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Abstract- This article presents a comprehensive review of 

recent advances in circular economy and closed-loop 

systems in industrial production, examining the ongoing 

transition from conventional linear throughput models to 

regenerative industrial systems designed to retain the 

value of materials, products, energy, and information 

across multiple life cycles through strategies such as 

product life extension, remanufacturing, reuse, recycling, 

industrial symbiosis, and circular business models; the 

review synthesizes evidence from recent life cycle 

assessment studies, international circularity standards, 

and industrial case studies to highlight the importance of 

integrating product design, manufacturing processes, 

reverse logistics, digital traceability, performance 

measurement, stakeholder collaboration, and governance 

mechanisms within a unified systems framework, while 

demonstrating how standardized circularity assessment, 

regional adaptation, and innovation-driven industrial 

ecosystems can enhance resource efficiency, reduce waste 

generation and carbon emissions, improve economic 

competitiveness, and strengthen the sustainability and 

resilience of industrial production systems in support of 

global sustainable development goals. 
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I. INTRODUCTION 

 

Industrial production is currently experiencing a 

fundamental transition from traditional linear 

production systems toward circular and closed-loop 

models that seek to preserve the value of materials, 

products, energy, and information across multiple life 

cycles. Unlike conventional approaches that focus 

primarily on resource extraction, manufacturing, 

consumption, and disposal, circular systems aim to 

maintain resources in productive use for as long as 

possible through strategies such as reuse, repair, 

remanufacturing, recycling, and industrial symbiosis 

[1]. From an engineering perspective, achieving 

circularity extends beyond improving recycling 

efficiency; it requires the comprehensive redesign of 

industrial systems in which product architecture, 

manufacturing processes, reverse logistics, digital 

traceability, performance assessment, and governance 

mechanisms operate as interconnected components of 

an integrated system. 

 

The limitations of the traditional linear economy have 

become increasingly apparent due to growing 

resource depletion, escalating waste generation, 

environmental degradation, supply-chain 

vulnerabilities, and climate-related challenges. 

Consequently, industries and policymakers are 

seeking alternative production models capable of 

decoupling economic growth from resource 

consumption while enhancing environmental 

sustainability. However, circularity should not be 

viewed solely as a waste management or recycling 

strategy. A circular solution that improves material 

recovery but compromises product durability, 

increases energy consumption, or shifts 

environmental burdens to other stages of the life 

cycle may ultimately fail to deliver sustainable 

outcomes. Therefore, contemporary engineering 

research increasingly treats circular economy 

implementation as a systems design challenge that 
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requires holistic consideration of technical, 

economic, environmental, and social factors. 

 

Recent studies have highlighted the growing 

importance of industrial symbiosis as a key enabler 

of circular economy implementation. Although 

traditionally regarded as a meso-level mechanism 

involving resource exchanges among neighboring 

industries, current research suggests that industrial 

symbiosis should be understood within a broader 

systems framework because its critical issues extend 

across policy, collaboration, management, market 

dynamics, logistics, technology, economics, and 

social and environmental dimensions, encompassing 

micro-, meso-, and macro-level implementation 

scales [1]. This broader perspective is particularly 

important because circular economy adoption 

remains uneven across industries and geographical 

regions, with many initiatives continuing to prioritize 

downstream recovery and recycling activities rather 

than upstream value-retention strategies. 

 

Evidence from recent life cycle assessment (LCA) 

studies further illustrates this imbalance. A 

systematic review conducted in 2025, covering 99 

LCA studies on circular design strategies, found that 

resource efficiency and waste minimization 

accounted for 32.5% of reported circular strategies, 

while end-of-life planning represented 27.8% of the 

total approaches investigated 2. In contrast, 

sustainable materials, circular business models, and 

product longevity accounted for only 14.6%, 14.2%, 

and 10.8%, respectively 2. These findings suggest 

that current engineering practice continues to 

emphasize recovery-oriented approaches at the 

expense of higher-value circular strategies such as 

durability, reparability, modularity, upgradeability, 

and innovative business models. Since value 

retention generally decreases as materials move 

further down the recovery hierarchy, greater attention 

to these higher-order strategies is essential for 

maximizing the economic and environmental benefits 

of circular systems. 

