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A B S T R A C T   

Rapidly diagnosing the status of resource efficiency and waste generation throughout the entire value chain is 
considered one of the key future advancements towards achieving more sustainable production. This study aimed 
to develop and implement a self-assessment tool to assist companies in decision-making processes for estab
lishing circular flows based on the principles of Lean Manufacturing (LM) and Circular Economy (CE). The self- 
assessment tool employed a maturity model comprising several stages, which were designed through a combi
nation of design science research and scenario planning. The Lean-Circular Maturity Model (LCMM) consisted of 
maturity levels ranging from 0 to 4, assessing strategies such as Resource Efficiency, Energy Management, Water 
and Wastewater Management, Materials and Solid Waste Management, and Chemicals and Emissions Manage
ment. The model was applied to nine companies varying in sector, size, region, and nationality. Their engage
ment in LM, and CE, differed, as did their strategy maturity metrics. Primary sector companies showed higher 
maturity in water-waste and chemical-emissions management. Larger enterprises focused on these strategies, 
with nuances based on region. The main findings indicated that 66% of the companies sought cleaner alterna
tives prior to mapping their production processes, which could lead to errors in planning and prioritizing 
improvement actions. Furthermore, 61% of the companies lacked sufficient training and employee awareness 
regarding the efficient utilization of resources. The absence of comprehensive actions to manage the life cycle of 
products throughout the value chain emerged as the primary barrier identified. To address these gaps, the LCMM 
offers a set of tailored recommendations for each company to enhance processes, products, and the value chain 
based on the final score obtained from utilizing the LCMM self-assessment tool.   

1. Introduction 

Lean Manufacturing (LM) is widely recognized as an operational 
mindset aimed at minimizing waste and enhancing production quality 
(Kurdve & Bellgran, 2021). Circular Economy (CE) seeks to keep the 
utility of the resources, eliminating waste in product design instead in 
final disposal (Weetman, 2019). Studies have demonstrated a positive 
correlation between LM and improvements in companies’ environ
mental performance (de Oliveira Rezende et al., 2022, Salvador et al., 
2021). Furthermore, recent research has also highlighted the beneficial 

association of LM principles with CE applications (Lim et al., 2022). This 
connection arises from LM’s ability to reduce water, energy, and raw 
material consumption within a company level (De Paula e Silva et al., 
2022a). 

The integration of LM and CE provides a comprehensive approach, 
encompassing economic and environmental sustainability across three 
key areas: process, product, and life cycle thinking in companies 
(Schmitt et al., 2021), ultimately fostering the establishment of circular 
flows (Kalemkerian et al., 2022). Then, LM serves as an initial step to
wards waste reduction, aligning with the core objectives of CE’s 10Rs 
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(less circular to more circular): recover and recycle applied to materials, 
repurpose, remanufacture, refurbish, repair and re-use to extend the life 
cycle of a product, reduce, rethink, and refuse to a smarter product use 
and manufacture (Shevchenko et al., 2023). 

Companies are facing the challenge of making informed decisions 
and evaluating their advancements without a clear path towards circular 
flows (De Oliveira et al., 2021). To address this need, Maturity Models 
(MM) prove to be valuable as they provide a structured framework to 
assist companies in enhancing their practices and decision-making over- 
time (de Souza et al. (2021)). By adopting such models, companies can 
effectively monitor and report their progress (Asdecker & Felch, 2018). 

However, the current literature lacks a clear diagnosis or a 
comprehensive guide for advancing the integration of LM and CE based 
on MM (De Paula e Silva et al., 2022a). On one hand, previous studies 
have established maturity levels for various sectors, including con
struction and industry to assess LM maturity within organizations 
(Hines, 2010; Maasouman & Demirli, 2016; Nesensohn et al., 2016)., On 
the other hand, no LM studies have incorporated aspects of environ
mental efficiency/performance, a life cycle perspective, or CE principles 
into their MM assessments (Chiera et al., 2021; Maasouman & Demirli, 
2016; Verrier et al., 2016; Nesensohn et al., 2016; Hines, 2010; 
Jørgensen et al., 2007). Regarding the literature about MM for CE, none 
presented the integration with LM yet (Aguiar & Jugend, 2022; Kayikci 
et al., 2022; Uhrenholt et al., 2022; Bertassini et al., 2022; Golinska- 
dawson et al., 2021; Fatimah et al., 2020). 

To the best of the authors’ knowledge, no previous study has spe
cifically addressed the assessment of integrating LM and CE to develop 
lean-circular companies using MM. Furthermore, existing MM found in 
the literature often lack a self-assessment tool that can effectively guide 
decision-makers and companies towards achieving economic and envi
ronmental efficiency from LM and CE (Urbinati et al., 2019). In light of 
this context, the primary objective of this study is to provide a solution 
to the following question: “How can we assess the maturity of LM and CE 
integration in companies to facilitate economic and environmental im
provements, ultimately leading to the establishment of lean-circular 
companies?” To address this question, the researchers developed a 
novel MM known as the Lean-Circular Maturity Model (LCMM). The 
development process involved an exploratory literature review and the 
incorporation of stages from a multicriteria approach, combining sce
nario planning with Multi-Criteria Decision Analysis (MCDA). Subse
quently, the LCMM was practically applied in a set of different 
companies. 

Finally, this study provides a multidisciplinary theoretical contri
bution since it combines MM, LM and CE research topics in a MCDA 
approach. 

2. Literature review 

This section offers insights from an exploratory literature review on 
LM and CE, conducted by searching the SCOPUS, Web of Science, and 
Scholar Google databases using the keywords “lean manufacturing” and 
“circular economy.” To enhance the literature review of MM in LM and 
CE, additional keywords such as “maturity model” and “maturity 
assessment” were included in the search criteria. 

2.1. LM and CE in resource and waste management 

In recent decades, traditional LM principles, which aim to create 
value by minimizing waste in manufacturing processes have increas
ingly intersected with the field of environmental sustainability, focusing 
on reducing pollution in the environment (Dieste et al., 2019). LM 
principles enable companies to identify and reduce waste generation (De 
Paula e Silva et al., 2022a). Positive outcomes in both environmental 
and economic performance have been observed when applying LM with 
an environmental sustainability focus. For instance, Caldera et al. 
(2019) found these effects in small and medium-sized enterprises (SMEs) 

in the secondary sector, while Dües et al. (2013), Inman & Green (2018), 
and Pampanelli et al. (2014) reported comparable outcomes in pro
duction systems, including medium and large-sized companies. 

