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Abstract
The recent advancement of digitalization and information and communication technology (ICT) has not only shifted the 
manufacturing paradigm towards the Fourth Industrial Revolution, namely Industry 4.0, but also provided opportunities for 
a smart logistics transformation. Despite studies have focused on improving the smartness, connectivity, and autonomy of 
isolated logistics operations with a primary focus on the forward channels, there is still a lack of a systematic conceptualiza-
tion to guide the coming paradigm shift of reverse logistics, for instance, how “individualization” and “service innovation” 
should be interpreted in a smart reverse logistics context? To fill this gap, Reverse logistics 4.0 is defined, from a holistic 
perspective, in this paper to offer a systematic analysis of the technological impact of Industry 4.0 on reverse logistics. Based 
on the reported research and case studies from the literature, the conceptual framework of smart reverse logistics transfor-
mation is proposed to link Industry 4.0 enablers, smart service and operation transformation, and targeted sustainability 
goals. A smart reverse logistics architecture is also given to allow a high level of system integration enabled by intelligent 
devices and smart portals, autonomous robots, and advanced analytical tools, where the value of technological innovations 
can be exploited to solve various reverse logistics problems. Thus, the contribution of this research lies, through conceptual 
development, in presenting a clear roadmap and research agenda for the reverse logistics transformation in Industry 4.0.

Keywords Industry 4.0 · Technological transformation · Smart technologies · Reverse supply chain · Waste management · 
Sustainability

Introduction

Recently, the increasing focus on sustainable development 
and circular economy from the whole society and the more 
stringent environmental regulations have required compa-
nies to take responsibility for the entire lifecycle of their 
products. The primary aim of reverse logistics is to maxi-
mize the recovery of the remaining value from end-of-life 
(EOL) products through the proper design, operating, con-
trolling, and maintaining effective and economic-efficient 
flows starting from customers towards initial suppliers and 
manufacturers (Rogers and Tibben-Lembke 2001), and 

the non-recyclables should be appropriately disposed of. 
Designing and operating a reverse logistics system need to 
balance the trade-off between economic, environmental, and 
social sustainability (Ramos et al. 2014). However, this is 
not an easy endeavor due to the complexity of effectively 
managing several stakeholders to perform various operations 
including collection, sorting, distribution, disassembling, 
repair, reuse, remanufacturing, recycling, energy recovery, 
and proper waste disposal (de Paula et al. 2019). Further-
more, the increased system operating costs (Plaza-Úbeda 
et al. 2021), the high uncertainty related to the quantity and 
the quality of EOL products in the reverse flows (Trochu 
et al. 2018), the lack of relevant and real-time information 
for decision-making (Liu et al. 2019;Wang and Wang 2019), 
and the lack of coordination among different partners (Plaza-
Úbeda et al. 2021) have become some major obstacles for 
sustainable reverse logistics management.

These challenges may be better tackled today with 
the emerging concept of Industry 4.0 as well as its ena-
bling technologies, which provide new opportunities for 
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achieving improved internet-based connectivity, smart-
ness, intelligence, and autonomous operations of not only 
manufacturing processes but also logistics systems (Bai 
et al. 2020;Sarkis et al. 2020). Taking advantage of the 
technological innovation of the Fourth Industrial Revolu-
tion, the concept of Logistics 4.0 has also been proposed 
in recent years (Wang 2016;Winkelhaus and Grosse 2020). 
Combining several cutting-edge technologies, e.g., inter-
net of things (IoT), big data analytics, and artificial intel-
ligence (AI), in a cyber-physical system (CPS) that inte-
grates both computational intelligence and smart physical 
assets, a Logistics 4.0 system can achieve real-time moni-
toring and decision-making, responsive communications, 
better resource allocation, and smoother material flows. 
These smart technologies can also be used to improve 
the economic, environmental, and social sustainability of 
reverse logistics systems.

