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ABSTRACT

The shift from linear to circular economic systems has created new needs for the design of logistics systems, 
especially for minimising waste and reducing the carbon footprint. This review discusses how logistics engineering 
can incorporate the principles of a circular economy to support the realisation of more resource-efficient, low-
carbon, and recovery-oriented supply systems. The article begins by elucidating the theoretical principles of circular 
logistics by contrasting it with traditional, green, reverse, and closed-loop logistics, and by emphasising the necessity 
of considering logistics as a multi-directional system to retain value rather than distributing products in a one-way 
manner. It subsequently develops key engineering advances, including sustainable transport, smart warehousing, reverse 
logistics infrastructure, reusable packaging, and digital technologies such as IoT, AI, and digital twins. The review also 
examines the optimisation models and decision-support strategies applied to balance cost, service, and waste reduction 
and carbon mitigation under uncertainty. Moreover, it assesses the barriers to implementation in terms of infrastructure, 
economics, organisational capacity, regulation and sector-specific conditions of operation. The article posits that the 
originality of logistics driven by the circular economy lies in its comprehensive approach to waste and carbon goals 
through engineering design, rather than distinct green interventions. The review concludes that the idea of circular 
logistics can become a vital facilitator of sustainable industrial change, but it will require the assistance of lifecycle-
based assessment, integrated infrastructure, and context-specific implementation strategies.
Keywords: Circular Economy; Logistics System Design; Waste Minimisation; Carbon Footprint; Engineering 
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equipment, cold chains, and construction materials. Criti-
cally, measures to reduce one burden may unintentionally 
increase another, more frequent delivery reduces spoilage 
but increases transport emissions; reusable packaging re-
duces solid waste but requires collection, cleaning, and re-
verse transport [11–13].

Engineering innovations now make it possible to 
redesign physical flows, information flows, and deci-
sion-making to synchronize operational performance with 
circular economy objectives. IoT tracking enhances asset 
visibility and minimizes product loss. Digital twins model 
logistics networks and test circular strategies before im-
plementation. AI-based forecasting optimizes capacity use 
and minimizes emissions. Warehouse automation and ener-
gy-efficient facilities reduce operational waste and power 
consumption. Modular unit loads, reusable packaging, and 
product-service-based logistics extend material life and 
reduce disposable resource use. At the network level, inte-
grating collection centers, disassembly hubs, recycling fa-
cilities, and remanufacturing nodes transforms traditional 
logistics into circular value-retention systems [14].

Against this background, this review discusses how 
circular economy principles can be incorporated into lo-
gistics system design to reduce waste and carbon footprint 
through engineering innovations. We offer four novel con-
tributions. First, we develop a comprehensive framework 
linking circularity principles (reduce, reuse, recycle, re-
manufacture) to tangible logistics design choices, network 
structure, facility layout, transport systems, handling tech-
nologies, and information infrastructure. Second, we si-
multaneously address waste reduction and carbon footprint 
reduction, identifying synergies, tensions, and trade-offs 
necessary for effective circular logistics. Third, we position 
engineering innovations as the operational interface be-
tween circular economy ambition and implementable solu-
tions, synthesizing new technologies, information-based 
solutions, and optimization methods. Fourth, we identify 
unaddressed methodological and practical issues—perfor-
mance measurement, uncertainty management, infrastruc-
ture compatibility, cross-actor coordination, defining a fu-
ture research agenda [15–17].

Figure 1 shows the big-picture conceptual relation-
ships among the principles of the circular economy, the 
design of the logistics system, engineering innovation, and 

1.	 Introduction
The logistics industry faces dual challenges of en-

vironmental damage and carbon reduction. Logistics sys-
tems, encompassing transportation, warehousing, pack-
aging, inventory management, and product recovery, are 
both central to economic activity and major contributors 
to resource depletion, waste production, and greenhouse 
gases [1]. Traditional logistics design follows linear eco-
nomic logic: extract, produce, distribute, consume, discard. 
Efficiency has been narrowly defined as transportation 
cost reduction, lead time shortening, or inventory turnover. 
While still important, these objectives are insufficient giv-
en climate goals, environmental regulations, and societal 
demands for sustainable production [2–6].

The circular economy offers a powerful alternative 
to linear constraints. Focusing on reduction, reuse, re-
pair, remanufacturing, recycling, and recovery, it aims to 
maintain material value while minimizing waste and en-
vironmental load. Logistics is determinant here—without 
effective forward distribution, reverse collection, sorting, 
refurbishment, and reintegration of secondary materials, 
circularity is impossible. Logistics thus becomes enabling 
infrastructure rather than passive support [7,8].

Despite growing interest in green supply chains, sus-
tainable transport, and reverse logistics, the literature re-
mains disjointed. Transportation decarbonization (electric 
vehicles, alternative fuels, route optimization) is studied 
separately from reverse logistics and closed-loop supply 
chains. Digital technologies (IoT, blockchain, digital twins, 
AI) are proposed for visibility and efficiency, but these 
streams rarely integrate. Many researchers optimize isolat-
ed logistics components without examining their interac-
tion under circular economy goals. Others discuss circular 
economy conceptually without guiding how engineering 
innovations translate into integrated logistics system de-
sign. This gap between circular economy theory and re-
al-world logistics engineering remains significant [9,10].

This gap matters because logistics environmental 
impact is multidimensional. Waste arises not only from 
packaging and damaged products but also from inefficient 
asset use, excess inventory, redundant transportation, and 
inability to recycle end-of-life products. Carbon emissions 
come from transport fuels, warehouse electricity, handling 
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environmental outcomes. With this, the review attempts to 
go beyond incremental sustainability interventions and a 

more structural re-conceptualisation of logistics architec-
ture [18–22].

Figure 1. Conceptual framework linking circular economy principles, logistics system design, and environmental performance out-
comes.

This review is also opportune. The world is targeting 
ambitious net-zero and waste-reduction goals set by gov-
ernments and industries, and requires more transparent and 
sustainable models of product delivery in consumer mar-
kets. Meanwhile, negative impacts of global supply chains 
have highlighted the significance of resilience, localization, 
and resource security. The logistics powered by the circular 
economy present an avenue to deal with these interrelated 
issues and decrease reliance on virgin materials, decrease 
environmental impacts, and develop supply networks rely-
ing on recovery. However, unless a strict synthesis of exist-
ing knowledge is undertaken, the field runs the risk of being 
conceptually interesting and operationally disjointed. Syn-
thesising engineering-oriented understandings is therefore 
required to guide researchers, practitioners, and policymak-
ers toward more consistent approaches.

2.	 Theoretical Foundations of Cir-
cular Economy-Driven Logistics 
Systems

2.1.	Circular Economy as a Design Logic for 
Logistics Systems
The circular economy has been developed as an ex-

tension of a wide sustainability concept to a viable systems 

approach to reorganise industrial production and consump-
tion. In its purest form, it aims to decouple the processes 
of creating economic value from the extraction of virgin 
resources and the generation of uncontrollable waste by 
slowing, tightening, and closing material and energy flows. 
In the context of logistics research, this shift is all the more 
important, as logistics is not merely a supporting practice 
that connects production and markets but a central pro-
cess that facilitates or constrains the circulation of mate-
rials. The decisions made in transportation, warehousing, 
packaging, handling, collection, and redistribution directly 
influence the lives of products and materials, their recover-
ability, and their environmental impact [23,24].

In traditional linear systems, logistics is designed to 
maximise one-way forward flows that are fast, reliable, 
and cost-effective. The materials are transferred from sup-
pliers and manufacturers to distributors, and ultimately to 
end users, with little regard for post-consumption recov-
ery or long-term asset use. This orientation is redefined 
by logistics driven by the circular economy. It considers 
logistics systems as multi-directional systems that can-
not merely deliver products but must also accommodate 
product returns, the secondary market for resources, har-
vesting products, and recycling into production systems. 
This change means that logistics design can no longer be 
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considered solely through classic metrics. Minimisation of 
costs and service performance remains critical, yet it needs 
to be understood in the context of waste reduction and ma-
terial reuse, carbon emissions reduction, and regenerative 
possibilities.

One important lesson is that the principles of the 
circular economy must not be reduced to end-of-pipe re-
cycling approaches. This very limited understanding will 
tend to maintain the essence of fundamentally linear logis-
tics structures and merely introduce recovery routes along 
the periphery. An ideally circular solution entails designing 
logistics systems in a manner that enables them to be used 
in the long run, reused, modularly recovered, and have 
low-emission circulation. This implies that the circular 
economy is not merely a design logic but also an environ-
mental goal which restructures system boundaries, deci-
sion priorities, and performance trade-offs [25,26].

2.2.	From Traditional Logistics to Green, Re-
verse, Closed-Loop, and Circular Logis-
tics
Circular logistics is intellectually underpinned by 

a number of established research streams, such as green 
logistics, reverse logistics, and closed-loop supply chain 
management. Though these ideas are connected, they are 
different in volumes and analytical direction. Traditional 
logistics is concerned with the effective planning, imple-
mentation and regulation of product movements between 
origin and consumption. Its prevailing assumptions include 
demand fulfillment, cost efficiency and time responsive-
ness. Externalities in the environment are generally consid-
ered as secondary constraints and not as central drivers of 
design [27].

Green logistics expanded this view to include envi-
ronmental issues like the use of fuel, emissions, noise and 
the packaging waste in the planning of logistics. This area 
brought on some critical arguments on clean transporta-
tion, energy conservation warehousing, modal changes 
and environmentally favorable packaging systems. Never-
theless, green logistics usually is improvement-based but 
not transformation-based. It would rather streamline the 
existing linear flows by minimizing their environmental 

impact, instead of reconsidering the very concept of the 
flow of products and materials. Reverse logistics repre-
sented a more significant change by considering the flow 
of used, defective, or end-of-life products in their move-
ment between the consumer and the producer or recovery 
centers. It brought up critical questions like designing the 
collection network, inspection, sorting, remanufacturing, 
recycling and disposal choices. Reverse logistics also un-
derstood that there is a value to be recaptured once con-
sumed, and in most of the literature the reverse flows are 
still treated as reactive add-ons driven by returns or regula-
tory pressures [28–30].

Closed loop supply chain studies also incorporated 
both forward and reverse flows into one system. It focused 
on integration of production, distribution, collection, and 
recovery decisions thus giving a more analytical founda-
tion to circularity. However, it is still evident that even 
closed-loop models can be characterized by an orientation 
to the recovery of economic value instead of a more sys-
tematic regeneration of a system. The circular logistics ap-
proach builds on these previous strategies by explicitly in-
troducing logistics into the broader circle economy agenda. 
Table 1 summarizes the conceptual development of tradi-
tional logistics to logistics driven by the circular economy 
as well as the distinction of the flow orientation, environ-
mental focus, and the scope of analysis. It also deals not 
only with the issue of product recalls, but also with how 
logistic systems can be programmed to reduce the amount 
of waste generated to start with, the product usefulness 
across more than one cycle, the reliance on virgin materi-
als, and the carbon intensity at every stage of movement 
and storage [24,31].