One of the prominent LM principles used to mitigate environmental 
impacts is the Value Stream Mapping (VSM), which remains the most 
widely employed tool today (De Paula e Silva et al., 2022a). VSM entails 
mapping the current state using specific indicators to illustrate the flows 
of information and materials in a production system, followed by 
developing a future state map to optimize processes (Rother & John, 
2003; Oliveira Rezende et al., 2022). The incorporation of environ
mental indicators further enhances VSM’s effectiveness (Baysan et al., 
2019; de Oliveira Rezende et al., 2022). 

On one hand, the integration of LM with environmental performance 
issues has its limitations as it mainly focuses on process-level efforts. In 
other words, the scope remains limited to the company’s internal op
erations, lacking a comprehensive circular perspective on the entire 
process, product, and life cycle (Leme Junior et al., 2018; Schmitt et al., 
2021). On the other hand, the literature on CE emphasizes reducing 
emissions and resource consumption throughout the entire product life 
cycle (Aguiar & Jugend, 2022; De Paula e Silva et al., 2022a; Mainardis 
et al., 2022). 

Indeed, the integration of LM and CE can pave the way for a holistic 
vision of the company, leading to improved economic and environ
mental performance (De Paula e Silva et al., 2022a). However, due to the 
recent emergence of this concept, only a limited number of studies have 
explored this integration, resulting in a gap in the literature, particularly 
concerning the application of this integration at a life cycle thinking. 

The integration of LM and CE yields significant positive effects, 
notably reducing waste in manufacturing processes and creating value 
through waste in products and processes (Kalemkerian et al., 2022; Lim 
et al., 2022; Schmitt et al., 2021). Additionally, LM principles benefit 
reverse logistics and eco-design by enhancing efficiency, productivity, 
flexibility, and reducing lead time and complexity (Ciliberto et al., 2021; 
Schmitt et al., 2021). Incorporating the principles of “reuse” and 
“remanufacture” can further boost economic performance by generating 
new business opportunities for the company (Leme Junior et al., 2018; 
Schmitt et al., 2021). 

Despite these benefits, it is noteworthy that no previous study has 
explored the assessment of the integration of LM and CE from a 
comprehensive perspective covering a company’s process, product, and 
life cycle. This assessment is essential as it can aid decision-makers in 
developing a lean and circular company, transitioning from a simpler 
process to a more intricate value chain while incorporating a life cycle 
thinking perspective. In this context, the use of MM theory could play a 
pivotal role in facilitating the development of this assessment. 

2.2. Maturity models in LM and CE 

The concept MM can be traced back to 1979 with Philip B. Crosby’s 
introduction of the Quality Management Maturity Grid (Crosby, 1980). 
However, the Capability Maturity Model Integration (CMMI) developed 
by the Software Engineering Institute (Chrissis (2011)) has become the 
most recognized and widely used method across various sectors. MM 
holds significant relevance as they provide valuable support to decision- 
makers in achieving their objectives by offering insights into their cur
rent position and identifying the next steps (Bertassini et al., 2022). 
Through the evaluation of a set of criteria across different levels, MM 
establishes a roadmap for improving specific areas (Król & Zdonek, 
2020). Furthermore, MM facilitates a comprehensive analysis of a 
company’s current state and highlight areas that require attention 
(Arekrans et al., 2021). 

Previous studies have indeed made efforts to develop levels and 
assessment tools to evaluate the maturity of LM across various sectors 
and companies. Table A.1 in Supplementary Material I provides a 
comprehensive comparison of the main findings from the literature. 
Based on the exploratory literature review, it is evident that the current 
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literature on MM concerning LM primarily adopts a process perspective 
to measure the maturity of LM in companies. Notably, five out of six 
studies reveal that the highest level of maturity is characterized by 
achieving a continuous improvement culture at companies (Chiera et al., 
2021; Hines, 2010; Maasouman & Demirli, 2016; Nesensohn et al., 
2016; Verrier et al., 2016). Furthermore, the six studies listed in 
Table A.1 have exclusively focused on developing MM for sectors within 
the secondary sector, specifically manufacturing industries (Chiera 
et al., 2021; Hines, 2010; Jørgensen et al., 2007; Maasouman & Demirli, 
2016; Verrier et al., 2016) and construction processes (Nesensohn et al., 
2016). 

In the context of CE, several studies have dedicated efforts to develop 
levels and assessment tools to evaluate the maturity of CE within com
panies. For a comprehensive overview of these maturity levels, 
Table A.2 in Supplementary Material I presents a comparison of findings 
from the literature. Among the six studies listed, five of them utilized a 
life cycle perspective to measure the maturity of CE within a company 
(Bertassini et al., 2022; Fatimah et al., 2020; Golinska-dawson et al., 
2021; Kayikci et al., 2022; Uhrenholt et al., 2022). However, Aguiar & 
Jugend (2022) adopted a product perspective to evaluate the maturity of 
CE specifically in product design. 

It is essential to highlight that Golinska-Dawson et al. (2021) 
centered their study on the secondary sector, specifically evaluating the 
maturity in resources management at companies. Conversely, Fatimah 
et al. (2020) conducted an assessment of CE maturity in waste 

management practices. However, a key limitation of these papers lies in 
the fact that CE was not integrated with LM. As a result, they did not 
explore the potential benefits of incorporating LM principles as a 
pathway to create more value or synergy in the development of lean- 
circular production systems. 

3. Methodology 

The proposed LCMM was guided by design science research that has 
the objective of developing artifacts as a solution to practical problems 
(Pacheco Lacerda et al., 2013). We developed this study following the 
steps presented in Fig. 1. For the development, validation, and appli
cation of the LCMM, we combined scenario planning with Multi Criteria 
Decision Analysis (MCDA), which will be covered in the next section. 