 

The growing adoption of circular economy principles 

has also intensified the need for reliable methods of 

measuring and assessing circularity performance. In 

response to this challenge, ISO 59020:2024 

introduced a standardized framework for circularity 

assessment that defines system boundaries and 

establishes mandatory and optional indicators 

applicable at product, organizational, inter-

organizational, and regional levels [3,4]. The 

introduction of this standard represents a significant 

advancement in circular economy implementation 

because measurement forms the basis of 

accountability and continuous improvement. Without 

standardized approaches to data collection, indicator 

selection, and performance evaluation, comparisons 

between organizations, industries, and supply chains 

remain difficult and potentially misleading. Recent 

studies have similarly reported that circularity 

assessment practices remain fragmented and 

inconsistent across sectors, thereby limiting the 

reliability of performance benchmarking and 

reporting [3,5]. 

 

Beyond individual organizations, recent literature 

increasingly links circular economy implementation 

to regional development, industrial ecosystem design, 

and innovation systems. A 2024 study published in 

Nature Communications demonstrated that resource-

based industrial symbiosis networks can be 

quantitatively optimized to simultaneously improve 

economic output, resource efficiency, waste 

reduction, and carbon mitigation, while identifying 

transition pathways as critical design variables in 

achieving circular outcomes [6]. Likewise, a 2025 

investigation of North Sea Port highlighted the 

importance of coordinated governance structures, 

shared infrastructure, stakeholder collaboration, and 

policy alignment in supporting successful circular 

transitions within industrial ecosystems [7]. These 

findings reinforce the view that circular economy 

implementation is fundamentally a socio-technical 

challenge in which technological innovation must be 

supported by appropriate institutional arrangements, 

collaborative networks, and regulatory frameworks. 

 

Given these developments, there is a growing need 

for comprehensive engineering frameworks capable 

of integrating product design, manufacturing systems, 

reverse logistics, industrial symbiosis, digital 

technologies, performance measurement, and 

governance mechanisms within a unified circular 

economy model. This article synthesizes the literature 
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published between 2021 and 2026 to develop a 

publication-ready engineering framework for circular 

economy and closed-loop systems in industrial 

production. Particular emphasis is placed on value-

retention hierarchies, system-level design principles, 

standardized circularity assessment, regional 

adaptation strategies, and digital traceability 

technologies. The article also presents figure-ready 

illustrations, tables, and graphical concepts suitable 

for journal-quality reproduction. The central 

argument advanced in this review is that future 

industrial resilience and sustainability will depend on 

the ability of organizations to prioritize high-value 

circular loops, employ standardized circularity 

metrics, and effectively integrate product design, 

reverse logistics, industrial symbiosis, and 

governance systems within a coherent closed-loop 

production framework [1, 3, 6]. 

 

II. BACKGROUND AND STATE OF THE 

ART 

 

The most important recent development is the 

convergence of measurement, industrial symbiosis, 

and regional optimization. 

 

First, the 2025 LCA review of 99 circular design 

studies shows that engineering practice remains 

concentrated in a narrow segment of the circular 

strategy space [2]. Resource efficiency and waste 

minimization dominate, but longevity, business 

models, and enabling materials are underrepresented. 

The sectoral imbalance is also notable: construction 

and automotive dominate, while textiles, chemicals, 

and marine applications remain comparatively 

underexplored [2]. This means the field has not yet 

fully shifted from end-of-life management to design-

for-circularity. 

 

Second, industrial symbiosis is now being analyzed 

less as an isolated exchange of by-products and more 

as a networked system of actors with shared 

responsibilities. The 2025 Journal of Industrial 

Ecology review identifies eight critical issue 

domains: action policy, collaboration, management, 

market, economy, logistics, technology, and 

society/environment[1]. This is a major conceptual 

update because it shows that industrial symbiosis 

extends beyond the classic meso-level framing and 

should be interpreted as a multi-level implementation 

strategy. 