This difference matters because circular logistics 
cannot be viewed as merely environmentally branded re-
verse logistics. It is unique in integrating the restorative 
loop of materials with preventive design and low-carbon 
operating techniques. Consequently, circular logistics de-
mands broader systems thinking than previous models, 
particularly when engineering innovations change the 
physical architecture and decision-making intelligence of 
logistics networks.
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Table 1. Conceptual evolution of logistics paradigms toward circular economy-driven logistics.

Logistics 
Paradigm Core Objective Flow Orientation Main Environmental 

Focus Limitation
Relevance to Circular 
Economy-Driven 
Logistics

Traditional 
logistics

Cost efficiency, speed, 
service reliability Primarily forward flow Limited or implicit

Neglects waste genera-
tion, end-of-life recovery, 
and carbon externalities

Serves as the baseline 
model from which circu-
lar logistics departs

Green logistics
Reduce environmental 
burden of logistics activi-
ties

Mostly forward flow, 
with some environmen-
tal adjustments

Emissions, fuel use, 
packaging, energy effi-
ciency

Often improves linear 
systems without changing 
their structural logic

Provides environmental 
improvement logic but 
not full circularity

Reverse logis-
tics

Manage product returns 
and end-of-life flows

Reverse flow added to 
forward chain

Collection, returns, recy-
cling, disposal reduction

Frequently reactive and 
focused on downstream 
recovery

Introduces return chan-
nels essential for circular 
systems

Closed-loop 
logistics/supply 
chain

Integrate forward and re-
verse flows in one system Bidirectional

Recovery, remanufactur-
ing, recycling, economic 
value recovery

May prioritize economic 
recovery over broader 
resource regeneration

Strong analytical precur-
sor to circular logistics

Circular econ-
omy-driven 
logistics

Preserve value, minimize 
waste, reduce carbon 
footprint, enable resource 
circulation

Multi-directional and 
lifecycle-oriented

Waste prevention, reuse, 
repair, remanufacturing, 
recycling, low-carbon 
operation

Complex to implement 
due to coordination, 
infrastructure, and data 
requirements

Represents the most inte-
grated and systems-based 
sustainability paradigm

2.3.	System Boundaries and Structural Com-
ponents of Circular Logistics
The strong theoretical basis lies in the clear defi-

nition of logistics system boundaries within the circular 
economy. The transport, warehouse, and inventory func-
tions related to forward distribution are usually treated as 
the transport boundary in linear models. The boundary of 
circular systems needs to be further extended to include 
product take-back, waste segregation, repair, refurbish-
ment, remanufacturing, recycling, and, in other instances, 
biological or energy recovery pathways. This larger bound-
ary is critical since the results of circularity are the effec-
tiveness of the coordination of these stages, and are not the 
effectiveness of a certain logistics function [29].

Circular logistics systems can be interpreted as a net-
work of interacting nodes, flows, and decision layers that 
constitute the system's structural components. Examples 
of nodes are suppliers, manufacturers, warehouses, distri-
bution centres, retail outlets, consumers, collection points, 
repair centres, remanufacturing plants, recycling facilities, 
and disposal sites. Flows refer to the movement of prod-
ucts, components, packaging, materials, information and 
energy in both forward and reverse directions. Decision 
layers include strategic decisions like facility location and 
network topology, tactical decisions like choice of trans-
portation mode and inventory decision and operational de-
cisions like routing, sorting and handling schedules [32].

One of the major theoretical issues is that circular 
systems are not merely the larger analogues of linear sys-

tems. Their structure is more intricate because the return 
flows are not predictable in terms of timing, quality or 
quantity. End-of-life products are in varying conditions, 
with residual and recoverable values. The reliability of 
collection systems is influenced by consumer behaviour. 
The markets for secondary materials can be unstable. The 
conditions render circular logistics more dynamic and sto-
chastic than the traditional forward one. System design, 
therefore, has to take the variability, imperfect information 
and cross-stage dependence into consideration.

A second critical boundary problem is the incorpora-
tion of packaging, infrastructure, and digital systems into lo-
gistics theory. Packaging is regarded as a peripheral design 
variable, but in circular systems, it is central as it determines 
the rate of damage, transport density, reuse cycles, and abili-
ty to recover. Likewise, warehouses and transport assets can-
not be regarded as mere passive infrastructure; their energy 
consumption, flexibility, and compatibility with return flows 
significantly impact circular outcomes. Digital platforms, 
traceability tools, and real-time monitoring systems also 
become structural components rather than auxiliary technol-
ogies, as they enable the identification of the product, evalu-
ation of its condition, and organisation of its lifecycle [33–35].

2.4.	Interactions between Waste Generation, 
Carbon Emissions, and Resource Efficien-
cy
The key theoretical postulation in the logistics of 

the circular economy is that waste generation and carbon 
emissions are closely intertwined yet not necessarily in 
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al logistics studies. The conventional measures of system 
value, such as transportation cost, lead time, fill rate, and 
inventory turnover, remain applicable, though they capture 
only a portion of the system value. The logistics of a cir-
cular economy should also be assessed based on material 
circularity, waste divestment, energy conservation, carbon 
footprint, recovery yield, durability support, and resilience 
to uncertainty.

Material circularity is a measure of how much the 
products, components, and materials are still productive 
in a series of cycles. Waste diversion is a measure of the 
extent to which materials are avoided from being convert-
ed to landfill or incineration products without recovery of 
their value. Carbon performance should encompass both 
direct operational emissions and indirect emissions asso-
ciated with packaging, infrastructure, and recovery pro-
cesses. Recovery yield is a measure of how well collection 
and processing systems extract usable value from returned 
products. The reason resilience is growing in significance 
is that the circular system is sensitive to disruptions to con-
sumer participation, infrastructure capacity, and secondary 
markets, due to heterogeneous actors and uncertain reverse 
flows [38,39].

The problem in the literature that has been highlight-
ed as being critical is the fragmentation of these metrics. 
Most research focuses on costs and emissions without pay-
ing attention to material retention quality. Others are con-
cerned with the recycling rates, with no focus on the inten-
sification of transport or rebound effects. Such a piecemeal 
analysis may yield false outcomes, particularly when there 
is a local efficiency improvement at the expense of overall 
system environmental performance. Thus, the multi-crite-
ria and lifecycle-based evaluation frameworks that reflect 
trade-offs at the economic, environmental, and operational 
levels should be grounded in the theoretical foundation of 
circular logistics.

2.6.	Toward an Integrated Conceptual Frame-
work for Circular Economy-Driven Logis-
tics
A coherent conceptual framework for circular lo-

gistics makes logistics a dynamic interface between the 
principles of the circular economy and their sustainability 
outcomes. Circular concepts, which include minimising 
material throughput, maximising product life, recovering 

tandem. This observation should be given careful consider-
ation, since most sustainability plans presuppose that when 
waste is less, emissions are lower, or the other way round. 
In reality, the correlation is more subtle.

Logistics waste occurs in a variety of ways, such 
as disposable packaging, inefficiencies in transportation, 
spoilage, product damage, underutilized resources, un-
needed inventory, and inabilities to reclaim end-of-use ma-
terials. The sources of carbon emission are fuel burning, 
electricity use, refrigeration, material movement, facility 
operation and the embodied effects of logistics infrastruc-
ture. There is some intervention which produces explicit 
co-benefits. For example, fuel consumption, package in-
tensity, and handling losses can be reduced by enhancing 
load consolidation. Reusable packaging can reduce waste 
at disposal and be more protective, with less frequent re-
placement over time [36].

Nevertheless, conflicts can occur. Return flows that 
are poorly consolidated or dispersed can result in higher 
emissions, as reverse logistics activities can greatly in-
crease transport activity. A very protective package can 
reduce product loss at the cost of increased materials and 
complexity in recovery. The fast delivery models can meet 
market expectations while producing low asset utilisation 
and high carbon intensity. These tensions show that sin-
gle-objective optimisation and simple environmental as-
sumptions are insufficient for circular logistics.

A third dimension is resource efficiency, which can 
help explain these interactions. The logistics system can 
be operationally efficient in terms of carbon efficiency, yet 
materially inefficient in supporting disposable product-ser-
vice models. On the other hand, a material circular system 
might not benefit the climate when recovery activities are 
energy-intensive and reliant on carbon-intensive energy. 
The implication is that the concept of circular logistics per-
formance should be viewed as a multidimensional balance 
among material retention, carbon reduction, and operation-
al feasibility. This justifies the use of combined measures 
and lifecycle-based evaluation rather than individualised 
performance measures [37].

2.5.	Performance Dimensions and Evaluation 
Criteria
Circular logistics systems must be evaluated across a 

broader range of performance dimensions than convention-
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improved inventory precision. With circular logistics, en-
gineering plays a more strategic role. It becomes a way to 
integrate waste avoidance, material reuse, carbon reduction, 
and service sustainability into a pragmatic system design [41].

This change is significant as circularity requires 
more than recovery functions to be added to the current 
supply chains. To accommodate the multi-directional 
flows, variable product conditions, repetitive use of assets, 
and higher level of informational complexity, a truly cir-
cular logistics system should be designed. These demands 
change the technical logic of the design of logistics. The 
transportation facilities should be able to meet both deliv-
ery and take-back. Warehouses are forced to handle more 
returns, repairable, and reusable goods in addition to virgin 
goods. Packaging needs to safeguard goods and aid recov-
ery and reuse processes. The information systems have to 
monitor not just the position of the shipment but also the 
identity of the materials, the status of the product, and its 
remaining value. This interdependence of needs justifies 
treating engineering innovation as central to circular logis-
tics rather than peripheral [42].

One prominent analysis of the issue is that engineer-
ing innovations are not necessarily sustainable. Their in-
put varies according to the context in which they are used 
and the effects they have at the system level. The use of 
technology to speed up operations can lead to waste if it 
promotes overproduction or one-time consumption. Digi-
tal optimisation solutions can reduce empty miles but also 
create pressure on delivery and increase transport frequen-
cy. In this regard, the applicability of engineering innova-
tion needs to be considered not only in terms of novelty 
but also in terms of its ability to support circular value and 
achieve absolute environmental enhancement. This should 
involve a critical evaluation of the areas where innovations 
create synergies between waste-reduction and carbon-miti-
gation efforts, and those in which they create hidden trade-
offs [43].

3.2.	Sustainable Transportation Engineering 
and Low-Carbon Circulation Networks
The most apparent environmental impact of logistics 

systems is transportation, which is why much of the sus-
tainability research has focused on this system. Transport 
engineering in circular economy-driven logistics should 
not merely focus on fuel efficiency but on the larger issue 

hidden value, and reusing resources, are used in this frame-
work to inform decisions in logistics design at the network, 
facility, asset, and information levels. These design choices 
determine how forward and reverse flows are organised 
and coordinated, and, in the process, affect waste produc-
tion, carbon emissions, and resource productivity [23].

The framework should also consider enabling and 
constraining conditions. Circular coordination can be facil-
itated through technological capabilities, including sensor 
networks, automation, electric mobility, and digital twins, 
but these capabilities rely on supportive policies, data in-
teroperability, infrastructure investment, and organisational 
alignment. Similarly, the rapid service demanded by the 
market may limit the adoption of circular design unless 
supported by new business models and consumer en-
gagement mechanisms. Circular logistics can therefore be 
viewed as a socio-technical system and not a strictly tech-
nical issue.