The changing demands and the integration of dif-
ferent Industry 4.0 technologies will together lead to a 
paradigm shift of reverse logistics, where the former is 
the driver and the latter is the enabler of this smart and 
sustainable transformation. The increased data availabil-
ity can improve the prediction and traceability of EOL 
products, which minimizes the uncertainty of the reverse 
f lows and improves the planning of different opera-
tions, e.g., collection (Sung et al. 2020) and remanufac-
turing (Kerin and Pham 2019;Wang and Wang 2019). 
The high-quality data also improves the outputs of the 
model-based optimization and simulation approaches for 
critical decisions (Liu et al. 2019), i.e., scheduling of 
collection, routing, inventory management, and distribu-
tion. In addition, the increased use of AI-enabled smart 
robots can replace human workers in the harsh working 
environment, and the enhanced interaction between dif-
ferent partners and stakeholders via a highly connected 
digital platform may improve inter-company information 
sharing and resource utilization.

Even though recent studies have been conducted to 
show the application of several Industry 4.0 technologies 
in isolated reverse logistics operations, there is still a lack 
of a systematic conceptual framework to better understand 
the potential and implications of these technological inno-
vations for the entire reverse logistics system, particularly 
from the service innovation perspective. For example, 
how “individualization” should be interpreted in a smart 
reverse logistics context? Furthermore, most studies only 
emphasize the benefits of implementing Industry 4.0, but 
much less effort has been paid to discussing the challenges 
of technological adoption in reverse logistics systems. 
Therefore, by analyzing the state-of-the-art research and 
case studies in a comprehensive and cross-disciplinary 
manner, this paper aims at filling these gaps by answering 
the following three research questions (RQs):

RQ1: What are the definition and the key features of 
Reverse Logistics 4.0?
RQ2: What is the smart and sustainable transformation of 
Reverse Logistics 4.0?
RQ3: What is the future research agenda of Reverse 
Logistics 4.0?

By answering these questions, we define the concept of 
Reverse Logistics 4.0 in comparison with the four Indus-
trial Revolutions in history, where the technology-enabled 
innovation in both service and operations is systematically 
analyzed in the reverse logistics context. Moreover, based 
on the reported research and case studies from the literature, 
we present a roadmap for both researchers and practitioners 
in the smart and sustainable reverse logistics transforma-
tion. Finally, we also present a research agenda in four direc-
tions: (1) smart and innovative reverse logistics services; 
(2) quantitative models for smart and sustainable reverse 
logistics management; (3) digital reverse logistics twin, and 
(4) human-centricity and Reverse Logistics 5.0.

The rest of the paper is organized as follows. The “State 
of the art” section provides state-of-the-art developments 
in both reverse logistics and Industry 4.0. The “Reverse 
Logistics 4.0” section conceptualizes Reverse Logistics 4.0 
and discusses its main features. The “Smart and sustain-
able reverse logistics transformation” section investigates 
the smart and sustainable reverse logistics transformation 
enabled by disruptive technologies. The “A future research 
agenda” section identifies a future research agenda. The 
“Conclusion” section concludes the paper.

State of the art

Reverse logistics

Reverse logistics focuses on the value recovery from EOL 
products and on the proper treatment of non-recyclables 
(Rogers and Tibben-Lembke 2001). The reuse and recycling 
practices can be dated back to a long time ago, for example, 
after proper cleaning and treatment, the returned bottles can 
be reused many times by beverage manufacturers for their 
new products. In the early 1990s, the concept of reverse 
logistics was first put forward to depict all relevant activi-
ties and logistics flows from the end customers to different 
producers and recyclers as well as other actors (Salema et al. 
2007). The main operations of a reverse logistics system 
consist of the collection of EOL products from customers 
and end-users, the appropriate inspection, sorting, disas-
sembling and/or pre-processing, the distribution of differ-
ent products, parts and components to respective facilities 
for proper treatment, and the planning and scheduling of 
facility operations and transportation (Agrawal et al. 2015; 
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Fleischmann et al. 1997). Configuring a reverse logistics 
system for effective management of these operations requires 
proper decision-making at strategic, tactical, and operational 
levels. During the past three decades, extensive research 
efforts have been spent to improve conceptual develop-
ment (Dowlatshahi 2000; Lambert et al. 2011), formulate 
advanced mathematical models and algorithms (Diabat et al. 
2013; Govindan et al. 2016), provide empirical studies and 
implications (Waqas et al. 2018), and develop other qualita-
tive and quantitative methods for supporting various deci-
sions in reverse logistics (Govindan and Bouzon 2018).