 

Third, regional and sectoral planning methods have 

become more quantitative and policy-relevant. A 

2024 Nature Communications study demonstrated 

that resource-based industrial symbiosis can be used 

as an integrated optimization framework for low-

carbon regional transitions, with benefits in output, 

resource efficiency, energy use, solid waste 

reduction, and carbon reduction [6]. In other words, 

the closed-loop transition is not only feasible; it can 

be mathematically optimized. 

 

Fourth, implementation is increasingly being 

connected to governance and innovation ecosystems. 

In ports, for example, CE transitions depend on 

stakeholder collaboration, infrastructure sharing, 

regulatory alignment, and eco-innovation capacity 

[7]. This is directly relevant to industrial production 

because ports are often the interface between 

manufacturing clusters, logistics systems, and 

international material flows. 

 

Finally, finance is now recognized as a critical 

bottleneck. A 2025 systematic review on the financial 

aspects of circular economy found three major 

themes: financial performance of CE practices, 

financing approaches for adoption, and de-risking 

circular projects [8]. This is important because many 

closed-loop systems are technically attractive but 

struggle in deployment due to capital intensity, 

uncertain payback, and coordination costs. 

 

III. CONCEPTUAL IDEOLOGY: AN 

ENGINEERING VIEW OF CLOSED-LOOP 

INDUSTRIAL PRODUCTION 

 

The conceptual ideology of circular, closed-loop 

industrial production can be framed around five 

engineering principles. 

 

3.1 Value-retention hierarchy 

Closed-loop systems should prioritize high-value 

loops first. Reuse, repair, refurbishment, and 

remanufacturing retain more embodied value than 

recycling, while recycling usually retains more value 
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than energy recovery. The engineering objective is 

therefore not merely loop closure, but maximum 

retained utility per unit of recovered material. The 

99-study LCA review supports this interpretation by 

showing that the literature still disproportionately 

emphasizes waste minimization and end-of-life 

planning over longevity and circular business models 

[2]. 

 

3.2 Standardized measurement and comparability 

A circular system cannot be managed if it cannot be 

measured. ISO 59020:2024 addresses this by 

specifying how organizations should collect and 

calculate circularity data, define boundaries, and 

choose indicators [3]. This is especially valuable 

because the plastics LCA perspective demonstrates 

that apparently similar circular interventions can lead 

to different conclusions depending on the functional 

unit, upstream assumptions, and downstream 

substitution logic [9]. In other words, metrics shape 

outcomes. 

 

3.3 Systems integration 

Closed-loop industrial production should be designed 

across four coupled layers: product, process, network, 

and governance. Product design determines 

disassembly and repairability; process design 

determines efficiency and impurity control; network 

design determines reverse logistics and industrial 

symbiosis; governance determines whether the 

system is economically and institutionally viable 

[16]. 

 

3.4 Digital traceability 

Digital traceability is a key enabling layer. Material 

passports, IoT, RFID, digital twins, and data 

platforms improve the visibility of material flows and 

make closed-loop routing more reliable. This is 

particularly important for complex multi-material 

products, wastewater streams, and bio-based systems, 

where flow quality matters as much as quantity [10-

11]. 

 

3.5 Regional adaptation 

Closed-loop systems are not one-size-fits-all. 

Regional industrial ecology, available infrastructure, 

policy context, and industry mix shape the most 

viable loop structures. The resource-based industrial 

symbiosis model for regional transitions shows that 

the optimal path depends on local resource 

endowments and transition timing, not just on generic 

“best practices” [6]. 

 

Table 1. Linear vs Circular vs Closed-loop Industrial 

Production 

Dimensi

on 

Linear 

producti

on 

Circular 

production 

Closed-loop 

production 

Core 

logic 

Extract–

make–

dispose 

Keep 

materials 

in 

circulation 

Connect 

forward and 

reverse flows 

Design 

focus 

Cost and 

throughp

ut 

Reuse and 

recyclabili

ty 

Durability, 

repairability, 

remanufacturabi

lity 

Main 

unit of 

analysis 

Plant or 

firm 

Product or 

supply 

chain 

Network, 

region, 

ecosystem 

Key 

enablers 

Scale 

and 

efficienc

y 

Recycling 

and reuse 

Traceability, 

symbiosis, 

governance 

Main 

risk 

Resourc

e 

depletio

n 

Downcycli

ng and 

rebound 

Coordination 

and boundary 

complexity 

 

Closed-loop industrial production architecture 

integrating forward production, reverse recovery, 

digital traceability, and governance is presented in 

Figure 1. 
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Figure 1. Closed-loop industrial production system 

architecture 

 

The current LCA-supported circular design literature 

is concentrated in resource efficiency and end-of-life 

planning, while longevity, business models, water 

efficiency, and additive manufacturing remain 

underrepresented [2]. 