Theoretically, the most significant implication is that 
the design of logistics systems should shift toward adap-
tive, lifecycle-oriented, and multi-objective engineering 
rather than traditional efficiency optimisation. Circularity 
introduces new decision interdependencies that traditional 
logistics theory only partially describes. An optimal system 
under linear assumptions could be an inferior system in the 
real world after accounting for recovery potential, material 
loops, and carbon constraints. This is why future studies 
will need to consider circular economy-driven logistics as 
a separate design field with its own system logic, model-
ling assumptions, and evaluation criteria [40].

3.	 Engineering Innovations for 
Waste and Carbon Footprint Re-
duction in Logistics Systems

3.1.	Engineering Innovation as the Operation-
al Foundation of Circular Logistics
It is impossible to move towards linear logistics to 

circular economy-based logistics solely via managerial in-
tention. It demands engineering breakthroughs that trans-
form the physical and digital configuration and operational 
control of logistics systems. Traditional logistics has tend-
ed to equate engineering enhancements with efficiency 
gains, such as faster handling, reduced transport costs, and 
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and resource trade-offs that subvert the sustainability agen-
da. Thus, the decision on fuel should be evaluated not sole-
ly by emissions but also by material circularity and general 
system externalities.

Multimodal transport engineering offers another way 
of minimising logistics carbon footprints. By moving some 
of their flows off the road onto rail, inland waterways or 
sea, firms will be able to lower unit transport emissions 
and enhance network resilience. The concept of multi-
modal design is particularly applicable in circular systems 
where the secondary materials, returned products or re-
manufactured products are transferred between geographi-
cally distributed processing nodes. Nonetheless, multimod-
al integration is not necessarily good. Subsequent handling 
steps can add product abuse, packaging needs, and unpre-
dictability to lead times. The solutions to the problems of 
engineering should therefore be in terms of transhipment 
efficiency, unit loads that are standard and traceability 
across modes so that modal shifts do not simply push the 
burdens around [46–49].

The key understanding is that propulsion innovation, 
routing intelligence, and network redesign are most effec-
tive when combined in sustainable transportation engineer-
ing within circular logistics. The reduction in emissions 
comes not merely from cleaner vehicles but from a whole-
sale decrease in unwarranted motion, greater capacity util-
isation, and more effective coordination of delivery and 
recovery processes.

3.3.	Smart Warehousing, Material Handling, 
and Facility Engineering
Warehouses are central to circular logistics, as they 

are becoming not only storage points but also sorting, con-
solidation, inspection, refurbishment, and redistribution 
hubs. This increased functionality implies that facility en-
gineering has considerable consequences for waste reduc-
tion and carbon performance. Conventional warehousing 
has emphasised the speed of throughput, storage density, 
and labour productivity. Warehousing supported by the cir-
cular economy should also facilitate material segregation, 
condition-based handling, packaging recovery, and flexible 
handling of returned items.

Robotic picking systems, automated guided vehicles, 
autonomous mobile robots, and intelligent conveyor sys-
tems are automation technologies that could be used to im-

of facilitating circulation with less material loss and lower 
carbon intensity. This necessitates a re-examination of ve-
hicle technology, route design, network design, and modal 
integration in a coordinated manner [44].

One of the most effective engineering tools to min-
imise logistics emissions is route optimisation. Distance 
and vehicle idling can be minimised, and underutilised ca-
pacity can be reduced, using advanced routing models with 
real-time traffic data, geospatial analytics, and machine 
learning. In circular systems, route engineering is also 
more complicated, as it must account for reverse flows 
such as packaging returns, defective product collection, 
and end-of-life retrieval. It is not only necessary to min-
imise the time taken by the routes but also to coordinate 
forward and reverse movements in a manner that reduces 
empty runs and maximises the recovery value of transport-
ed goods. This transforms the conventional delivery-ef-
ficiency optimisation goal into the integrated-circulation 
efficiency.

Another engineering direction is vehicle electrifi-
cation. Direct emissions can be greatly minimised with 
battery-electric vehicles, particularly in urban logistics, 
short-haul delivery, and scheduled collection routes. They 
are most applicable to circular logistics in urban systems 
with reusable packaging, returns, and decentralised recov-
ery hubs, thereby creating more frequent, shorter transport 
routes. But the circular value of electrification must not be 
overrated. When there is a lack of charging infrastructure, 
battery production is production-intensive, and electrici-
ty supply is carbon-intensive, environmental benefits will 
not be evenly distributed. In addition, electric fleets can 
resolve the tailpipe emissions without packaging waste, 
delivery fragmentation or low load factor. This reflects the 
wider argument that cleaner propulsion is needed, though 
not enough, unless incorporated in redesigned circulation 
systems [45].

Hydrogen, biomethane, and advanced biofuels are 
also viable alternative fuels for long-haul and heavy-duty 
logistics when battery electrification is limited by range, 
payload, or charging time. There are more aligned fuels 
than others in the view of a circular economy. Waste bio-
mass or industrial by-products can be converted into fuels, 
which can contribute to a broader resource valorisation ap-
proach, and first-generation biofuels can trigger land-use 
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considering operational productivity not just on its own but 
also in conjunction with material retention and recovery 
effectiveness, a circular perspective makes these engineer-
ing choices all the more meaningful [53].

On the whole, smart warehousing and facility engi-
neering indicate that circular logistics relies equally on the 
layout of the fixed infrastructure as on transport networks. 
A circular network warehouse is not just a passive storage 
asset; it is a processing environment that preserves value, 
whose technical structure may facilitate or inhibit circularity.

3.4.	Reverse Logistics and Recovery-Oriented 
System Engineering
One of the most apparent forms of circular economy 

practice is reverse logistics, yet it requires meticulous en-
gineering design to be implemented successfully. The way 
collected, the inspection process, sorting technology, disas-
sembly operations, and the layouts of recovery facilities all 
affect the value of collected products as inputs or as expen-
sive waste streams. Reverse logistics engineering, in this 
sense, is not some form of downstream correction to the 
linear systems, but rather one of the fundamental design 
domains in circular logistics.

One major concern is the design of the collection 
network. Good take-back systems must have available re-
turn points, transport synchronisation, and cost-effective 
consolidation systems. There are engineering options such 
as centralised return centres, decentralised drop-off lock-
ers, retail-based take-back, mobile collection services, and 
hub-and-spoke recovery networks. The right design will be 
based on product features, return volume, customer usage, 
and residual value. The high-value durability of goods can 
warrant special collection and inspection processes, while 
low-value packaging or consumables may require a high 
level of local aggregation to be viable. This implies that 
the reverse network architecture should be product-specific 
rather than generic [54].

The importance of sorting and inspection technol-
ogies cannot be overstated, as recovery decisions require 
accurate assessment of product condition and recovery 
pathways. The uncertainty can be managed through vi-
sion systems, sensor-based inspection, RFID tracking, and 
AI-assisted classification, providing faster triage decisions. 
This is particularly useful in cases of high product het-
erogeneity, such as electronics, e-commerce returns, and 

prove operational efficiency in warehouses, minimise han-
dling errors, and reduce product damage. This is especially 
useful in circular systems, since product damage is directly 
wasted and may also impair the ability to recover goods or 
parts. The use of automated systems may also enhance the 
sorting and separation of reusable, repairable, recyclable, 
and non-recoverable materials, thereby further increasing 
the recovery yield and minimising contamination. But the 
viability of automation is not assured. Embodied energy in 
equipment, high capital intensity, and the demands of high 
electricity use can offset some environmental benefits, ex-
cept when systems are designed to last long, be highly uti-
lised, and be integrated with renewable power sources [50,51].

Another significant area of innovation is energy-effi-
cient facility engineering. The use of smart lights, adaptive 
HVAC, energy management, insulated construction materi-
als, solar rooftops, and thermal optimisation of cold storage 
can significantly minimise warehouse emissions. These in-
terventions are particularly critical in circular logistics since 
returned goods and reusable packaging can be subject to 
further cleaning, conditioning, or temporary storage, which 
adds to the energy footprint of the facilities. The problem 
is to ensure that the environmental advantage of recovery 
activities is not lost to carbon-intensive warehousing. This 
supports the facility-level lifecycle thinking [52].

The design of warehouse layout varies under circular 
goals as well. Traditional designs are optimised for quick 
outbound order fulfilment, but circular warehouses might 
require dedicated areas for returns inspection, cleaning, 
repacking, repair staging, and material disassembly. These 
functions may be integrated to minimise duplication in 
transport between the different facilities and enhance the 
speed of reintegrating into the value chain. But too much 
multifunctionality can cause congestion and operational 
complexity. The design of engineering should thus strike a 
balance between specialisation and flexibility, particularly 
in areas where the amount and the state of returns are un-
predictable.

The handling of materials is also important. Elec-
trified forklifts, regenerative braking systems, automated 
lifts, and smart dock scheduling minimise direct emissions 
and idle energy consumption. More to the point, precision 
handling solutions can reduce breakage and contamination, 
which are often ignored as sources of logistics waste. By 
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demand far more information than linear systems. A one-
way delivery model could operate with low visibility once 
a shipment has been received by the customer. A circular 
system, in contrast, will need to be aware of product loca-
tion, their state, the time they are expected to be returned, 
the number of reuse cycles, and which reuse pathway has 
the greatest environmental and economic value. These 
needs render digital technologies the focus of logistics en-
gineering [56].

The Internet of Things enables real-time tracking 
of assets, containers, pallets, vehicles, and products. Sen-
sors can be used to reduce waste, enhance utilisation, 
and enable predictive maintenance of logistics assets. In 
reusable packaging systems, IoT can identify circulation 
frequency, dwell time, and points of loss, thus minimis-
ing invisible waste from asset loss and underutilization. 
Condition monitoring can prevent spoilage and recover 
the value of high-value products or temperature-sensitive 
products. IoT is important in circular logistics not just for 
visibility but also for enabling repeated use and lifecycle 
management.

Another significant innovation is digital twins. 
Digital twins enable operators to simulate a circular 
strategy by creating virtual representations of logistics 
networks, facilities, or assets prior to implementation. 
They can experiment with warehouse redesigns, assess 
changes to transport routes, approximate the effects of 
take-back programs, and compare different recovery 
configurations under uncertainty. They are particularly 
valuable in circular systems, as the interactions between 
forward and reverse flows are often nonlinear and hard 
to predict. But digital twins demand high-quality data, 
interoperability, and the organisational ability to produce 
significant outputs. In the absence of these, they risk be-
coming mere visualisation tools with little operational 
value [57].

Demand forecasting, return prediction, load plan-
ning, and dynamic routing can be enhanced by artificial 
intelligence and advanced analytics. The capabilities are 
especially applicable in the case of e-commerce and ser-
vice-based product systems where returns are hard to pre-
dict and the patterns of assets circulation. The matching of 
the returned products to the secondary market or reman-
ufacturing opportunities can also be assisted by AI, and 

industrial spare parts. Condition-based better assessment 
minimises unnecessary disposal and enhances the distribu-
tion of the items into reuse, repair, remanufacturing, or re-
cycling. Nevertheless, these systems also need a solid data 
structure and product information standard, which is yet to 
be developed in most industries.