The motivation of reverse logistics comes initially from 
two aspects (Fleischmann et al. 1997). From the ecologi-
cal perspective, reverse logistics can improve the utilization 
of different materials and can thus help to solve the global 
resource depletion problems. Besides, it may provide com-
panies with opportunities to improve their cost reduction and 
profitability through product recovery. However, in practice, 
the value recovery through reverse logistics may be drasti-
cally hindered by several factors, i.e., the low-profit margin 
(Ravi and Shankar 2015), the possible competition with 
new products or market cannibalization (Atasu et al. 2010), 
the uncertainty related to market acceptance (Calvo-Porral 
and Lévy-Mangin 2020), and the complexity of managing 
reverse flows. Moreover, even though reverse logistics has 
been considered a fundamental part of sustainable develop-
ment and circular economy, improper recycling activities 
may result in negative environmental and social impacts 
(Julianelli et al. 2020). For example, the large export vol-
ume of waste electrical and electronic equipment (WEEE) 

from developed countries, i.e., the USA, EU, and Japan, to 
the developing countries in southeast Asia not only causes 
increased greenhouse gas (GHG) emissions related to mari-
time transportation but also poses significant threats to the 
workers and the environment due to the primitive and low-
tech recycling methods used. Thus, the effective design of a 
reverse logistics system will help to promote more sustain-
able practices of different activities.

Figure 1 presents a keyword co-occurrence analysis of the 
latest publications on reverse logistics. The web of science 
(WOS) database was used for searching the relevant papers 
to generate the visualization. The recent research on reverse 
logistics has focused on managing various types of EOL 
products through different options considering economic, 
social, and environmental performances. Several important 
decisions, i.e., facility location, transportation, and vehicle 
routing, have been predominantly tackled by using advanced 
quantitative methods, i.e., mathematical models (Govindan 
et al. 2015), multi-criteria decision support methods (Senthil 
et al. 2018), and simulation (Beiler et al. 2020;Gonçalves 
et al. 2019;Pandian and Abdul-Kader 2017). Among these, 
optimization is the most extensively used technique to solve 
complex decision-making problems in reverse logistics. 
Early research focuses on developing deterministic single 
objective optimization models for either minimizing the sys-
tem operating cost or maximizing the total profit (Govindan 
et al. 2015). However, recent studies emphasize the balance 
among different sustainable indicators with multi-objective 
optimization models (Govindan et al. 2016;Yu and Solvang 
2018), the proper formulation and treatment of uncertainties 

Fig. 1  Keyword co-occurrence 
analysis of reverse logistics
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(Fattahi and Govindan 2017;Soleimani et al. 2021;Yu and 
Solvang 2016), the improvement of the models’ computa-
tional efficiency (Afra and Behnamian 2021;Alshamsi and 
Diabat 2017), and the management of different stakeholders 
(Gu et al. 2019).

Industry 4.0

Industry 4.0, also known as the Fourth Industrial Revolu-
tion, was put forward by German researchers and industrial 
practitioners in 2011 (Frank et al. 2019), which presented 
the blueprint of the next-generation manufacturing systems 
with the adoption of state-of-the-art manufacturing tech-
nologies and ICT. Even if it is a new concept, Industry 4.0 
has been widely discussed by worldwide researchers during 
the last decade due to its potential to dramatically change 
today’s paradigms of almost all industries and businesses 
through digital transformation. On the one hand, the current 
change in the industrial paradigm is driven by new demands 
for increased individualization on both products and ser-
vices, shortened time-to-market, small-scale decentralized 
customer segments, and so forth. On the other hand, these 
new demand patterns can be better addressed with recent 
technological advancements that have provided companies 
with opportunities to achieve a highly flexible, agile, respon-
sive, and resource-efficient manufacturing process through 
digitalization and various smart technologies (Lasi et al. 
2014). Compared with the Third Industry Revolution start-
ing from the early 1970s, where industrial robots, advanced 
machine tools, computer-aided manufacturing (CAM), and 