3.1. Development and validation of the LCMM 

We adapted the stages proposed by Goodwin & Wright (2005) and 
Ram et al. (2011) in the construction of LCMM. The structure of the 
LCMM comprises two main macro steps: (i) the development and vali
dation of the LCMM, and (ii) its application for assessing the maturity 
level of companies. 

In step (i), an exploratory literature review was conducted, as 
described in section 2. During this process, maturity levels were 
formulated, and the LCMM was subsequently validated by experts in the 

Fig. 1. Structure of methodology.  
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field of interest. A total of 57 experts, including LM and CE researchers 
and consultants, were selected and contacted via email to participate in 
a survey (see Appendix B of Supplementary Material I) aimed at vali
dating the developed LCMM. The use of email was strategic to facilitate a 
straightforward and accessible means for experts to engage with and 
respond to the survey, ensuring optimal convenience and encouraging 
sincere and uninhibited feedback due to the allowance of anonymous 
responses. Out of the total, 12 experts responded to the survey, repre
senting 21 % of the participants, in which 5 of them were LM and CE 
experts, 5 LM experts and 2 CE experts. These experts were from various 
institutions (58 % from academia and 33 % from private companies), 
including 7 from Brazil, 2 from the United Kingdom, 1 from the USA, 1 
from Canada and 1 from Spain. Table 1 provides further information 
about the profile of the participating experts. Expert feedback was 
rigorously analyzed quantitatively for trends and qualitatively for 
themes. Discrepant feedback triggered further literature review and 
possible expert re-consultation to understand differing viewpoints, 
ensuring the LCMM development considered all expert insights 
comprehensively and accurately. Following the analysis of the survey 
feedback, a second version of the LCMM was proposed. 

To validate the second version of the LCMM, we conducted semi- 
structured interviews (see Appendix B of Supplementary Material I) 
with the experts who answered the survey in Table 1. These interviews 
were conducted online, and the experts were asked to evaluate the 
LCMM and provide valuable suggestions. Based on the insights gathered 
during the validation process, we proceeded to develop a third version of 
the LCMM. In this updated version, we included Level 0 within the 
model and also streamlined the self-assessment questionnaire. The final 
version of the LCMM is now available as Supplementary Material II. 

3.2. Application and recommendations 

We employed a semi-structured questionnaire and conducted in
terviews with a total of 9 companies to assess their performance con
cerning each strategy/maturity level combination, specifically 
evaluating their maturity in both LM and CE. The selection of these 
companies was based on exploratory research, and we extended in
vitations to them to participate in the interview process. To ensure 
ethical compliance, the interview procedure was thoroughly reviewed 
and approved by the ethical committee (CONEP – Brazil), with the 
process number 5526334. This step was crucial in safeguarding the 
rights and interests of the participating companies and ensuring that all 
ethical considerations were adequately addressed throughout the 
research process. 

The interview process adhered to the following steps: 
Initial presentation: We provided an introductory overview of the 

study, including its objectives and the outlined steps. 
Company information collection: Pertinent information about the 

participating companies was gathered. Information available in 
Table C.1 about companies’ size, geographical location, and LM and CE 
initiatives experience. 

Respondent information collection: We collected relevant details 
about the respondents participating in the interview. Information 
already provided on Table 1. 

Maturity assessment based on the developed model: The matu
rity of each company, concerning LM and CE, was assessed using the 
model we had developed. 

Feedback on the LCMM and its application: Participants were 
encouraged to provide feedback and insights on the LCMM and its 
practical application. Information can be seen in Appendix B from the 
Supplementary Material I. 

After conducting the interviews, we proceeded to analyze the LCMM 
application results using both qualitative and quantitative methods, as 
detailed in Section 4. In addition, a crucial aspect involved measuring 
the level-by-level robustness of each company. This analysis provided 
valuable complementary insights to the list of tailored Lean-Circular 
recommendations, specifically focusing on advancements in resource 
efficiency topics within a life cycle thinking perspective (refer to Ap
pendix C in Supplementary Material I for more details). 

To provide further clarity, if the advancement towards a circular 
flow within a lean-circular process, product, and life cycle thinking 
demonstrated robustness, the score for Level 1 would surpass that of 
Level 2. Likewise, Level 2 would achieve a higher score than Level 3, and 
subsequently, Level 3 would surpass Level 4 in terms of scoring. The 
calculation of this metric followed the specified steps outlined in the 
study.  

a) Calculate the difference between scores in the levels using Equations 
(1), 2 and 3: 

X1 = scoreLevel1 − scoreLevel2 (1)  

X2 = scoreLevel2 − scoreLevel3 (2)  

X3 = scoreLevel3 − scoreLevel4 (3)    

b) Sum the negative values. 

The lower the sum in item b, the lower the final company robustness. 
Therefore, the set of Lean-Circular recommendations by using the LCMM 
is given by maturity level and robustness results to support companies in 
becoming more lean-circular. 

4. Results 

4.1. LCMM development and validation 

The primary objective of using the LCMM self-assessment tool is “to 
assess the integration of LM and CE in companies, aiming to achieve 
lean-circular flows with a comprehensive perspective encompassing 
process, product, and life cycle considerations”. This integration of LM 
and CE is characterized by a key focus on waste life cycle reduction, 
which consequently leads to improved economic and environmental 
efficiency (De Paula e Silva et al., 2022b). To effectively address this 
integration, three interdependent perspectives must be taken into ac
count: process, product, and life cycle thinking, as explained by Schmitt 
et al. (2021). The “process” perspective entails components like sourc
ing, logistics, and production. The “product” perspective focuses on 
research and development areas. Lastly, the “life cycle thinking” 
perspective encompasses the environmental impact beyond the com
pany gate, encompassing the entire product life cycle. By considering 
these three perspectives, companies can develop a more comprehensive 

Table 1 
The profile of the experts who answered the survey during the validation process 
of the LCMM.  