Remanufacturing engineering and disassembly move 
the frontiers of logistics to product recovery processes. In 
the case of interconnecting logistics systems with modular 
product architecture and standardised component interfac-
es, disassembly will become more economical, less harm-
ful, and faster. On the other hand, inefficient products may 
overstrain reverse logistics networks with excessive labour 
and energy, and circular strategies may be impossible to 
realise in practice, even when recovery is theoretically fa-
vourable. This exemplifies a vital systems understanding: 
logistics circularity is not solely reliant on logistics infra-
structure but also on product engineering compatibility. 
The optimal recovery-oriented logistics cannot be achieved 
when the products themselves are not designed for recov-
ery, inspection, and part replacement [55].

Logistics based on recycling is not easy. Recovery 
of materials is mostly contaminated, with poor density, 
and unpredictable commodity prices. Transport efficiency 
and material quality can be enhanced through engineering 
solutions such as pre-processing stations, compaction sys-
tems, smart bins, and source-separation technologies. But 
recycling must not be regarded as the fall-back circular 
practice. In terms of a circular economy hierarchy, reuse, 
repair, and remanufacturing, as opposed to material recy-
cling, tend to retain more value and use fewer resources 
overall. Hence, reverse logistics engineering needs to fo-
cus on value-retention channels rather than solely on the 
volume of collections.

The bigger picture is that reverse logistics can truly 
be a circular process only when the recovery networks are 
structured such that quality preservation, reduction of un-
necessary transport, and matching product returns flows to 
the most resource-efficient recovery route is achieved. This 
alignment cannot take place without engineering innovation.

3.5.	Digital Technologies Enabling Circular 
Visibility and Decision Intelligence
Digitalisation has proven to be among the most dis-

ruptive enablers of circular logistics, as circular systems 
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They have been particularly advantageous in the closed 
or semi-closed logistical loops like in retail distribution, 
automotive supply chains, food delivery, and industrial 
component transportation. Reusability is not, however, 
necessarily better. Reusable packaging environmental 
performance is determined by the return rates, cleaning 
needs, distance of transportation and frequency of break-
ages. Unmanaged reusable systems can result in reverse 
logistics burden (carbon-intensive) that can negate waste 
reduction outcomes. That is why the packaging design 
has to be incorporated with the design of the collection 
network and digital tracking [60].

Circular logistics can also be supported by modu-
lar unit-load systems, which enhance cross-compatibility 
of transport modes, warehouse systems, and return chan-
nels. Standardization minimizes the handling inefficien-
cies, damage and repackaging, which leads to reduction in 
wastes. It also enables multimodal transfer and automation. 
Circularly, the standardized and repairable logistics assets 
themselves can be considered long-life infrastructure and 
not disposable support materials [61].

The other critical issue is the selection of the ma-
terial. Lightweight materials have the potential to en-
hance efficiency in transport, but might not be efficient 
in repeated reuse cycles or they are hard to recycle. The 
biobased or compostable may look appealing but the 
true circular value of the material is what the recovery 
infrastructure and use of the products can provide. The 
packaging material is technically recyclable but unrecov-
ered in practice; this type of packaging will add minimal 
value to circularity. The engineering choices should thus 
be based on particular realities of recovery of a system 
instead of material claims of abstraction. This is also the 
case with logistics resources including pallets, containers, 
shelving systems, and rolling equipment. Table 2 sum-
marizes the key areas of engineering innovation, their im-
pact on waste and carbon mitigation, and their trade-offs. 
They are durable, repairable, interoperable and traceable, 
not only in terms of efficiency in logistics, but also long-
term material demand. A circular logistics system re-
lies on assets designed to last longer and circulate many 
times, as opposed to low initial price [62,63].

thus, value retention can be enhanced. However, with AI 
usage, it also brings forth its own issues, such as model 
transparency, data bias, and high computational complexi-
ty. In circular terms, digital intelligence is to be rated based 
on whether it contributes to absolute waste and emissions 
reduction, rather than incremental efficiency in consump-
tion systems of high throughput.

Blockchain and distributed ledger systems are fre-
quently talked about as a means of traceability and trust. 
They can help enhance material provenance, recycled-con-
tent certification, and responsibility across multi-actor 
recovery chains in circular logistics. It may be useful in 
cases where ownership, compliance or the product's ma-
terial authenticity affects the feasibility of recovery. How-
ever, the practical advantages of blockchain depend on the 
quality of governance and system integration. The simpli-
fied digital traceability solutions can, in most instances, be 
more efficient and resource-friendly. In this way, the digi-
talisation of circular logistics ought to be problem-driven 
rather than technology-driven [58,59].

The decisive role of digital technologies is that they 
transform circular logistics from a predominantly reactive 
activity into an anticipatory and adaptive one. They offer 
the informational infrastructure that is required to deal 
with uncertainty, coordinate distributed actors, and main-
tain value across multiple use cycles.

3.6.	Packaging, Unit-Load, and Logistics Asset 
Design for Circularity
Packaging has been seen as a limited operational is-

sue but it is one of the most critical engineering interfaces 
involving product protection, transport efficiency, gen-
eration of waste, and recovery of material. The design of 
packaging in logistics driven by the circular economy has 
to fulfill a number of goals at the same time: the reduction 
of material utilization, the minimization of damages, the 
possibility of reuse or recyclability, the facilitation of effi-
cient handling and reverse collection.

One of the most promising innovations in this field 
is reusable packaging systems. Reusable crates, pal-
lets, totes, insulated containers, and modular transport 
containers can help a lot in eliminating the single-use 
waste when recycled in several circulation processes. 
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Table 2. Major engineering innovations for waste and carbon reduction in logistics systems.
Engineering Innova-
tion Area

Representative Technologies/
Approaches

Contribution to Waste 
Reduction

Contribution to Carbon 
Reduction Trade-Offs/Challenges

Sustainable transporta-
tion engineering

Route optimization, multimod-
al transport, electric vehicles, 
hydrogen/fuel alternatives

Reduces redundant transport, 
empty runs, and product 
damage

Lowers fuel consumption 
and transport emissions

Infrastructure gaps, 
battery/fuel constraints, 
rebound from faster 
delivery expectations

Smart warehousing and 
facility engineering

Warehouse automation, energy 
management systems, adaptive 
HVAC, robotic handling

Reduces handling damage, 
spoilage, and sorting errors

Cuts electricity use and 
improves facility energy 
efficiency

High capital cost, 
embodied energy of 
equipment, integration 
complexity

Reverse logistics and 
recovery systems

Collection hubs, sorting centers, 
inspection technologies, remanu-
facturing networks

Diverts products and mate-
rials from disposal; supports 
reuse and repair

Can reduce virgin pro-
duction-related emissions 
through value recovery

Reverse transport may 
increase emissions if 
poorly consolidated

Digital technologies IoT, AI, blockchain, digital twins, 
predictive analytics

Improves traceability, 
reduces loss, optimizes reuse 
cycles

Enhances load planning, 
reduces unnecessary move-
ment and inefficiency

Data fragmentation, high 
implementation cost, 
interoperability issues

Circular packaging and 
logistics asset design

Reusable packaging, modular 
containers, repairable pallets, 
standardized unit loads

Cuts single-use packaging 
waste and asset loss

Improves transport efficien-
cy and reduces replacement 
demand

Cleaning, collection, 
return rates, and reverse 
logistics burden

Recovery-compatible 
product-logistics inte-
gration

Design for disassembly, modular 
product architecture, digital prod-
uct passports

Improves recoverability and 
extends product/component 
life

Avoids carbon-intensive 
virgin material extraction 
and manufacturing

Requires coordination 
between product design 
and logistics functions

3.7.	Trade-Offs, System Integration, and the 
Limits of Technological Optimism
Even though engineering innovations have signif-

icant opportunities, they do not imply circular results. 
Most innovations have both positive and negative impacts, 
which can only be seen at the system level. The automa-
tion could decrease errors but increase energy consump-
tion. Electrification can only reduce direct emissions; net-
work inefficiency remains unchanged. Reusable packaging 
can reduce solid waste and raise the cleaning and reverse 
transportation costs. Digital optimisation can enhance ve-
hicle use and drive faster, more segmented delivery ex-
pectations. These cases demonstrate that circular logistics 
cannot be developed based on separate technological re-
placements.

System integration is the most significant need, 
therefore. Innovations should be coordinated across prod-
uct design, transport engineering, warehousing, packaging, 
recovery infrastructure, and digital control systems. When 
these elements are interdependent, circular performance 
occurs. To give an example, a reusable packaging program 
is optimised by supporting track-and-trace systems, by 
optimising the return route, by compatible warehouse han-
dling, and by standardised asset design. On the same note, 
reverse logistics networks can be enhanced by product ar-
chitectures that facilitate modular disassembly and recov-
ery information through a digital product passport [64,65].

This is also an indication of the boundaries of tech-
nological optimism. Innovation in the engineering pro-
cess is needed, but it is not a substitute for governance, 
business model transformation, or consumer involvement. 
Unless the recovery system is technologically advanced, 
a lack of strong return incentives or product design aimed 
at rapid obsolescence will result in its failure. A logistics 
system made circular by a low-carbon warehouse will not 
support a high rate of disposable throughput. The true val-
ue of engineering is not in its single-handed efficiency but 
in making possible structural changes that reduce material 
extraction, increase product life, and decrease environmen-
tal intensity.

4.	 Optimization Models and Deci-
sion-Support Approaches for Cir-
cular Logistics System Design

4.1.	Optimization as the Analytical Core of 
Circular Logistics Design
Circular economy-based logistic systems design is 

an optimisation problem, per se, but a much more com-
plicated one than in traditional logistics. Conventional lo-
gistics optimisation has largely centred on cost reduction, 
shorter lead times, or better service provision in a mainly 
forward-oriented supply chain. In contrast, circular logis-
tics has to synchronise forward distribution, reverse recov-
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and capacity of facilities, as well as the allocation of flows 
among them. These facilities can be suppliers, manufactur-
ing facilities, warehouses, distribution facilities, customer 
areas, collection facilities, inspection facilities, repair fa-
cilities, remanufacturing facilities, recycling facilities, and 
disposal facilities in circular systems. It is more difficult 
than in linear systems, since networks must support both 
forward and reverse flows and maintain value across vari-
ous product life stages [67].

This area has been given an analytical basis by 
closed-loop network design models, which combine out-
bound and return logistics into a single framework. These 
models usually dictate how products are to be collected, 
where returned products are to be checked, and which 
plants should carry out refurbishment, remanufacturing, 
recycling or final disposal. Their primary contribution is 
that recovery channels cannot be viewed outside of the 
context of forward logistics. The location of manufacturing 
plants affects remanufacturing prices; the concentration of 
client demand determines the feasibility of collection; and 
warehouse design determines whether reusable packaging 
systems can be maintained economically.