lean production were used to achieve mass customization 
through increased automation, reconfigurability, and flex-
ibility, Industry 4.0 has several new features. From the 
technological perspective, an Industry 4.0 manufacturing 
system emphasizes the internet/5G-based communication 
and connectivity of different smart devices and cyber ele-
ments, which enable real-time data collection, autonomous 
system control, and effective human-machine interaction 
(Salkin et al. 2018). Another significant feature is the com-
putational intelligence brought by AI, big data analytics, and 
improved optimization and simulation tools, which enables 
better prediction and real-time data-driven decision-making. 
From the commercial perspective, these Industry 4.0 tech-
nologies pave the way for new business models, individual-
ized customization, better resource sharing, and sustainable 
production (Bag et al. 2021;Bai et al. 2020).

Based on Salkin et al. (2018), Bai et al. (2020), Frank 
et al. (2019), and Phuyal et al. (2020), Figure 2 summa-
rizes the key Industry 4.0 technologies into three catego-
ries, namely, physical layer, cyber layer, and cyber-physical 
layer. The drastically increased use of connected devices 
has driven a rapid digital transformation. Recent research 
has shown that the total amount of connected devices in 
the world has increased by nearly 99 times during the past 
two decades, and the average number of connected devices 
per person has reached approximately 6.58 in 2020 (Phuyal 
et al. 2020). An Industry 4.0-enabled manufacturing system 
comprises a large amount of various smart and connected 
robots and devices, which are communicated with each other 
and interacted with cyber intelligence in real-time. The level 

Fig. 2  Industry 4.0-enabled smart manufacturing
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of integration of both physical elements and cyber technolo-
gies within a CPS determines the system’s sophistication, 
connectivity, intelligence, and autonomy. Lee et al. (2015) 
defined five levels of technological integration in a CPS, 
which are machine-level connection, data transmission and 
conversion, system-level connectivity, system cognition, 
and system intelligence and self-configuration. With the 
highest level of CPS, a smart manufacturing system can 
make self-decisions based upon individual customer orders, 
generate production procedures, test different scenarios in 
virtual environments, and control intelligent robots and 
machines for an autonomous and highly responsive produc-
tion process.

Figure 3 illustrates the keyword co-occurrence analysis 
of the recent research related to Industry 4.0. The research 
focuses have been predominantly given to the technological 
development of CPS, IoT, AI, big data analytics, blockchain, 
additive manufacturing, etc., to achieve predictive mainte-
nance, real-time decision-making, smart manufacturing, 
and better production control and planning. Besides, these 
technologies are not only used to improve manufacturing 
processes but are also applied to enhance supply chain man-
agement (Fallahpour et al. 2021), innovation (Liu and De 
Giovanni 2019), and sustainable development (Bradu et al. 
2022). Particularly, recent research has shown great oppor-
tunities to improve sustainability and circular economy with 
the help of Industry 4.0 (Bag et al. 2018;Bai et al. 2020), for 
example, reducing waste generation and improving material 

utilization by adopting a demand-driven small-scale intel-
ligent production process with additive manufacturing (Ford 
and Despeisse 2016).

The contributions of this research

Table 1 shows the search information of the top 60 key-
words related to reverse logistics and Industry 4.0, and the 
top keywords related to both reverse logistics and Indus-
try 4.0 are “sustainability,” “circular economy,” “model,” 
“impact,” “challenges,” “systems,” “design,” and “sustain-
able development,” respectively. Through a comparison of 
these keywords, it is noteworthy that even if Industry 4.0 has 
provided new opportunities for improving decision-making 
and operations with better use of smart devices, data analyt-
ics, and computational intelligence, their adoption in reverse 
logistics is still in its infancy and has not been widely dis-
cussed in the literature. For example, many optimization 
models have been developed for supporting decision-making 
in reverse logistics, whose results are heavily dependent on 
the availability and the quality of input data. The high uncer-
tainty related to the input parameters will make these models 
computationally expensive to solve within polynomial time. 
Moreover, the reliability of the models’ outputs and the deci-
sions obtained may also be drastically influenced. Due to 
these, the adoption of Industry 4.0 technologies is well jus-
tified for their impacts on improving the data quality, com-
putational intelligence, and operations in reverse logistics.