Expert. Country Position LM Experience 
(years) 

CE Experience 
(years) 

a Canada Engineer 10 0 
b Brazil PhD 

student 
0 2.5 

c Brazil – 7 0 
d Brazil Professor 9 9 
e Brazil Consultant 0 10 
f Brazil Consultant 8 8 
g Spain Professor 16 0 
h United 

Kingdom 
Professor 35 0 

i United 
Kingdom 

PhD 
Student 

3 3 

j USA Professor 10 10 
k Brazil Consultant 25 25 
l Brazil Professor 20 0  
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Table 2 
Maturity levels developed and validated in Stage 3.  

Perspective Minimum requirement Process Product Life cycle 
Topics Level 0 Level 1 Level 2 Level 3 Level 4 

Resource 
efficiency 
general 
strategy 

The company does not comply 
with environmental legislation 
and/or does not apply any 
principle of LM in its 
operations. 

The company complies with 
environmental legislation and has 
implemented some principles of LM in 
its operations. 

The company monitors and evaluates the 
efficient use of resources in its processes, 
identifies opportunities and applies 
principles of LM. 

The company monitors and evaluates the 
efficient use of resources in its products 
and takes responsibility for the end-of-life 
strategies of its products after use. 

The company presents circular flows and 
disseminates to its stakeholders the culture of 
efficient use of resources. 

Energy 
Management 

There are no awareness actions 
or energy consumption 
indicators in the company. 

The company controls energy 
consumption through indicators, trains 
employees and raises awareness of the 
need to reduce energy consumption. 

The company maps the energy 
consumption of the manufacturing and 
distribution stages and conducts LM 
principles to reduce energy consumption 
in these stages. 

The company continuously monitors and 
evaluates technological alternatives that 
use clean/renewable energy sources and 
the efficiency of energy use in its products 
and processes. 

The energy consumed by the company’s entire 
value chain (suppliers-resources- 
production–distribution-use-end of life) is 
evaluated and actions are continuously taken to 
develop circular flows. 

Water and 
Wastewater 
Management 

There are no awareness actions 
or indicators of water 
consumption or wastewater 
disposal in the company. 

The company controls water 
consumption and effluent disposal 
through indicators, trains employees 
and raises awareness of the need to 
reduce water consumption and 
wastewater disposal. 

The company maps water consumption 
and wastewater disposal in the 
manufacturing and distribution stages and 
conducts LM principles to reduce water 
consumption and effluent disposal at these 
stages. 

The company continuously monitors and 
evaluates technological alternatives that 
generate fewer liquid effluents and 
efficiency in the use of water in its 
products and processes, taking advantage 
of water through Circular Economy 
strategies (reuse, internal and external 
recycling, etc.). 

The water consumed and the wastewater 
discarded throughout the company’s value chain 
(suppliers-resources-production–distribution-use- 
end of life) are evaluated and actions are 
continuously taken to develop circular flows. 

Materials and 
Solid Waste 
Management 

There are no awareness actions 
or indicators of material 
consumption or solid waste 
disposal in the company. 

The company controls the consumption 
of materials and the disposal of solid 
waste through indicators, trains 
employees and raises awareness of the 
need to reduce consumption of 
materials and disposal of solid waste. 

The company maps material consumption 
and solid waste disposal in the 
manufacturing and distribution stages and 
conducts LM principles to reduce material 
consumption and solid waste disposal at 
these stages. 

The company continuously monitors and 
evaluates technological alternatives that 
generate less solid waste and the efficient 
use of materials in its products and 
processes, recovering them through 
Circular Economy strategies (reuse, 
internal and external recycling, etc.). 

The materials consumed and waste discarded 
throughout the company’s value chain (suppliers- 
resources-production–distribution-use-end of life) 
are evaluated and actions are continuously taken 
to develop circular flows. 

Chemicals and 
Emissions 
Management 

There are no awareness actions 
or indicators of chemical 
consumption or greenhouse gas 
(GHG) emissions or other 
significant atmospheric 
emissions. 

The company controls chemical 
consumption and GHG emissions, in 
addition to other significant 
atmospheric emissions, through 
indicators, trains employees and raises 
awareness. 

The company maps chemical consumption 
and GHG emissions and other significant 
atmospheric emissions from the 
manufacturing and distribution stages and 
conducts LM principles to reduce chemical 
consumption and atmospheric emissions 
at these stages. 

The company continuously monitors and 
evaluates less polluting technological 
alternatives and the efficiency in the use 
of chemicals in its products and 
processes, recovering them through 
Circular Economy strategies (reuse, 
internal and external recycling, etc.). 

The chemicals used and GHG emissions and other 
significant emissions from the entire value chain 
(suppliers-resources-production–distribution-use- 
end of life) are evaluated, and actions are 
continuously taken to develop circular flows.  
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approach to achieving a lean-circular production system with greater 
environmental and economic benefits. Supplementary material II shows 
the final version of the LCMM developed self-assessment tool. 

The LCMM formulates strategies to align with the defined objectives. 
LM centers around reducing waste and enhancing value-added activities 
within a company (Rother & John, 2003; Leme Junior et al., 2018), 
while CE aims to establish circular flows for resources recovery (Weet
man, 2019). Based on these principles, we assessed four key resource 
efficiency topics: energy, water and wastewater, materials and solid 
waste, and chemicals and emissions. Consequently, four strategies 
emerged to achieve the objectives of the LCMM: Energy Management, 
Water and Wastewater Management, Materials and Solid Waste Man
agement, and Chemicals and Emissions Management. To enhance the 
scope for companies’ application, we incorporated an additional strat
egy called “Resource Efficiency Strategy.” This strategy was added based 
on the valuable input and suggestions provided by specialists (see sec
tion 3.1 again), aiming to further support companies in their pursuit of 
lean-circular practices and sustainable resource management. 

Table 2 provides a detailed description of the developed and vali
dated maturity levels of the LCMM, while Fig. 2 presents a visual rep
resentation of how these maturity levels are applied in practice. To 
create scenarios for the “Resource Efficiency General Strategy,” we 
relied on the Brazilian Institute of Corporate Governance (IBGC., 
(2007)) as a reference. By doing that, we were able to devise scenarios 
that effectively gauge and guide companies in advancing their busi
nesses to become more lean-circular. 