Nevertheless, many network models are constrained 
by overly simplistic assumptions. They usually assume 
that return rates, product quality, and recovery demand are 
known or deterministic, although these variables are highly 
uncertain in real circular systems. They can also take ho-
mogeneous recovery routes, although the returned products 
may differ greatly in condition and remaining value. Con-
sequently, there are model outputs which are analytically 
beautiful but operationally weak. A network that seems op-
timal under average assumptions can perform poorly when 
return flows vary or when products need to be treated dif-
ferently. This brings to light one of the main contradictions 
in the literature: network optimisation is required in the 
design of circular logistics, yet its applicability is strongly 
dependent on its ability to capture the idea of uncertainty, 
heterogeneity, and adaptive response [68].

The other significant problem is the hierarchical 
arrangement of the recovery choices. The concept of a 
circular economy often places greater value on reuse, re-
pair, and remanufacturing than on recycling and disposal, 
since it conserves more of the inherent value. However, 
some models place all recovery activities within a generic 

ery, material recirculation, and carbon reduction simultane-
ously under uncertain and technologically heterogeneous 
conditions, with contradictory stakeholders' priorities. 
Consequently, optimisation of circular logistics cannot be 
reduced to just a continuation of classical logistics model-
ling. It needs a wider analytical framework which includes 
lifecycle thinking, multi-objective trade-offs and dynamic 
system interactions [29].

This increased functionality of optimisation rep-
resents the structural facts of circular systems. The location 
of the facility, routing of transport, setting of the return 
channel, inventory holding, remanufacturing capacity and 
reuse of packaging are closely intertwined. An option that 
benefits a section of the machine may strain other aspects. 
As an example, a very centralised recovery network can 
enhance economies of scale in remanufacturing but can 
also extend transport distances and increase emissions. A 
decentralised collection structure can enhance accessibility 
and recovery rates of returns, but also increase the fixed in-
frastructure costs and operational complexity. Since no in-
tuition can overcome such trade-offs, optimisation models 
are indispensable decision-support systems to help convert 
the principles of the circular economy into technically and 
economically feasible logistics architectures [66].

Meanwhile, the application of optimisation to circu-
lar logistics also poses some conceptual questions. Models 
are touted as having analytical rigour, but they are nev-
er free of assumptions about objective functions, system 
boundaries, and performance priorities. In most analyses, 
these assumptions are either too economic in nature or 
too simplistic in their operation to capture the full logic of 
circularity. Transformative logistics redesign can thus be 
facilitated, or linear biases can be creatively labelled as 
sustainability. The question is not whether it is optimised, 
but how it is optimised, what variables it has, and whether 
it supports the more general environmental/resource-reten-
tion objectives of circular systems.

4.2.	Network Design Models for Circular and 
Closed-Loop Logistics Systems
One of the most well-established areas of optimisa-

tion in circular logistics is network design, since recovery, 
reuse, remanufacturing, and recycling are feasible mainly 
depending on the network structure. Network design mod-
els usually determine the optimal number, type, location, 
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and weighting of objectives is one of the issues. Cost and 
carbon emissions are a common feature in many studies 
with comparatively few studies having equal focus on 
material circularity or waste prevention. This causes the 
imbalance whereby carbon can be readily measured as op-
posed to value retention quality. The logistics network can 
seem more environmentally friendly when considered sole-
ly based on emissions, even though it might deliver high 
volumes of goods to less valuable recycling rather than to 
more valuable reuse or remanufacturing. The decision of 
objectives, therefore, has a significant effect on the form of 
the best possible circularity that a model will manifest [71].

The other issue is related to the comparability of 
metrics. Cost is normally quantified in terms of monetary 
value, emission, in terms of kilograms of CO2-equivalent, 
and service in terms of delivery time or fill rate. The indi-
cators of waste and circularity can be expressed in terms of 
tons diverted, percentage recovered, or qualitative scores 
in lifecycle. To bring these various indicators into a single 
optimization structure, some normalization, weighting, or 
constraint-based formulations are required, which all in-
volve methodological assumptions. Such assumptions are 
not insignificant. They are good at encoding value judg-
ments on what is and is not sustainability and acceptable 
trade offs.

Though these are the limitations, multi-objective op-
timization is one of the most suitable tools of the circular 
logistics as it recognizes the reality that environmental and 
operational objectives are dependent yet not necessarily 
coincidental. It might not be the best design that it produc-
es, but rather the establishment of an open decision space 
within which trade-offs can be evaluated critically [72].

4.4.	Life Cycle Assessment and Carbon Ac-
counting in Logistics Decision-Making
Life cycle assessment has also gained significance in 

the area of circular logistics due to the fact that most of the 
interventions that seem to be environmentally friendly at 
the operational level can have unseen burdens in the other 
parts of the system. Another example of a logistics design 
that is designed circular and minimizes packaging waste 
is that it might need additional transport and cleaning. A 
remanufacturing system can save on the use of virgin ma-
terials but will boost inspection and re-processing energy 
requirements. These relations cannot be measured by the 

reverse-flow structure, which masks the qualitative dis-
tinctions among value-retention pathways. The volume of 
recovered materials should not be maximised alone; the 
returned products should also be distributed to the most 
viable retention alternative via a circular logistics network. 
Models of optimisation that do not embody this hierarchy 
may promote materially poorer outcomes despite improv-
ing formal recovery rates [69].

Hence, the development of network design models 
in circular logistics is increasingly inclined towards hybri-
dised formulations that integrate spatial choices and life-
cycle priorities, product condition states, and differentiated 
recovery pathways. These models are more realistic, as 
they show how circular systems should operate to reduce 
both waste and carbon load.

4.3.	Multi-Objective Optimization of Cost, 
Emissions, Waste, and Service Perfor-
mance
One of the main peculiarities of circular logistics is 

that it cannot be meaningfully optimised in terms of a sin-
gle goal. Minimization of costs is still significant, however 
when done independently, usually tends to support linear, 
high throughput systems that have limited recovery infra-
structure and externalized environmental costs. Designing 
with a circular economy demands the economic, environ-
mental and operational goals be considered in tandem and 
this has contributed to the growing popularity of multi-ob-
jective optimization methods [70].

The common aim of these models is to strike a bal-
ance between the total logistics cost and carbon emissions, 
waste generation, recovery yield or service quality. Their 
value is in that they are not hidden trade-offs but are made 
overt. They tend to produce a family of Pareto-efficient 
options, describing a variety of tradeoffs among competing 
goals, rather than just one optimal solution. This is particu-
larly handy in circular logistics, where the decision-maker 
must weigh lower emissions against higher infrastructure 
investment, or whether more product can be recovered 
without excessive transport intensity, or whether respon-
siveness of the service can be ensured and slower, less im-
pactful recovery channels used.

Multi-objective modeling is strong in that it aligns 
with the reality of the complexity of logistics sustainabili-
ty. But it too entails methodological problems. The choice 
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The important point to note is that lifecycle-based 
decision-making enhances the optimization of circular lo-
gistics by ensuring that operational enhancements that are 
achieved in narrow ways are not confused with the sys-
temic sustainability. It moves the focus of analysis on in-
dividual process efficiency to environmental impact on the 
entire system, which is crucial in an area where trade-offs 
are usual and rebound effects are a possibility.

4.5.	Simulation, Stochastic Modeling, and Un-
certainty Analysis
Circular logistic systems are characterized by uncer-

tainty. The volumes of returns are not constant, quality of 
products changes, customer involvement is not predictable, 
recovery yields are unknown and secondary material mar-
kets may be volatile. Such characteristics render determin-
istic optimization inadequate in most real-life applications. 
To mitigate this, researchers are turning to simulation, 
stochastic programming, robust optimization and scenar-
io-based analysis to assist in the design of a circular logis-
tics in case of uncertainty.

Simulation models are especially helpful when the 
interactions between the systems are nonlinear or the time 
behavior of the logistics processes is as important as the 
structural configuration. Warehouse operations, return pro-
cessing times, congestion effects and queuing behavior of 
recovery centers can be simulated with discrete-event sim-
ulation. Feedback loops between the product use and the 
rate of returns, remanufacturing capacity and the demand 
of reused products in the market are often represented by 
system dynamics models. Heterogeneous actors including 
consumers, logistics providers, repair operators and recy-
clers can be included in an agent-based model and their be-
havior affects the outcomes of the system. These methods 
are useful since circular logistics can rely on decentralized 
decision-making and behavioral responses which are ab-
stracted in classical optimization [75].

Stochastic programming puts uncertainty right in 
optimization models by modelling uncertain parameters 
as probability distributions or discrete scenarios. This is 
very applicable in terms of quantity of returns, quality of 
returns, disruption on transport and uncertainty in the de-
mand. Circular systems may require decisions to be made 
ahead of these uncertainties being resolved, e.g., where to 
place collection facilities or what size remanufacturing ca-

direct logistics indicators only. They need a lifecycle view-
point that takes into account the upstream, operational and 
downstream environmental impacts [38].

Use of life cycle assessment to integrate into optimi-
zation and decision-support model can resolve this issue 
by broadening the scope of analysis beyond operational 
emissions in the short-run. It allows the incorporation of 
embodied emissions in packaging materials, warehousing 
infrastructure, vehicle manufacturing, use of energy, and 
recovery. This would be especially useful in circular sys-
tems since the environmental benefit of maintaining ma-
terials in circulation is not just determined by the amount 
of material recovered but also includes the impacts of each 
recovery pathway. Reuse can be better than recycling not 
just because it does not require disposal, but also because 
it does not require as much reprocessing to maintain prod-
uct functionality. On the other hand, a very diffused reus-
able packaging system can prove to be worse to the envi-
ronment when the burden of collection and cleaning is too 
high [73].

Carbon accounting systems act as a complementary 
measure since they offer standardized mechanisms of mea-
suring the greenhouse gas emissions in logistics in terms 
of transport, storage, handling, and recovery processes. 
Their significance has increased alongside the increase in 
net-zero goals and disclosure of supply chains. Carbon ac-
counting is also of particular importance in circular logis-
tics since reverse flows and secondary processing are fre-
quently not covered by standard reporting practices. In the 
absence of detailed accounting, companies can exaggerate 
the environmental benefit of circular programs and ignore 
indirect emissions related to logistics of returns or low-ef-
ficiency systems of recovery.

Nevertheless, the lifecycle and carbon approach to 
logistics design is not an easy task. Availability of data is 
one of the greatest limitations. Credible emission factors of 
remanufacturing, repair, reusable packaging loops or de-
centralized recovery operations are frequently incomplete 
or context-specific. A methodological problem of defining 
functional units is also present. Is the system to be mea-
sured on a per-shipment, per-product life cycle, per-service 
delivered or unit of retained material value basis? The var-
ious options may have varying conclusions about compar-
ative performance of circular strategies [74].
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pation and return prediction can be enhanced with the help 
of machine learning and predictive analytics. Return fore-
casting is particularly significant in the context of circular 
logistics since the recovery activities rely on predicting the 
time when products, packaging, or components will re-en-
ter the system and in what state. Enhanced forecasting aids 
capacity planning in collection centers, inspection plants 
and remanufacturing processes. It also minimizes waste 
levels of overcapacity, emergency transportation and inef-
ficient allocation of recovery [78].