Fig. 3  Keyword co-occurrence 
analysis of Industry 4.0
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Based on both theoretical and practical insights related 
to different reverse logistics activities, this paper aims at 
providing a systematic conceptual development and research 
agenda for the smart and sustainable transformation of 
reverse logistics in Industry 4.0, namely Reverse Logistics 
4.0. The contributions of this paper can be summarized as 
follows:

• The concept of Reverse Logistics 4.0 is defined consider-
ing both technological advancement and service innova-
tion.

• The conceptual framework for smart and sustainable 
Reverse Logistics 4.0 transformation is formulated.

• The research agenda for smart and sustainable Reverse 
Logistics 4.0 transformation is given.

Reverse Logistics 4.0

This section first introduces the conceptual development of 
Logistics 4.0, based on which the concept of Reverse Logis-
tics 4.0 is defined.

Logistics 4.0

Today, the phrase “4.0” has been widely used not only in 
the manufacturing industry but also in many other fields 
to describe the future paradigm shifts brought by digitali-
zation and advanced ICT. By adopting the technological 
innovations from Industry 4.0, the concept of Logistics 
4.0 was first put forward in 2014 (Akinlar 2014), which 
emphasized the real-time ability, fast decision supports, 
and convertibility of a new IT system empowered by CPS 
for supporting logistics decisions. Concerning the four 
Industrial Revolutions in history, Wang (2016) system-
atically summarized the four logistics evolution stages 
featured with the mechanization of transportation (Logis-
tics 1.0), the automation of logistics operations (Logistics 
2.0), the advancement of logistics management systems 

(Logistics 3.0), and the smart and autonomous logistics 
systems (Logistics 4.0), respectively. Several research-
ers argue that Logistics 4.0 is to digitize and automize 
the logistics processes and operations with the help of 
CPS (Barreto et al. 2017), whose technological architec-
ture requires six layers, namely, the physical asset layer, 
the data acquisition layer with sensors and middleware, 
the control layer, the database layer, the analytical and 
decision support layer, and the management layer (Wang 
2016). From the business innovation perspective, Logistics 
4.0 is viewed as a conceptual extension of Industry 4.0, 
whose main features are discussed in several studies (e.g., 
Yu and Solvang (2017))):

• Demand-driven individualization and personalization: 
Value proposition by satisfying highly individualized 
customer demands with CPS, customer-involved design, 
additive manufacturing, and pull production and logis-
tics.

• Product-service system: Transforming towards the 
increased selling of services instead of the selling of 
products, for example, Rolls-Royce’s  TotalCare® pro-
gram, also known as Powered-by-the-hours, has helped 
to achieve a win-win solution for both the airlines and the 
jet engine manufacturer (Smith-Gillespie et al. 2018).

• Digitalization: Increased digitalization enables effective 
communication between humans and machines, and it 
helps to converge the physical and virtual worlds.

• Autonomous operations: Different logistics operations, 
e.g., material handling and transportation, will become 
increasingly autonomous with the help of IoT, CPS, AI, 
UAV, and smart robots.

• Resource sharing: The real-time data collection and 
analytical power enabled by IoT, AI, and advanced opti-
mization improve the level of resource sharing among 
different stakeholders in a logistics system, which may 
offset the increased cost and environmental impacts to 
satisfying small-scale individualized and geographically 
dispersed customer demands with a high service level.