For the other topics (Energy Management, Water and Wastewater 
Management, Materials and Solid Waste Management, and Chemicals 
and Emissions Management) we proposed five levels starting with the 
least complex to implement and ending with the most complex to 
implement according to the current literature (see Tables A.1 and A.2 in 
Appendix A from Supplementary Material I). 

In Table 2, level 0 indicates that the company has not yet imple
mented any principles related to LM or CE. Moving on to level 1, the 
company has taken significant steps towards resource efficiency by 
developing key performance indicators (KPIs) and conducting internal 
training for all employees to emphasize responsible resource usage. 
Effective KPIs are crucial in formulating, communicating, and imple
menting strategies, and engaged employees play a pivotal role in the 

successful execution of these strategies (Setianto & Haddud, 2016). Both 
LM and CE are considered in this stage, with a focus on internal resource 
management and training initiatives. 

At level 2, the company has progressed further by implementing the 
VSM tool specifically at the process level to identify and reduce resource 
usage. VSM provides a comprehensive overview of the current state of a 
process, facilitating the management of improvements towards a more 
efficient future state (de Oliveira Rezende et al., 2022; Salvador et al., 
2021). Levels 1 and 2 represent the process perspective, highlighting the 
company’s emphasis on optimizing resource efficiency within its inter
nal operations. 

At level 3, the company demonstrates a continuous commitment to 
monitoring and evaluating technological alternatives aimed at mini
mizing the negative environmental impacts associated with both its 
processes and products. This approach involves integrating circularity 
principles that emphasize the use of circular inputs, such as recycled 
materials, renewable sources, and resource reduction in products and 
processes (Weetman, 2019). By embracing the principle of continuous 
improvement from LM (Leme Junior et al., 2018), sustainability is 
seamlessly incorporated into the company’s processes (Maasouman & 
Demirli, 2016). Level 3 is reflective of the product perspective, wherein 
the company focuses on environmentally improving its products. 

Advancing to level 4, the company takes a more holistic approach by 
expanding the value stream assessment to encompass the entire life 
cycle of its products, considering the entire value chain. At this level, 
achieving circular flows becomes a core objective, where the company’s 
daily practices are oriented towards continuous improvement. Circular 
flow is attained when the company can effectively reuse, remanufacture, 
or recycle its products without compromising their value (Weetman, 
2019). Level 4 embodies the life cycle perspective, signifying the com
pany’s commitment to sustainability and resource efficiency across its 
entire operations and product life cycle. This level can be considered as 
the main challenge for future perspectives in resource efficiency and 
waste management. Successfully reaching level 4 requires a paradigm 
shift in the company’s business model and a commitment to continuous 
improvement in resource efficiency. Moreover, it necessitates innova
tion, investment in research and development, and fostering a culture of 
sustainability and circular thinking throughout the organization. 

Fig. 2. Maturity levels scheme developed and validated in Stage 3 divided into the three perspectives.  
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4.2. LCMM application 

This step was to evaluate the company’s performance in each strat
egy/maturity level combination. 

The companies participated in a self-assessment process, where they 
assigned a score ranging from 0 (totally disagree) to 10 (totally agree) 

for each topic and maturity level statement listed in Table 2. The choice 
of a 0 to 10 scale was based on existing studies, which found it to be 
more user-friendly for interviewees (Carvalho et al., 2021). For Level 
0 statements, which represent minimum requirements, if a company 
self-evaluated a score equal to zero, it indicated that they had met the 
minimum requirements for that specific topic. In such cases, the 

Fig. 3. Score of each company in each level for each topic of the LCMM application.  
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company would need to address any remaining related issues to that 
topic before proceeding further in the assessment. However, if the score 
for any Level 0 statement was higher than zero, it would suggest that the 
company had not fully met the minimum criteria and should move on to 
the next topic for evaluation. 

After completing the self-assessment process, we used Equation (4) 
to calculate the final maturity level for each corresponding topic. The 
equation involved rounding down to no decimal places, ensuring a 
straightforward and concise determination of the company’s maturity 
level in each specific area. This approach provided a clear and action
able insight into the company’s overall performance and progress to
wards lean-circular practices and resource efficiency in a comprehensive 
manner. 

Finallevel =
∑

scorefromeachtopic
10

(4) 

Nine companies from diverse sectors and sizes willingly participated 
in the LCMM testing. To evaluate the maturity of LM and CE imple
mentation within these companies, interviews were conducted with 
individuals responsible for these areas, and they were asked to perform 
the assessment using the online spreadsheet tool (available in Supple
mentary Material II). 

The outcomes of the LCMM application are illustrated in Figs. 3 and 
4. These figures display the scores of each level for each company, with 
the final calculated maturity level highlighted, utilizing Equation (4). 
Through these visual representations, the companies can clearly observe 
their performance and progress in terms of lean-circular practices and 
resource efficiency. The assessment outcomes serve as valuable insights 
for companies to identify strengths, weaknesses, and potential areas for 
improvement in their sustainability and circularity efforts. 

4.2.1. Resource efficiency strategy 
Regarding Fig. 3, the results indicate that almost 67 % of the total 

interviewed companies achieved the highest scores in levels 1 and 2 for 
the resource efficiency general strategy, with none scoring below 7 in 
these levels. In level 3, 67 % of the companies provided a self-assessment 
score of 8, while 22 % scored 9, and only one company attained the 
highest score of 11 %. However, in level 4, there was a more diverse 
range of scores, with two companies answering with the lowest score 
(22 %), three companies between scores 3 and 6, four companies be
tween scores 7 and 9, and just one company self-assessed with the 
highest score (11 %). 

Regarding the final maturity level, companies B, E, F, H, and I 
reached the highest level (level 3) compared to others, and no company 
achieved level 4. This demonstrates that the majority of the companies 
were successful in achieving high maturity levels in the resource effi
ciency general strategy but still have room for improvement to reach the 

level 4. These results highlight the progress made by the companies in 
their efforts to integrate LM and CE principles but also underscore the 
ongoing journey towards achieving full circularity and sustainability in 
their operations. 

4.2.2. Energy management 
In the topic of energy management, the results from Fig. 3 show that 

in level 1, 55 % of the companies self-assessed with a score of 9, with 
only one company achieving the highest score, and none scoring below 
6. 