Dynamic routing, decision-support tools based on 
AI can also be used to match the returned goods with the 
appropriate recovery channels and to optimize the use 
of inventory in the case of reusable assets. In returns of 
e-commerce, such as returned goods, intelligent systems 
can categorize the returned products on whether they can 
be resold, repaired, remanufactured or recycled, and save 
time on manual decision-making and increase the value 
maintenance. The digital platform can track the movement 
of containers in reusable packaging systems and suggest 
rebalancing to reduce loss and underutilisation. These tools 
enhance responsiveness of circular logistics which is criti-
cal when conditions in a system vary quickly [79].

Digital twins also expand decision support through 
the integration of optimization, simulation and real time 
information into a virtual model of the logistical system. 
This facilitates ad-hoc testing of scenarios, monitoring, and 
control. Digital twins prove particularly useful in a circular 
system due to the interaction of forward and reverse flows 
that cannot be easily handled using traditional planning 
methods. A digital twin may show the developing con-
gestion in return channels, predict bottlenecks in remanu-
facturing, or predict the carbon consequences of different 
routing changes. In this respect, it transforms to not only a 
monitoring device but a dynamic platform of circular deci-
sion intelligence.

Nevertheless, there are drawbacks and risks asso-
ciated with data-driven tools, as well. Circular systems 
have many issues related to incomplete or fragmented in-
formation as products move through a number of actors 
with differing traceability levels. Artificial intelligence 
systems can fail to work well when past data indicates lin-
ear logistics, but not circular behavior. It is also a risk that 
digital decision support will take the form of speed and 

pacity to allocate. Stochastic models are thus able to give 
solutions which are more robust than deterministic ones 
even though in many cases at a higher computational cost.

Robust optimization aims to solve a similar problem 
by finding solutions that are reasonably good in a set of 
possible future scenarios instead of optimizing a solution 
to one of the expected scenarios. This is desirable in circu-
lar logistics since reverse flows tend to be hard to charac-
terize with confidence using probabilities. A network archi-
tecture that is well designed can lead to reduced nominal 
efficiency in favor of a better stability to uncertain returns, 
changes in policy, or even carbon pricing regimes. These 
trade-offs are of great importance to real-world applica-
tions where decision-makers might favor robust designs to 
theoretically efficient but weak designs [76].

Scenario analysis provides a strategic perspective to 
uncertainty modeling. It enables logistics planners to simu-
late how circular systems would work with various futures 
that include regulation change, consumer return behavior, 
fuel prices, electricity carbon intensity or digital infra-
structure maturity. This is especially helpful in an industry 
that is impacted by the blistering technological change and 
policy development. Scenario approaches do not eliminate 
uncertainty, but make preparations and strategy space more 
effective.

The key weakness of these approaches is that they 
might turn out to be analytically complicated, data-intensive. 
Additionally, uncertainty analysis can only be as significant 
as the assumptions that are incorporated in it. When scenar-
ios are too limited or behavioral processes are simplified, 
the resultant insights could give a false sense of confidence. 
However, uncertainty-conscious modelling is needed since 
it is impossible to design circular logistics believably on the 
premise of predictable, stable reverse flows [77].

4.6.	Data-Driven and AI-Enabled Decision-Sup-
port Systems
The growing digitalization of logistics has resulted in 

the development of data-driven decision-support systems 
that can enhance planning, coordination, and responsive-
ness in circular networks. Formal optimization models are 
not supplanted by these systems, but rather complemented 
by giving real time data, prediction and control adaptabili-
ty.

Demand forecasting, route planning, failure antici-
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usage without giving adequate consideration to lifecycle 
sustainability requirements. A digital system needs not be 
sophisticated to optimise on circular value. The usefulness 
of decision-support tools is solely dependent on what goals 
and signals they are trained or programmed to follow [80].

The overarching suggestion is that data-driven tech-
niques are best applied that are integrated into circular 
design reasoning and not as individual efficiency technolo-
gies. They are supposed to augment visibility, anticipation 
and coordination in the service of waste reduction and car-
bon mitigation, not just to hasten throughput.

4.7.	Toward Integrated Decision-Support 
Frameworks for Circular Logistics
It is becoming clear in the literature that there is no 

single modeling/decision support methodology that is ade-
quate in the design of a circular logistics system. Optimiza-
tion of networks offers structural information, multi-objec-
tive models elucidate trade-offs, lifecycle analysis expands 
environmental horizons, stochastic models help in man-
aging uncertainty and AI-enabled tools enhance real-time 

responsiveness. The further advance of isolated models is 
not the next step in the field, but the creation of integrated 
decision-support frameworks, integrating these analytical 
strengths. Table 3 compares the key optimization and de-
cision-support strategies along with their decision levels, 
their strengths and weaknesses [81].

This kind of integration is needed as circular logis-
tics is at the same time a strategic, operational, environ-
mental as well as a socio-technical problem. A network 
model can determine an effective recovery structure but 
without lifecycle information it can be wrong on environ-
mental benefit. A simulation will show congestion with re-
verse flows, but unless optimization is done, will not tell us 
how the infrastructure should be redesigned. The AI plat-
form can enhance the responsiveness of routing but with-
out multiple-objective criteria it can disregard the waste 
prevention or the quality of the material retention. To de-
sign a successful circular logistics, analytical architectures 
are needed where such approaches are mutually-informed 
at decision levels.

Table 3. Optimization and decision-support approaches in circular logistics research.

Approach Main Purpose in Cir-
cular Logistics

Typical Decision 
Level Strengths Limitations Suitable Application 

Examples

Network design 
optimization

Determine facility lo-
cations, capacities, and 
forward-reverse flow 
structures

Strategic
Clarifies system archi-
tecture and recovery 
network configuration

Often relies on simpli-
fied or static assump-
tions

Collection center loca-
tion, remanufacturing 
network design

Multi-objective 
optimization

Balance cost, emissions, 
waste reduction, and 
service performance

Strategic/tactical
Makes trade-offs explic-
it; generates Pareto-effi-
cient solutions

Requires weighting or 
normalization across 
unlike metrics

Low-carbon closed-loop 
distribution network 
planning

Life cycle assess-
ment-integrated 
modeling

Evaluate full environ-
mental impacts across 
logistics and recovery 
stages

Strategic/tactical
Captures hidden up-
stream and downstream 
burdens

Data-intensive and sen-
sitive to system bound-
aries

Reusable packaging 
evaluation, remanu-
facturing vs. recycling 
comparison

Simulation model-
ing

Analyze dynamic oper-
ations, bottlenecks, and 
process interactions

Tactical/operational
Handles nonlinear 
behavior and temporal 
dynamics

May not directly provide 
optimal solutions

Warehouse returns pro-
cessing, urban circular 
logistics operations

Stochastic/robust 
optimization

Address uncertainty in 
return rates, demand, 
and recovery quality

Strategic/tactical
Produces more resilient 
solutions under uncer-
tainty

Computationally de-
manding; may require 
strong assumptions

Uncertain take-back 
networks, spare-parts 
recovery systems

AI and data-driven 
decision support

Improve forecasting, 
routing, classification, 
and real-time control

Tactical/operational
Adaptive, responsive, 
useful for real-time 
management

Dependent on data qual-
ity and transparency

Return prediction, 
dynamic route planning, 
automated recovery 
triage

Digital twin-based 
support

Combine monitoring, 
simulation, and system 
testing

Tactical/operation-
al/strategic

Enables scenario analy-
sis and adaptive system 
management

Requires strong digi-
tal infrastructure and 
interoperable data

Circular warehouse 
redesign, reuse asset 
monitoring

The lifecycle assessment combined with the multi- 
objective optimization and real-time digital control is a 
promising direction. Within this framework, the cost, car-
bon and circularity of strategic network design might be 

optimized, the uncertainty-based simulation of tactical 
planning might be simulated and operational execution 
might be facilitated by digital twins and AI-based adjust-
ment tools. This would shift the concept of circular logis-
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inating processing of returned products, reusable assets, or 
secondary materials. These requirements may be incompat-
ible with current performance practices that favour speed, 
simplicity and cost-cutting in the short term. Consequently, 
circular logistics usually face structural opposition rooted in 
the design logic of traditional operations [85].

It is a critical section of the barriers that restrict im-
plementation, the industrial practices in which circular 
logistics is beginning to take shape, and the research direc-
tions to move the field beyond fragmented application. The 
main point is that circular logistics should be viewed as 
a systemic shift rather than a separate technical improve-
ment. This can be implemented as long as the organisa-
tions can match engineering innovation with organisational 
capability, institutional support and market incentives.

5.2.	Technological and Infrastructural Barri-
ers to Circular Logistics Adoption
Despite the critical opportunities that engineering 

innovations can generate, their implementation is limit-
ed by the level of technological maturity, interoperability, 
and preparedness of the infrastructure. Circular logistics is 
highly dependent on the ability to track products and ma-
terials, handle non-homogeneous returns, and run recovery 
channels effectively. The technologies required in most in-
dustries are either too expensive, not standardised enough, 
or not well-integrated with the existing logistics systems [86].

Among the key obstacles is the incongruency be-
tween the product design and the logistics recovery ability. 
This phenomenon persists, with many products designed 
for low-cost manufacturing and high market turnover, 
rather than repair, modular replacement or disassembly. 
This reduces the efficacy of reverse logistics when there 
are collection channels. In cases where the components 
are hard to disassemble, repair is labour-intensive, or ma-
terials are strongly bonded, recovery operations are eco-
nomically marginal and environmentally inefficient. This 
imposes complexity on logistics systems, which have been 
engineered into the product. This is an example of a long-
run issue: circular logistics cannot entirely compensate for 
non-circular product engineering.

Infrastructure constraints also curtail implemen-
tation. Reusable packaging systems need redistribution, 
repair, inspection, and washing facilities. Repair and re-
manufacturing require special processing facilities and ac-

tics decisions towards non-adaptive, single-time planning 
and instead to evidence-based system governance [82,83].

However, integration does have a caution to the 
wind. Not all more complex models make better models. 
This should not be achieved at the cost of interpretabili-
ty, transparency of data or practicality. The most logistics 
decisions have to be made under time, budget and infor-
mation constraints, and practitioners might be opposed to 
those models, which are opaque or hard to run. Thus, the 
future of circular logistics decision support lies not only in 
methodological development but also in the development 
of tools that are resilient, clear, and in tune with the reali-
ties of industrial practice.

5.	 Implementation Challenges, In-
dustrial Practices, and Future Re-
search Directions

5.1.	From Conceptual Promise to Implementa-
tion Reality
The conceptual and analytical background of the 

expanding literature on circular economy-based logistics 
has a solid foundation, but practice is still unbalanced and 
incomplete. Isolated sustainability projects, such as elec-
tric delivery fleets or recyclable packaging, or even take-
back systems, have been implemented in many organisa-
tions, but comparatively few have managed to restructure 
logistics in a fully circular, low-carbon way. This gap in 
implementation is not merely due to a lack of awareness. 
Instead, it indicates that circular logistics necessitates the 
coordination of technological, infrastructural, organisation-
al, market-relations, and policy-related changes. That is, it 
is not that it is hard to see the value of the concept of circu-
larity, but rather that it has to be integrated into operational 
systems that have long been optimised for linear through-
put [84].