Table 1  Literation analysis of 
the recent publications

Search criteria Keywords

“Reverse logistics” “Industry 4.0” “Reverse logistics” 
AND “Industry 
4.0”

Database Web of Science Web of Science Web of Science
Source Journal Journal Journal
Language English English English
Total articles 1282 5135 21
Total keywords 4704 16575 174
Co-occurrence threshold 35 70 3
Selected keywords 62 63 16
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• Green and sustainable logistics: The waste generation 
can be reduced with on-demand and additive manufac-
turing, and the environmental impacts of various logis-
tics operations can be better tracked and minimized with 
blockchains.

To achieve these goals, increased digitalization and 
system integration at both intra- and inter-enterprise lev-
els are required to facilitate effective interactions among 
stakeholders, better use of data, real-time decision-making, 
streamlined operations, and improved resource utilization 
in a logistics system. Recently, the conceptual development 
of Logistics 4.0 trends to synchronize business innovations 
with technological advancements, where business inno-
vations are considered the goals of the next generation of 
smart logistic systems and technological advancements are 
believed to be the enablers to realize these goals. As defined 
by Winkelhaus and Grosse (2020), Logistics 4.0 refers to 
cost-affordable and highly responsive logistics services for 
individualization and personalization empowered by smart 
technologies. To further facilitate the adoption of the con-
cept of Logistics 4.0, studies have been conducted to provide 
implications on the use of different Industry 4.0 technologies 
in various logistics operations (Sun et al. 2021), to estab-
lish models for measuring the maturity level of Logistics 
4.0 (Facchini et al. 2020;Oleśków-Szłapka and Stachowiak 
2018), and to understand the relevant human factors and 
learning effects (Wrobel-Lachowska et al. 2017).

Reverse Logistics 4.0

Even though Logistics 4.0 has been increasingly discussed 
in recent years, not as much research focus has been given 
to reverse logistics (Sun et al. 2021). On the one hand, sev-
eral Industry 4.0 technologies can benefit reverse logistics 
operations in the same way as they do in forward logistics. 
However, on the other hand, there are significant differences 
between forward logistics and reverse logistics in terms of 
their purposes and operations. For instance, the business 
objective of a Logistics 4.0 system is to achieve the value 
proposition through providing highly individualized prod-
ucts and responsive services, but for a reverse logistics sys-
tem, the purpose may be different or the meaning of indi-
vidualization may need to be interpreted in another way, for 
example, an individualized collection schedule in a smart 
waste management system. Thus, it is important to provide 
a thorough understanding of Reverse Logistics 4.0.

Recently, increasing efforts have been spent to improve 
the sustainability and the operations of reverse logistics 
with Industry 4.0 technologies, for example, through real-
time information sharing and diffusion of green products 
(Dev et al. 2020a; Dev et al. 2020b). From the conceptual 
development perspective, Fig. 4 presents a systematic para-
digm change of reverse logistics with respect to the four 
industrial revolutions. Even though reverse logistics was not 
conceptualized before the early 1990s, its activities were 
widely practiced, e.g., part recycling and waste disposal. 

Fig. 4  Reverse logistics evolution compared to the four Industrial Revolutions
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The modern industrialization from the early nineteenth cen-
tury led to an increase in population and rapid urbaniza-
tion, which created the market for second-hand products and 
raised the need for modernized reverse logistics systems. 
An early organized material recycling and waste manage-
ment system was established in London, UK, to maintain 
sanitation and the general quality of urban life (Velis et al. 
2009). Similar to the impacts in other industries, the first 
two industrial revolutions changed the means of collection, 
transportation, and disposal of waste with mass mechaniza-
tion and the use of steam power and electricity. However, 
the main destinations of used products were either second-
hand markets or dumpsites, and well-organized recycling 
activities were not widely practiced at that time. With the 
increased concerns on environmental pollution and resource 
depletion, the focus of reverse logistics shifted from waste 
landfill to resource recovery through better source separa-
tion and increased reuse, remanufacturing, and recycling 
activities. The advancements of computers and robotics 
in Industry 3.0 helped to better support decision-making 
with advanced optimization, simulation, and geographical 
information system (GIS) and to automize various reverse 
logistics operations. Besides, the drastically increased recon-
figurability and flexibility of manufacturing systems not only 
realize mass customization but also pave the way for flexible 
remanufacturing in reverse logistics (Duberg et al. 2020). In 
this period, diverting the EOL product flows from landfills to 
other value recovery alternatives was the focus, and reverse 
logistics was conceptualized to depict all relevant activities 
and flows related to the effective management of EOL prod-
ucts (Fleischmann et al. 1997).