In level 2, 33 % of the companies scored 10, four companies fell 
between scores 6 and 9, 11 % answered with the lowest score (0), and 
another 11 % answered with a score of 2. Moving to level 3, 67 % of the 
companies achieved the highest score, while four companies were be
tween scores 8 and 9, and only one company answered with the score of 
zero. Level 4 displayed a more varied distribution, with 22 % of the 
companies self-assessing with a score of zero, 22 % scoring 5, another 
22 % scoring zero again, 11 % scoring 6, 11 % scoring 4, and the last 11 
% scoring 3. 

Regarding the final maturity level, companies 3, 6, 7, and 9 reached 
level 3, while none of the companies achieved level 4. These results 
indicate that the majority of companies excelled in energy management, 
with a substantial number achieving high maturity levels in levels 1 to 3. 
However, like other areas, there is still progress to be made to attain the 
highest level of maturity in energy management. Companies C, F, G, and 
I stand out as having reached the highest level compared to others. 

4.2.3. Water and waste water management 
According to Fig. 3, Level 1 had 55 % of the answers with a score of 

10, 22 % scored 9, 11 % scored 5, and another 11 % scored 6. A similar 
distribution was observed in level 2, with 55 % scoring 10, 11 % scoring 
9, 11 % scoring 8, 11 % scoring 7, and the remaining 11 % scoring 2. 

In level 3, 44 % of the companies answered with a score of 10, 33 % 
scored 9, 11 % scored 7, and 11 % scored 0. In level 4, 33 % of the 
companies answered with the highest score, 5 companies answered 
between 6 and 3, and one (11 %) provided the lowest score of 0. 

Regarding the final maturity level, companies F, G, and I achieved 
level 4, indicating their high level of maturity in water and wastewater 
management. Overall, the results suggest that most companies demon
strated strong performance in water and wastewater management, with 
several of them reaching higher levels of maturity. However, there are 
still some areas for improvement for some companies to further enhance 
their resource efficiency and circular practices in water management. 

4.2.4. Materials and solid waste management 
The results revealed that 44 % of the companies achieved the highest 

score in level 1. In level 2, 44 % of the companies excelled with a score of 

Fig. 4. Distribution of the levels for each strategy.  
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10, while 22 % scored 7, 11 % scored 9, 11 % scored 5, and another 11 % 
scored 2. 

In level 3, 33 % of the companies reached the highest score, which is 
consistent with the same percentage of companies that achieved level 4. 
Notably, only companies E and G attained some scores in level 4, indi
cating their higher level of maturity in materials and solid waste man
agement compared to others. 

Overall, the results indicate a positive performance in materials and 
solid waste management, with several companies achieving high scores 
in levels 1 to 3. However, there is still room for improvement in reaching 
level 4 for most companies. Companies E and G stand out as having 
achieved a higher level of maturity in this aspect compared to others. 

4.2.5. Chemicals and emissions management 
The results demonstrated that 44 % of the companies achieved the 

highest score in level 1 for materials and solid waste management. 
Moving to level 2, 44 % of the companies stood out with a score of 10, 
while 22 % scored 7, and 11 % each scored 9, 5, and 2. In level 3, 33 % of 
the companies reached the highest score, which is consistent with the 
same percentage of companies that achieved level 4. Notably, only 
companies E and G attained some scores in level 4. 

The box plot in Fig. 4 illustrates the distribution of maturity levels for 
each strategy. It is evident that the water and wastewater management 
strategy achieved the highest final levels, while the resource efficiency 
general strategy displayed final levels mainly between 2 and 3. Notably, 
both energy management and resource efficiency general strategy did 
not have any companies reaching level 4, indicating room for 
improvement in these areas. Conversely, the lowest final levels were 
observed in the chemicals and emissions management category. 

4.3. Comparative analysis of strategy maturity by company 
characteristics 

The model was applied across nine distinct companies, encompass
ing diverse attributes in terms of sector (Primary, Secondary, Tertiary), 
size (Small, Medium, Large), region (Southeast, Midwest, North, South), 
and nationality (Japanese, Brazilian, North American, British, German). 
Spanning both national and international types of businesses, these 
companies showcased varying degrees of engagement in LM and CE. 
Their strategy maturity was further detailed by metrics including 
resource efficiency (RES), energy management (EM), water-waste 
management (W-WM), materials-solid waste management (M− SWM), 
and chemical-emissions management (C-EM) in Table C.1, as 

Supplementary Material I. This comprehensive table offers a structured 
view into the diverse strategic approaches adopted by these firms, 
highlighting the correlation between their core attributes and in LM and 
CE initiatives. 

In the context of nationality, Japanese-affiliated Company A focuses 
on LM with 3 years of implementation and dedicates a significant 10 
years to CE. Companies under Brazilian nationality, specifically B, C, D, 
E, and F, exhibit varied years in LM engagement (ranging from 2 to 11 
years) with an increasing emphasis on CE that extends up to 11 years. 
North American Company G has consistently engaged in LM for 12 
years. British-affiliated Company H prioritizes CE in the last few years. 
In contrast, German-affiliated Company I records the highest engage
ment in LM, extending 24 years, combined with a 5-year focus on CE. 

Sector-based analysis provides further granularity. Primary sector 
companies, namely C, E, and G, are observed to possess elevated strategy 
maturity in areas such as water-waste management (W-WM) and 
chemical-emissions management (C-EM), primarily due to the nature of 
their operations which demand intensive natural resource utilization. 
The secondary sector, represented by companies A, B, C, E, F, and H, 
consistently highlights CE as an area of focus. Meanwhile, the solitary 
tertiary sector firm, Company H, demonstrates a uniformly balanced 
strategy maturity across different domains, which is indicative of its 
holistic approach to sustainability. 

A review on Table C.1 based on the maturity of different strategies 
highlights a dominant emphasis on W-WM and C-EM. When correlating 
sector with maturity levels, primary firms (C, E, G) typically manifest 
heightened maturity in areas like W-WM and C-EM, which can be 
attributed to their operational characteristics. Secondary sector firms, 
including A, B, D, F, and I, not only display commitment to W-WM but 
also maintain a balanced engagement in resource efficiency (RES) and 
energy management (EM). Company H, representing the tertiary sector, 
maintains a well-rounded maturity level in all strategies, possibly a 
reflection of its broad operational footprint. 