 

Also, multi-level circular economy framework 

showing how micro, meso, and macro levels interact 

through material, energy, and information loops is 

presented in Figure 2 [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Multi-level circular economy framework 

 

 

 

 

Table 2. Measurement Stack for Closed-loop Systems 

Method 

/ 

framew

ork 

Purpose Strength Limitat

ion 

Best use 

LCA Environ

mental 

impact 

assessme

nt 

Counterf

actual 

rigor 

Sensiti

ve to 

assump

tions 

Product 

and 

process 

validatio

n 

MFA Physical 

flow 

tracking 

Clear 

material 

accounti

ng 

Data 

intensi

ve 

Regiona

l 

metaboli

sm 

Circula

rity 

indicato

rs 

Compact 

performa

nce 

communi

cation 

Easy to 

commun

icate 

Often 

fragme

nted 

Benchm

arking 

ISO 

59020 

Standard

ized 

circularit

y 

assessme

nt 

Compar

ability 

and 

transpar

ency 

Still 

emergi

ng in 

practic

e 

Formal 

reportin

g 

Optimi

zation 

models 

Pathway 

selection 

Multi-

objectiv

e and 

scenario

-based 

Model 

comple

xity 

Strategic 

planning 

 

The plastics perspective warns against using 

simplistic “tonnes managed” logic as the unit of 

analysis; instead, the unit should often be the 

recycled product yielded, with explicit treatment of 

substitution and boundary assumptions [9]. 

Packaging studies also show that circularity 

indicators can disagree depending on whether the 

system or product is the unit of analysis [12]. 

 

Maturity progression from internal recovery to 

regional ecosystem integration is presented in Figure 

3. 
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Figure 3. Closed-loop maturity ladder 

 

Table 3. Engineering and Policy Recommendations 

Stakeholder Priority actions Expected 

outcome 

Product 

engineers 

Design for 

disassembly, 

modularity, 

durability 

Higher reuse and 

remanufacturing 

yield 

Operations 

managers 

Build reverse 

logistics and 

sorting systems 

Lower recovery 

cost and higher 

return quality 

Policymakers Use ISO 59020, 

EPR, and 

procurement 

incentives 

Better 

comparability and 

scale-up 

Regional 

planners 

Support 

industrial 

symbiosis and 

shared 

infrastructure 

Lower carbon and 

resource intensity 

Finance 

teams 

Apply de-

risking and 

blended finance 

mechanisms 

Faster adoption of 

circular projects 

 

IV. FUTURE DIRECTIONS AND 

RECOMMENDATIONS FOR CIRCULAR 

ECONOMY DEPLOYMENT 

 

4.1 Future Directions 

The central engineering challenge is no longer 

whether circular systems are desirable, but how to 

make them technically reliable, economically viable, 

and institutionally scalable. Several recommendations 

follow directly from the recent literature. 

 

First, design for circularity must be moved upstream. 

The evidence base remains skewed toward recovery 

and waste minimization [2]. Product designers should 

therefore prioritize durability, repairability, standard 

fasteners, modular architecture, and component 

standardization. This is particularly relevant in 

electronics, machinery, packaging, and polymer 

products. 

 

Second, reverse logistics should be treated as a core 

production function, not a peripheral waste-

management task. Industrial symbiosis and circular 

supply chain studies show that logistics, 

coordination, and collaboration are central 

bottlenecks [1,13]. This includes collection systems, 

sorting, inspection, quality grading, and secondary 

routing. 

 

Third, measurement must be standardized and 

verifiable. ISO 59020 is a major step forward because 

it creates a common language for circularity 

assessment across product, organizational, and 

regional levels [3-4]. However, the standard should 

be used alongside LCA and MFA rather than as a 

substitute. This is especially important for biological 

and chemically complex systems, where circularity 

can be high in one dimension and low in another [11-

10]. 

