https://www.energy-transitions.org/wp-content/uploads/2020/07/CHINA_2050_A_FULLY_DEVELOPED_RICH_ZERO_CARBON_ECONOMY_ENGLISH.pdf
https://www.energy-transitions.org/wp-content/uploads/2020/07/CHINA_2050_A_FULLY_DEVELOPED_RICH_ZERO_CARBON_ECONOMY_ENGLISH.pdf
https://www.energy-transitions.org/wp-content/uploads/2020/07/CHINA_2050_A_FULLY_DEVELOPED_RICH_ZERO_CARBON_ECONOMY_ENGLISH.pdf
https://doi.org/10.1016/j.rser.2021.110846
https://doi.org/10.1016/j.rser.2021.110846
http://www.worldsteel.org
https://doi.org/10.1016/j.enpol.2011.02.057
https://doi.org/10.3390/en15186849
https://doi.org/10.1155/2022/7655745
https://doi.org/10.46488/NEPT.2021.v20i01.015

	﻿Greening the factory floor and reducing the climate impact of the manufacturing sector
	﻿Abstract
	﻿1﻿ ﻿The economic significance of the manufacturing sector
	﻿2﻿ ﻿Climate change and the manufacturing sector
	﻿3﻿ ﻿Theoretical framework
	﻿4﻿ ﻿Methodology
	﻿5﻿ ﻿Findings and discussion
	﻿5.1﻿ ﻿Sectoral characteristics of the sample
	﻿5.2﻿ ﻿Key themes in the literature
	﻿5.3﻿ ﻿Strategic guidelines proposition

	﻿6﻿ ﻿Conclusion
	﻿6.1﻿ ﻿Policy and practical implications
	﻿6.2﻿ ﻿Theoretical implications

	﻿7﻿ ﻿Research limitations
	﻿7.1﻿ ﻿Future research proposals

	﻿References