In terms of company size, larger enterprises, such as A, B, D, F, G, H, 
and I, predominantly emphasize W-WM and C-EM strategies. Company 
C, of medium size, leans towards a pronounced maturity in energy 
management (EM), whereas the smaller entity, Company E, underscores 
solid waste-materials management (M− SWM). 

Regional distinctions further elucidate strategy preferences. Com
panies operating in the Southeast region, A, B, C, F, and I, lean signifi
cantly towards the C-EM domain. This might be attributed to the 
region’s stringent environmental norms. In the Midwest, companies D 
and E maintain a balanced strategy maturity across domains. Entities in 

Table 3 
Robustness results.  

LCMM topic Robustness Company Total 
A B C D E F G H I 

Resource efficiency general strategy X1 3 0 0 − 2 0 0 0 0 0 − 2 
X2 − 2 2 − 1 2 1 2 − 2 2 2 − 5 
X3 9 1 3 8 0 0 7 2 − 2 − 2 
Total ¡2 0 ¡1 ¡2 0 0 ¡2 0 ¡2 ¡9 

Energy Management X1 − 1 10 2 − 3 2 − 3 0 7 − 1 − 8 
X2 0 0 − 3 − 1 − 3 1 0 − 6 0 − 13 
X3 10 0 6 7 4 4 − 1 2 2 − 1 
Total ¡1 0 ¡3 ¡4 ¡3 ¡3 ¡1 ¡6 ¡1 –22 

Water and Wastewater Management X1 0 3 − 2 − 5 0 0 0 7 0 − 7 
X2 0 7 − 1 3 0 0 0 − 7 0 − 8 
X3 4 0 5 4 5 0 0 3 0 0 
Total 0 0 ¡3 ¡5 0 0 0 ¡7 0 ¡15 

Materials and Solid Waste Management X1 0 3 0 0 0 0 0 5 − 2 − 2 
X2 4 0 0 0 0 1 0 − 6 0 − 6 
X3 5 1 1 4 0 1 0 5 0 0 
Total 0 0 0 0 0 0 0 ¡6 ¡2 ¡8 

Chemicals and Emissions Management X1 0 3 0 1 2 − 2 0 0 0 − 2 
X2 4 7 − 5 0 − 2 0 0 1 0 − 7 
X3 1 0 6 2 0 − 1 0 4 2 − 1 
Total 0 0 ¡5 0 ¡2 ¡3 0 0 0 ¡10  
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the North and South regions, represented by G and H respectively, pri
oritize W-WM and C-EM, pointing towards a regionally tailored resource 
management approach. 

It becomes evident that strategy maturity levels are intrinsically tied 
to unique company attributes, encompassing aspects like sector, size, 
and geographical positioning. These associations yield critical insights 
into the prioritization and application of sustainable practices, contin
gent on operational prerequisites and regional influences. 

4.4. Robustness analysis 

Finally, following the steps to calculate the robustness as presented 
in section 3.2, the results are shown in Table 3. Negative values are 
highlighted in red. Among the topics assessed, Energy Management 
exhibited the lowest robustness, with a sum of –22. Particularly, com
pany number 8 had the lowest robustness score within this strategy, 
totaling − 6. 

For the Materials and Solid Waste Management, 77 % of the com
panies achieved a robustness score of 0, indicating the highest level of 
robustness. However, the overall robustness assessment for companies C 
and H were the lowest, summing − 12 and − 19, respectively. On the 
other hand, company B obtained the highest robustness score, summing 
0. This result can be attributed to the fact that company H scored higher 
in Level 3 than Level 2 in 60 % of the evaluated strategies, while com
pany B demonstrated a consistent growth pattern, with Level 1 consis
tently outperforming Level 2, and Level 2 outperforming Level 3. 

The X2 (equation (2), calculated by subtracting Level 3 score from 
Level 2 score, showed the lowest robustness, summing − 39. This sug
gests that companies were seeking sustainable alternatives before fully 
mapping their processes. 

To a better understanding about this novelty index, the robustness 
index can be linked with capability. Teece et al. (1997) defines dynamic 
capability as the ability to address rapid changes and a high robustness 
index guarantees that the company has know-how to go the next step 
faster than a company that has a low robustness index. In other words, 
companies with a high level of robustness may have a high level of 
capability. 

In light of these findings, we provided a list of recommendations to 
each company along with the self-assessment results to enhance their 
robustness. These tailored recommendations are presented in the 
following section. 

4.5. Development of tailored recommendations 

To help companies in decision-making towards building circular 
flows we developed recommendations based on the calculated final level 
of maturity (Equation (4) and robustness. Based on the literature con
sulted in the exploratory review, we formulated recommendations 
(Table C.2 in Appendix C from the Supplementary Material I) following 
the levels we developed for the LCMM. 

Upon completing the self-assessment diagnosis, each company will 
receive a final level and robustness index associated with each strategy. 
Based on the specific results for each reference situation, tailored rec
ommendations have been developed, incorporating relevant LM and CE 
tools, principles, and concepts. These recommendations aim to assist 
companies in their journey towards becoming more lean-circular over 
time. 

By following this set of recommendations, companies can effectively 
progress towards a more sustainable production approach. The provided 
guide and work plan offer a clear path for enhancing resource efficiency 
and waste management, transitioning from a process perspective to a 
more comprehensive life cycle thinking. Ultimately, this approach fa
cilitates the integration of LM and CE principles, driving companies 
towards improved economic and environmental performance while 
advancing their sustainability goals. 

5. Discussion 

Despite the promising prospects about the integration of LM and CE, 
the limited literature addressing process, product and life cycle areas 
presents challenges in obtaining a clear vision of the path towards 
building circular flows using LM as a foundation. To address this gap, the 
LCMM introduced in this study offers companies a valuable tool for 
conducting self-assessments and charting a course towards adopting 
lean and circular processes, products, and life cycle thinking. Through 
this self-assessment, companies gain insights into their current perfor
mance, identify areas for improvement, and understand the necessary 
next steps on their journey towards sustainability. By leveraging the 
LCMM, companies can enhance their economic and environmental 
performance in a synergistic manner. 