 

Fourth, regional and sectoral adaptation is essential. 

The industrial symbiosis framework in Nature 

Communications shows that optimal development 

paths vary by local resource endowment and policy 

environment [6]. Similarly, port-based transitions 

require innovation ecosystems and aligned 

governance, not just technology [7]. Engineering 

teams should therefore design closed-loop systems 

around local industrial ecology rather than importing 

generic templates. 

 

Fifth, finance must be integrated into design. Circular 

systems often fail because they are technically 

feasible but financially under-structured. The 2025 

review on CE finance indicates the need for financing 
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approaches and de-risking tools tailored to circular 

projects [8]. Public procurement, blended finance, 

and staged pilot programs are therefore important 

scale-up mechanisms. 

 

Sixth, advanced bio-based and chemical circularity 

should not be overlooked. Recent work shows that 

circular olefin copolymers, reusable packaging, 

nanocellulose composites, polyurethane biofoams, 

and thermophile-enabled waste valorization are all 

active fronts in circular manufacturing and materials 

science [14,12,15,16,17]. These examples 

demonstrate that circularity is not confined to 

mechanical recycling; it also includes molecular 

redesign, bio-upcycling, and chemical 

depolymerization. 

 

Seventh, social and organizational dynamics matter. 

An ecological network perspective on industrial 

symbiosis found that trophic, mutualistic, and 

competitive interactions all influence 

implementation, with green culture, firm size, and 

innovation activity shaping network dynamics [18]. 

Thus, collaboration must be designed as carefully as 

material flow. 

 

4.2 Recommendations 

4.2.1 For engineers and manufacturers 

Design for circularity at the earliest stage of product 

development. Prioritize modular assembly, 

standardized fasteners, part identification, and repair-

friendly architectures. The evidence shows that 

current circular design practice still overemphasizes 

downstream efficiency, so product longevity and 

remanufacturing need to become first-order design 

criteria [2]. 

 

4.2.2 For supply-chain and operations managers 

Treat reverse logistics as a core operating system, not 

a side process. Build return-routing, inspection, 

sorting, and value-recovery capabilities into the 

supply network. Industrial symbiosis requires 

coordination, trust, and logistics integration across 

firms [4]. 

 

4.2.3 For policymakers and regulators 

Adopt standards-based measurement and regional 

planning instruments. ISO 59020 is especially 

important because it supports consistency and 

accountability in circularity reporting [3]. Regional 

CE strategies should be place-based and should 

include local stakeholder mapping, cluster 

development, and targeted indicators [5]. 

 

4.2.4 For researchers 

Expand the field beyond construction and automotive 

to underrepresented sectors such as textiles, 

chemicals, service systems, and emerging-economy 

industries. The 2026 coffee-shop industrial symbiosis 

study shows that service ecosystems can also support 

circular transitions [6]. Future work should integrate 

social metrics, business viability, and system 

resilience rather than relying only on environmental 

performance [1-2]. 

 

V. CONCLUSION 

 

Circular economy and closed-loop systems are 

redefining industrial production as a regenerative 

engineering paradigm. The most important shift in 

the 2021–2026 literature is the move from isolated 

recycling logic to integrated systems thinking: 

design, logistics, measurement, governance, and 

finance must be co-designed if circularity is to be 

sustained at scale [1,3,6]. The evidence also shows 

that current practice still overemphasizes downstream 

recovery and underinvests in upstream durability, 

product redesign, and business-model transformation 

[2]. 

 

For industrial production, the path forward is clear. 

Closed-loop systems should prioritize high-value 

loops first, use ISO 59020-compatible measurement, 

incorporate LCA and MFA, and be adapted to the 

local industrial ecosystem. Regional optimization, 

industrial symbiosis, digital traceability, and 

financing design are all necessary for 

implementation. The field is now mature enough to 

move from conceptual advocacy to engineering 

execution. In that sense, circular production is not 

simply a sustainability label; it is an operational 

architecture for resilient, low-carbon, and resource-

efficient industry. 
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