During the last decade, not only the economic benefits 
from product recovery but also the environmental and social 
performances of the entire reverse logistics system have been 
increasingly focused on through a holistic trade-off analysis 
(Govindan et al. 2016). Besides, the technological advance-
ments have provided digital and smart solutions to change 
the paradigms of reverse logistics mainly in three ways: 
data, services, and operations. The value of data has been 
unprecedently uncovered by adopting IoT, smart devices, 
AI, and big data analytics, which enable better and real-
time planning of different resources and operations. The 
cloud-based interactive and intelligent digital platform con-
nects different service providers and customers to achieve 
optimal resource sharing and provide innovative services. 
Consumers’ involvement in reverse logistics has become 
increasingly important (Plaza-Úbeda et al. 2021), which 
provides better information on the quality, quantity, time, 
and location of return of different EOL products (Wang et al. 
2014; Wang and Wang 2019). Furthermore, reverse logis-
tics activities become increasingly autonomous with the use 
of AI-supported smart robots and vehicles. Thus, based on 

these characteristics, the concept of Reverse Logistics 4.0 
is defined as follows:

Reverse Logistics 4.0 is the sustainable management 
of all relevant flows and activities for value recovery 
and/or proper disposal of EOL products by using data-
driven and smart technologies enabled individualiza-
tion and innovative services.

Compared with the current definitional elements, Reverse 
Logistics 4.0 emphasizes the use of data and smart tech-
nologies to realize innovative reverse logistics services and 
to achieve harmony among the three pillars of sustainable 
development including economic effectiveness, environ-
ment friendliness, and social responsibility. In the context 
of Reverse Logistics 4.0, the phrase “individualization” rep-
resents service smartness and innovations, whose demands 
are either pulled by customers, e.g., individualized collection 
(Sung et al. 2020), or driven by product and data, e.g., data-
driven remanufacturing of WEEE (Wang and Wang 2019). 
For example, an individual collection and remanufacturing 
process can be planned and optimized based on the real-time 
information of the EOL product flows, e.g., type of prod-
uct, material, structure, and quality level, and the available 
resources of the company.

Smart and sustainable reverse logistics 
transformation

Based on the definition of Reverse Logistics 4.0, Fig. 5 pre-
sents a conceptual framework for smart reverse logistics 
transformation, where the role of Industry 4.0 technologies 
in shaping the reverse logistics service and operations and 
the three pillars of sustainable development are focused on. 
The conceptual framework consists of four fundamental ele-
ments that drive the paradigm transition in Reverse Logistics 
4.0:

1. The key Industry 4.0 technologies, e.g., IoT, CPS, AI, 
and autonomous robots, are enablers to support the 
smart reverse logistics transformation.

2. The five main reverse logistics processes, i.e., collection 
of EOL products, sorting and pre-processing, transporta-
tion, value recovery through remanufacturing and recy-
cling, and disposal, are affected by adopting disruptive 
technologies.

3. The improvement in the reverse logistics service and 
operations is centered on the reverse logistics transfor-
mation.

4. The targeted areas in the triple-bottom line for improv-
ing the economic, environmental, and social sustainabil-
ity in reverse logistics.
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This conceptual framework explicitly illustrates the con-
nections between technological enablers, reverse logistics 
processes and transformations, and sustainability goals. 
With the increasing adoption of Industry 4.0 technologies, 
the transformation of reverse logistics service and operations 
is centered on Reverse Logistics 4.0:

• Smart service transformation: Demand-driven and ser-
vice-oriented transformation is the key driver of Reverse 
Logistics 4.0. For example, individualized collection 
services of used products can be provided to maximize 
the customer value and service. However, providing such 
kind of service in a traditional reverse logistic system 
is usually expensive and requires much more resource 
commitments. Thus, a digitalized platform may enhance 
better communication and information sharing among 
different stakeholders in real-time, and a data-driven 
intelligent decision support system may help to improve 
resource planning and utilization, based on which indi-
vidualized services can be performed in an efficient man-
ner.