The model was applied across nine distinct companies, showcasing 
varying engagement in LM and CE. Their strategy maturity was clarified 
using metrics like resource efficiency (RES), energy management (EM), 
and others. In terms of nationality and sector distinctions, Company A’s 
focus was contrasted with Brazilian companies, with various sectors 
highlighting different maturity levels in strategies. Strategy maturity 
levels tend to correlate with unique company attributes like sector, size, 
and geographical positioning. 

Among the strategies evaluated, water and wastewater management 
showed the highest maturity levels, closely followed by materials and 
solid waste management. This observation may be attributed to the 
existence of robust public policies in Brazil concerning water and solid 
waste resources, which likely contributed to the companies’ emphasis 
on efficient management in these areas. 

However, the results in robustness index highlighted some weak
nesses in energy management practices across all strategies. Companies 
appeared to be focusing on developing clean energy alternatives before 
fully mapping their energy usage, indicating a need for better under
standing and optimization of energy consumption. This trend was 
evident in the X2 calculation, where the maturity at Level 3 exceeded 
that at Level 2 in all strategies. 

Another area of concern was the robustness between Level 1 and 
Level 2, where some companies failed to implement resource efficiency 
training that targeted all employees. Instead, the training seemed to be 
limited to specific departments or employees directly involved in certain 
areas, such as the Continuous Improvement sector. A more compre
hensive and inclusive approach to training would likely lead to more 
effective resource management practices. 

With the LCMM results and robustness index in hand, companies can 
access a list of recommendations derived from relevant literature for 
each specific level. These recommendations offer actionable steps and 
best practices to guide companies in their journey towards lean and 
circular practices. By integrating these recommendations into their op
erations, companies can foster continuous improvement, optimize 
resource utilization, and enhance their economic and environmental 
performance. 

Comparing our LCMM with existing maturity models in the literature 
(Tables A.1 and A.2), it is evident that our model fills gaps by providing a 
holistic approach, considering process, product, and life cycle perspec
tives. While several existing models in the literature, such as those by 
Jørgensen et al. (2007) and Hines (2010), focus mainly on the 
manufacturing industries from a process perspective, our model pro
vides a more comprehensive view, including a product and life cycle 
perspectives, which are less studied. Similarly, while models on Circular 
Economy, like those by Fatimah et al. (2020) and Golinska-dawson et al. 
(2021), emphasize life cycle perspectives in specific areas, our LCMM 
provides an overarching view that incorporates diverse sectors. 

Regarding the theoretical implications, to the best of the authors’ 
knowledge, there is no previous study that combines MDCA, MM, CE, 
and LM in a self-assessment tool. In other words, this study makes a 
multidisciplinary theoretical contribution as it combines different 
research topics in a single proposition. Furthermore, this study presents 
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a replicable methodology that can be used to develop maturity models in 
different research areas. In addition, the robustness index is a novelty 
regarding MM proposals and applications. In the Supplementary Mate
rial II, we provide a copy of the developed tool to be downloaded and 
used free of charge. 

From a practical perspective, the study presents a self-assessment 
process that can be used by companies in an easy way. The results of 
this research indicated that companies in the secondary sector can 
benefit more from the use of the LCMM than those from the primary and 
tertiary sectors. Also, for SMEs it is a free self-assessment that can be 
used towards a lean and circular development of the company. 

Comparing the MM with the existing literature, the self-assessment 
proposed in this study includes a holistic vision about the company, 
since it presents the process, product, and life cycle perspective 
(Table 4). Most of the MMs found in the literature devote more attention 
to the process perspective and the adoption of LM principles, while a 
product perspective and life cycle approach are less studied. Therefore, 
the developed model could help overcome such limitations. 

6. Final remarks 

In conclusion, the LCMM serves as a valuable tool for companies to 
assess their maturity in various topics and identify areas for improve
ment. The resulting recommendations provide a roadmap for companies 
to advance towards greater sustainability and efficiency, aligning eco
nomic growth with environmental stewardship. 

The LCMM self-assessment tool consisted of a MM developed 
through a set of stages from MCDA combined with scenario planning. 
The proposal has five maturity levels and was applied in nine companies 
of different sizes, sectors, and regions. The main results showed that 66 
% of the companies assessed look for cleaner alternatives before iden
tifying the opportunities, which can cause errors in the planning and 
hierarchization/prioritization of actions of improvement. This occurred 
most often in the strategy of Energy Management. Moreover, 61 % of the 
companies presented a lack of training and awareness of all employees 
regarding the efficient use of resources. The lack of actions to manage 
the life cycle of products in the entire value chain can be seen as the 
main barrier identified. 

An in-depth comparative analysis revealed that the maturity levels 
are intrinsically tied to company-specific attributes, emphasizing the 
significant impact of factors like sector, size, and regional influences on 
the implementation and prioritization of sustainable practices. 

Compared with prior papers in this area, it can be concluded that this 
paper represents a significant advancement in the field of integrating LM 
and CE, contributing to the recent theoretical knowledge on this subject. 
It introduces a valuable self-assessment procedure to measure the 
maturity level of processes, products, and product life cycles in 

companies concerning LM and CE. By focusing on the secondary sector, 
the LCMM serves as a valuable tool to help companies gain clarity about 
their current state and identify strategies to enhance their lean and 
circular practices. To the best of the authors’ knowledge, this was the 
first time that a LM and CE self-assessment measure was provided in 
terms of process, product, and from a life cycle perspective. 

Moreover, this study does not claim to be exempt from limitations. 
The application of the LCMM in large companies was done with just one 
representant in the company. In order to have a more systematic vision 
about the process, product, and life cycle thinking, more people from 
different areas should be interviewed. Also, as this research is explor
atory and a new model was designed, more applications are required in 
different areas and sectors. 

Future research opportunities include the improvement of the self- 
assessment to consider social aspects, application in different sectors, 
country and areas. Also, to the creation of a digital platform for easy use 
of the LCMM procedure. 
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