One of the key issues is that circular logistics creates 
new types of complexity for firms and supply networks. 
Conventional logistics infrastructure is based on compara-
tively predictable forward flows, uniform service metrics, 
and constant cost frameworks. Circular systems bring re-
verse flows that are uncertain in volume, timing, and quality. 
They need to track their products beyond the point of sale, 
cross-organisational recovery alliances, and more discrim-
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burdens, and resource depletion, are not usually fully in-
ternalised in linear systems. Circular logistics is therefore 
economically competitive with systems that are not con-
sidered to have their actual societal cost. As an example, 
single-use packaging is often less expensive than reusable 
options because waste management and carbon impacts are 
externalised. In like manner, landfilling or low-value recy-
cling can be economically viable compared to higher-value 
recovery options when disposal costs are low and second-
ary markets are weak. In such circumstances, companies 
have minimal direct motivation to restructure logistics to 
be circular unless regulations, carbon prices, or customer 
demand change the business case.

Organisational impediments are also important. The 
concept of circular logistics requires cross-functional col-
laboration among procurement, logistics, product design, 
operations, sustainability, and after-sales service. These 
functions, in most companies, operate in silos, and there is 
little incentive to optimise across them. Logistics units can 
be concerned with transport and delivery costs and perfor-
mance; sustainability units with emissions goals; and prod-
uct teams with market features or cost competitiveness. 
Devoid of an integrated governance, circular initiatives can 
be disjointed, redundant, or marginal [89].

Managerial skill is also an issue. Circular logistics 
presents new decision-making challenges of uncertain re-
verse flows, multi-objective trade-offs, and coordination 
of partnerships over the long product lifecycle. Companies 
used to linear distribution might lack the analytical tools, 
performance measures, and operational know-how to han-
dle such systems. This capability gap may lead to risk 
aversion, particularly when recovery markets are volatile 
or when implementation will disrupt settled service pat-
terns.

There is even a more fundamental concern about or-
ganisation time horizons. Circular logistics is closely asso-
ciated with lifecycle thinking, in which many logistics de-
cisions are based on quarterly or annual efficiency indices. 
The systems of recovery infrastructure, systems of reusing 
assets, and transitions to low-carbon usually generate value 
over time and among many actors. Unless companies con-
sider these investments using the short-term internal cost 
provisions, circular implementation will continue to look 
unappealing. This implies that the organisational transfor-

cess to spares. Recycling networks rely on material sorting 
facilities and local or regional reprocessing facilities. The 
implementation of electrified logistics fleets necessitates 
charging infrastructure, grid capacity, and energy systems 
compatible with the routes. These infrastructures are either 
incomplete or disjointed in most areas, which makes them 
bottlenecks and prevents circular strategies from scaling. 
The consequence is that otherwise viable projects will be 
limited to certain products, geographies or pilot projects [87].

Another problem is digital infrastructure. Circular 
logistics requires knowing the identity, condition, location, 
and recovery route of products, yet most supply chains 
continue to use fragmented data structures. Old systems 
might not enable inter-firm communication, and traceabil-
ity may be compromised after products leave the forward 
supply chain. No advanced tools, including digital twins, 
predictive return analytics, and asset circulation tracking, 
can be effective without high-quality data exchange. This 
leads to an implementation paradox: companies can invest 
in advanced digital tools, yet the data ecosystem is too 
fragmented to enable significant circular decisions.

The bigger picture is that technological barriers are 
not merely about a lack of innovation. Frequently, they 
result from the partial congruence among product design, 
logistics engineering, infrastructure investment, and data 
governance. Effective implementation will not be based on 
individual adoption of technology but on the development 
of integrated technical systems.

5.3.	Economic and Organisational Constraints
One of the most often mentioned obstacles to cir-

cular logistics is economic viability. Although circular 
strategies can generate long-term value by reducing waste, 
recovering materials, and reducing environmental expo-
sure, they can be expensive to implement and have unpre-
dictable payback timeframes. Capital is also required to 
invest in new facilities, reverse transport networks, digital 
tracking, automated sorting equipment, reusable packag-
ing pools, and remanufacturing operations. These costs are 
hard to justify in many companies, particularly with short 
budgeting cycles, as traditional logistics models can still 
provide a visible low cost in the short term [88].

Incompatible cost structures exacerbate this. Exter-
nalities in the environment, such as emissions, disposal 
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shared metrics. Companies usually report carbon emis-
sions, recycling rates, and waste diversion alone, whereas 
there is less consistency in quantifying material circular-
ity, recycling quality, reuse intensity, or value retention. 
This complicates benchmarking and may promote the su-
perficial reporting of high-visibility, low-value recovery 
activity. A more consistent set of standards for measuring 
the performance of circular logistics would enhance com-
parability and enable more informed decisions regarding 
investments and policies [93].

The key learning is that institutional design is signif-
icant, as circular logistics is a cross-organisational, long-
term operation. In the absence of favourable regulation and 
common standards, companies incur substantial coordina-
tion costs and are continually uncertain about the value of 
circular investment.

5.5.	Sectoral Practices and Emerging Industri-
al Applications
Despite the uneven implementation of circular logis-

tics, several industries have begun to show how engineer-
ing innovation and the redesign of systems can facilitate 
practical implementation. These instances indicate the ex-
tent of advancement already achieved and the circumstanc-
es under which circular models are more likely to succeed.

Circular logistics is more developed in the manu-
facturing sector, especially in automotive and industrial 
equipment, since the residual value of products is high, the 
standardisation of components is often higher, and reverse 
channels can be integrated with existing service networks. 
These environments feature returnable transport packag-
ing, remanufacturing of spare parts, component recovery, 
and core return systems. Since industrial products are not 
perishable and are intensive of assets, companies are better 
motivated to maintain material value in the long run. Nev-
ertheless, in these areas, broader carbon integration has 
been lopsided, and reverse systems are frequently tailored 
more towards recouping economic value than comprehen-
sive environmental performance across the lifecycle [94].

This is a different scenario with e-commerce. It 
could be circular logistics as it is digitally visible and has 
well-established home delivery networks, yet also poses 
significant sustainability issues due to high return rates, 
fragmented deliveries, and single-use packaging. Several 
companies have adopted consolidated return points, reus-

mation needs new technology, as well as new accounting 
logic and strategic orientation [90].

5.4.	Policy, Regulatory, and Standardisation 
Issues
The institutional environment of firms operating in 

circular logistics greatly influences the implementation of 
the latter. Policies, regulations and standards can facilitate 
circular transitions or strengthen these linear practices. 
This is because most of the advantages of circular logis-
tics, such as reduced emissions, waste, and material con-
sumption, are system-level or societal benefits that mar-
kets may not necessarily value. One of the most impactful 
policies has been the extended producer responsibility 
policies, which have triggered reverse logistics and prod-
uct recovery. Through their financial or physical account-
ability for end-of-life products or packaging, these regula-
tions will provide incentives to develop more recoverable 
systems and to invest in the infrastructure for returns. The 
policies of carbon disclosure, waste reduction, and green 
procurement also play a role in building the business case 
of circular logistics. Regulatory pressure has emerged as a 
significant force driving system redesign in areas such as 
electronics, packaging, automotive, and batteries [91].

Regulatory environments, however, are not even in 
all regions and sectors. In other environments, policies en-
courage recycling and little to no support for reuse, repair, 
or remanufacturing, even though these tend to have greater 
circular value. In others, transport control, waste classifica-
tion regulations, or cross-border shipment controls compli-
cate the recovery logistics to be coordinated. This leads to 
a scenario where policy espouses circularity in theory but 
frustrates it in practice by implementing it in disjointed or 
inconsistent ways.

Another significant problem is standardisation. Cir-
cular logistics rely on product, packaging, data systems, 
and recovery compatibility. Regularised containers, mod-
ular-format packing, product identification, labelling of 
materials, and virtual product passports can greatly en-
hance logistics efficiency and recovery quality. However, 
over-standardisation can also limit innovation or fail to 
reflect sector-specific requirements. The problem is then to 
come up with standards that would facilitate interoperabil-
ity without built-in functional diversity [92].

This is particularly problematic with the absence of 
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value is high enough, reverse flows can be concentrated, in-
frastructure is geographically concentrated, and digital coor-
dination is feasible. In cases where the products are low-val-
ue, highly dispersed or have a short lifespan, implementation 
is that much harder. This implies that sector-specific strategy 
is vital, and there is no single circular logistics model that is 
likely to succeed across all industries.

5.6.	Emerging Trends Shaping the Next Gen-
eration of Circular Logistics
There are several new trends that will likely trans-

form the future of circular logistics. Figure 2 provides 
a prospective implementation pathway linking barriers, 
facilitating levers, industry usage, and future research di-
rections. One is the increasing overlap of circularity and 
decarbonization. Previous sustainability efforts tended 
to treat waste minimisation and carbon reduction as two 
similar yet distinct sets of objectives. More and more 
companies and policymakers are recognising that both 
should be considered in logistics systems. This is driv-
ing the sphere towards complete network design, which 
integrates the return logistics, electrification, the usage 
of renewable energy, redesigned packaging and lifecycle 
carbon accounting [98,99].

The other trend has been the emergence of prod-
uct-service systems and access-based business models. 
When companies do not give up products, packaging or 
transportation equipment, they are better placed to recov-
er, preserve and repurpose the equipment effectively. This 
changes logistics from a one-time distribution to lifecy-
cle circulation management. In this respect, leasing, refill 
systems, and delivery of industrial equipment as a sub-
scription and service-based model are especially pertinent. 
These models are not circular, but they establish organisa-
tional circumstances that enable recovery-oriented logistics 
to become economically viable.

Circular hubs that are localized and regionalised are 
also receiving some attention. Instead of large centralised 
recovery systems, future circular logistics might entail 
distributed systems of urban micro-hubs, regional remanu-
facturing systems, local repair ecosystems, and local-scale 
collection systems. This movement has been motivated by 
the issue of resilience and, in part, by the need to reduce 
recovery loops. However, decentralisation also introduces 
coordination complexity and can result in a loss of econo-

able pilot shipping containers, AI-based return disposition, 
and route optimisation for collection flows. However, the 
e-commerce business model based on convenience may 
compromise these benefits by promoting behaviours such 
as over-ordering and fast returns. This indicates that logis-
tics innovation is insufficient to address circularity issues 
as long as demand-side practices remain inherently linear.

The food industry is a valuable setting for circular 
logistics experimentation due to packaging waste, spoil-
age, and cold-chain emissions. There is an increase in the 
use of reusable crates and reusable insulated containers, 
the redistribution of unsold products, and the valorisation 
of food residue into secondary products or energy streams. 
The Urban Food Delivery Network has also considered 
container reuse and micro-hub consolidation. Nevertheless, 
food systems face a challenging trade-off among hygienic 
needs, transportation efficiency, and the possibility of re-
use. The environmental superiority of circular packaging 
or reverse collection, in most instances, is contingent on 
local infrastructure and return behaviour [95].

Another new application is in healthcare and phar-
maceutical logistics. In this case, circularity is fueled by 
the desire to reuse transport containers and medical equip-
ment, and to optimise the recovery of packaging and tem-
perature-controlling assets. Nonetheless, the strictness 
of regulations, contamination issues, and traceability re-
quirements make it particularly challenging. The industry 
demonstrates that high-value logistics systems can facili-
tate circular investment, but only if quality assurance and 
compliance are ensured.

The broader use of urban logistics has emerged as a 
critical testing ground for circular innovation. Cities have 
the benefits of concentrated delivery density, packaging 
waste, and return flows, and are the target locations for 
reusable packaging pools, electric last-mile fleets, urban 
consolidation centres, and localized repair or redistribu-
tion hubs. Circular practices are especially promising in 
high-density urban areas where the distance to transport 
assets is short, and recirculation can occur within a short 
time. However, land, congestion, and lack of coordination 
among stakeholders are also problems in urban systems 
that inhibit scale-up [96,97].

Otherwise, in industries, there is a general trend: cir-
cular logistics is most adaptable in situations where product 
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mies of scale, so it should not be presumed to be a positive 
factor [100].

Digital product passports, sophisticated traceability 
systems, and interoperable material data systems are bound 
to become increasingly powerful. These tools can enhance 

the visibility required for recovery decisions, the formation 
of a secondary market, and compliance reporting. They 
are important not only for technical efficiency but also for 
limiting information asymmetry among actors, which is a 
significant obstacle to circular coordination [27].

Figure 2. Implementation pathway, enabling conditions, and future research directions for circular economy-driven logistics systems.

The field will continue to be influenced by automa-
tion and AI, specifically in return triage, inventory balanc-
ing, warehouse target sorting, and predictive maintenance 
of reusable resources. But the way these technologies are 
headed is important. Their role in circularity will be to de-
ploy them to foster value retention and reduce throughput 
intensity or to speed up the already high-volume logistics 
models.

5.7.	Future Research Directions
Even though significant development is underway, 

there are still significant gaps in research. Among the key 
priorities, one must mention the evolution of integrated 
performance frameworks that will effectively embrace not 
only cost and carbon but also material retention quality, 
recovery hierarchy, and system resilience over the long 
term. The current research may tend to quantify what is 
measurable rather than what is most important in circular-
ity. More sophisticated indicators are required to differ-
entiate between shallowly circular systems and those that 
truly hold value and reduce the environmental load at the 
system scale. The second priority deals with the connec-

tion between product design and logistics design. A signif-
icant portion of the literature continues to address logistics 
optimisation without considering product architecture, 
although disassembly, repairability, standardisation, and 
modularity directly impact recoverability. Future studies 
are encouraged to better integrate design-for-circularity 
with logistics system engineering, particularly in industries 
where product complexity limits the reversibility of logis-
tics [98].

Third, additional empirical and longitudinal research 
is required. Much of the literature remains model-based or 
conceptual, with little evidence on the long-term perfor-
mance of circular logistics systems in practice under actual 
operating conditions. Pilot projects are useful; however, 
they tend to be run in controlled settings and might not re-
veal the challenges of scale-up, coordination with partners, 
or user behaviour. Longitudinal case studies would help 
clarify which circular practices are truly strong and which 
are based on exceptional circumstances.

Fourth, the behavioural and organisational dynamics 
should be considered in future studies. Consumer involve-
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ment in returns, reuse, and refill systems is not sufficiently 
explored compared with the technical design. On the same 
note, organisational capability, inter-firm trust, and gover-
nance mechanisms are often considered secondary issues, 
yet they have a serious impact on implementation outcomes. 
Circular logistics is not only a matter of network structure 
but also of coordinated action among a variety of actors.

Fifth, more emphasis should be placed on the geo-
graphic and regional diversity. The majority of the evi-
dence available today comes from highly industrialised 
environments where infrastructure and policy support are 
relatively high. In growing economies, circular logistics, 
disjointed urban areas or informal recovery systems can 
take extremely different routes. Studies that do not consid-

er these contexts are likely to make strategies that are tech-
nically beautiful but limited to global applicability [101].

Lastly, the area could benefit from additional re-
search into rebound effects and systemic unintended con-
sequences. Table 4 summarises the relationships among 
implementation barriers, current industrial practices, and 
future research priorities. Circular initiatives can enhance 
recovery rates and increase consumption, product turnover, 
or logistics activity. The environmental promise of circular 
logistics can be exaggerated without consideration of such 
rebound mechanisms. Future studies should thus not only 
challenge efficiency narratives but also investigate the role 
of circular logistics in achieving absolute decreases in ma-
terial extraction and carbon emissions [102].

Table 4. Implementation barriers, industrial practices, and future research priorities in circular logistics.
Dimension Major Implementation Barriers Current Industrial Practices Future Research Priorities

Technology and 
infrastructure

Inadequate recovery facilities, lack of 
charging/washing/sorting infrastructure, 
poor interoperability

Pilot remanufacturing hubs, reusable pack-
aging pools, and electric urban fleets

Scalable infrastructure models, interopera-
ble circular logistics platforms

Economics and 
finance

High upfront investment, uncertain pay-
back, weak internalisation of environmen-
tal externalities

Selective adoption in high-value sectors 
such as automotive and industrial equip-
ment

Better business-case models, lifecycle 
costing, and financing mechanisms for 
circular logistics

Organisation 
and manage-
ment

Functional silos, limited circular capabili-
ty, and short-term performance metrics

Cross-functional sustainability teams, 
return-management units, and digital 
logistics integration initiatives

Governance models for cross-functional 
and inter-firm collaboration

Data and digi-
talisation

Fragmented information systems, weak 
traceability beyond the point of sale, and 
poor data quality

IoT-enabled asset tracking, AI-assisted 
returns management, and early digital 
passport initiatives

Data-sharing standards, explainable AI for 
circular logistics, and digital twin imple-
mentation frameworks

Policy and regu-
lation

Inconsistent waste rules, uneven carbon 
regulation, and a lack of circular standards

Compliance-driven take-back systems, 
packaging responsibility schemes

Comparative policy studies, harmonised 
circular and carbon performance metrics

Sector-specific 
operations

Low-value products, dispersed return 
flows, hygiene or quality constraints.

Stronger adoption in automotive, elec-
tronics, food crates, healthcare assets, and 
urban logistics pilots

Sector-adapted circular logistics design 
frameworks

Environmental 
assessment

Narrow focus on recycling or direct emis-
sions only

Carbon disclosure and selected waste 
reporting practices

Integrated metrics combining material 
circularity, waste prevention, and lifecycle 
carbon impacts

6.	 Conclusion
This review has discussed how the principles of the 

circular economy can transform the design of logistics 
systems, with the dual goal of reducing waste generation 
and carbon footprint through engineering innovation. The 
main point of the article is that logistics can no longer be 
perceived as a neutral facilitating role in a linear supply 
chain, but rather as a strategic and technical system that 
makes the difference between materials, products, packag-
ing, and assets moving in a circle and wasting away. Cir-
cular economy-driven logistics, in this sense, is not merely 
green or reverse logistics, but an extension of both. It is 

a broader shift in systems, in which forward distribution, 
return flows, recovery infrastructure, digital intelligence, 
and low-carbon operations should be developed as a single 
entity.

The review has demonstrated that the theoretical 
background of circular logistics extends the limits of logis-
tics design beyond cost, speed, and reliability. Circularity 
involves the addition of recovery loops, material retention 
levels, lifecycle emissions and multi-directional flows. 
This radically changes the rationale of logistics engineer-
ing. Transportation systems should not only be configured 
to deliver efficiently but also be synchronised to maintain 
take-back and low-emissions mobility. Warehousing should 
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Academically, this review is valuable in that it syn-
thesises the circular economy theory, logistics engineering, 
optimisation-based decision support, and implementation 
realities into a single construct. It outlines that the next 
wave of research should go beyond disjointed studies of 
decarbonising transport, recycling or reverse logistics. 
More focus should be on integrated performance measures, 
co-designing of products and logistics, empirical validation 
of real-life systems, uncertainty on recovery behaviour, and 
the risk of rebound effects. Research would need to more 
frequently pose not whether a logistics system is more effi-
cient, but whether it leads to absolute decreases in the ma-
terial extraction, waste leakage, and carbon emissions over 
the entire lifecycle. In practical terms, the results imply 
that companies and policymakers need to adopt the view 
that circular logistics is a long-term design transformation, 
not a set of isolated sustainability projects. Significant im-
provement will require the collective creation of engineer-
ing infrastructure, digital traceability, product designs that 
support recovery, supportive regulation, and new business 
models that deliver better value retention than one-way 
throughput. The future of sustainable logistics will thus be 
based on the ability of circular economy principles to be 
implemented at scale through coherent system design.

To sum up, the logistics of the circular economy are 
a promising avenue to more resource-efficient, low-carbon, 
and resilient industrial systems. Its success, though, lies in 
the capacity to combine engineering innovation and lifecy-
cle thinking, institutional assistance and system-wide coor-
dination. Making logistics a whole enables it to become a 
driver of circular and climate-friendly development, rather 
than a source of waste and emissions.
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be transformed into a versatile processing system capable 
of sorting, repairing, redistributing, and maintaining asset 
value. The packaging and logistics resources should be de-
signed to be recyclable, compatible, and traceable. Reverse 
logistics needs to shift towards reactive waste management 
to proactive value retention. IoT, AI, and digital twin tech-
nologies should help improve visibility, prediction, and 
adaptive control of complex and uncertain circular net-
works.

One of the lessons that the review has taught is that 
waste reduction and carbon footprint are two similar yet 
not necessarily aligned concepts. Decreases in packaging 
waste can lead to increases in transport or cleaning loads. 
Recovery networks have the potential to enhance material 
circularity, but generate new emissions when poorly de-
signed. Direct logistics emissions can be reduced through 
electrification without altering the throughput logic of 
disposable systems. These strains demonstrate that cir-
cular logistics cannot be based on isolated technological 
interventions or single-objective optimisation. Rather, the 
performance of the systems needs to be evaluated using 
combined systems that eliminate trade-offs among cost, 
emissions, waste prevention, quality of recovery, and ser-
vice results. All of these models (optimisation models, 
lifecycle assessment, uncertainty analysis, and data-driven 
decision support systems) can play a significant role. Still, 
their utility hinges on whether they are grounded in true 
circular design reasoning rather than traditional linear effi-
ciency assumptions.

One of the biggest challenges, as pointed out in the 
article, has also been implementation. There is a rapid 
pace of technological innovation, yet adoption is limited 
by inadequate infrastructure, disjointed data ecosystems, 
short-term cost pressures, organisational silos, and hetero-
geneous regulatory environments. Circular logistics is not 
only a technical challenge but also an institutional, man-
agerial and behavioural one. Circular logistics are most 
feasible in sectors where product value is high, reverse 
flows are consolidated, infrastructure is in place, and digi-
tal coordination is well developed. However, these positive 
conditions are not universal, which implies that circular 
strategies need to be refined for sectoral, geographic, and 
policy settings and not implemented as a set of one-size-
fits-all strategies.
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