• Smart operation transformation: Data-driven and autono-
mous operations are the key enablers of Reverse Logis-
tics 4.0 to offset the increased costs of providing a high 
level of individualized service, improve the operational 

effectiveness and resource efficiency, minimize down-
time, reduce the risks and harshnesses in the working 
environment, and so forth. For example, the collection, 
transportation, and remanufacturing of used products can 
be better planned with both predictive data and real-time 
data. Besides, the operations and working environment 
of various reverse logistics activities can be potentially 
improved, e.g., autonomous and highly accurate waste 
sorting with AI-enabled smart robots.

The logic of this conceptual framework indicates that, 
essentially, the smart service and operation transformations 
across all stages of a reverse logistics system are driven by 
the better meeting of the targeted sustainability goals, while 
on the other hand, Industry 4.0 technologies are the most 
important enablers. It is noteworthy that, in this smart para-
digm transition, adopting new and disruptive technologies 
is not the goal but rather the means to enable responsive ser-
vices and efficient processes. Meanwhile, technology itself 
will not lead to the better system performance of a reverse 
logistics system, but the transformation and redesign of ser-
vice and operations may potentially improve sustainability 
in economic, environmental, and social dimensions. In this 
regard, this conceptual framework helps to better understand 
the adoption of Industry 4.0 technologies in various smart 
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reverse logistics operations. Based on the analysis of the 
existing literature and case studies, Table 2 presents a tech-
nological framework for supporting smart and sustainable 
reverse logistics transformation. The subsequent sub-sec-
tions discuss the potential paradigm changes with respect to 
the five main reverse logistics processes: (1) smart collec-
tion; (2) smart sorting and process management; (3) smart 
remanufacturing and recycling; (4) smart transportation and 
distribution; (5) smart disposal.

Smart collection

Even though the routes can be regularly optimized in a 
traditional collection system of EOL products, the inher-
ent uncertainty may lead to a resource allocation dilemma, 
which requires a balance between operating costs and ser-
vice levels. For instance, the collection of EOL products and 
other types of waste on fixed schedule and routes usually 
leads to inefficient use of resources, high fuel consumption 
(Lu et al. 2020), and low service level. To make it worse, 
the low service level of biodegrade waste may result in an 
accumulation of bacteria from bad odors and the spread of 
diseases (John et al. 2021). To tackle this problem, smart 
bins embedded with IoT sensors are increasingly used to 
monitor and provide real-time information about their fill 
levels and locations (Gutierrez et al. 2015), based on which 
the collection routes can be dynamically optimized and digi-
tally updated. An IoT-driven Kanban system was designed 
by Thürer et al. (2019) for the collection of EOL products. 
Another IoT-enabled prediction and monitoring system was 
proposed by John et al. (2021), which could be installed in 
the existing collection bins of different sizes. Empowered 
by an intelligent neural network, it can learn and predict the 
waste generation patterns and send timely notifications to 
appropriate personnel via a firebase cloud messaging system 
with a dynamic web data dashboard.

Combining with GIS and data-driven optimization 
models, the routing of collection vehicles can be individ-
ualized and dynamically optimized with real-time data 
(Ramos et al. 2018), based on which the collection ser-
vice can be drastically improved without an increase in 
resource needs. To guarantee the real-time capability of 
data transmission, Cotet et al. (2020) developed a cloud-
based automated system for innovative waste collection 
services. The combination of smart sensors, data, and opti-
mization algorithms forms a smart CPS for EOL product 
collection in reverse logistics (Bányai et al. 2019). With 
increasing customers’ involvement via digital platforms, 
the collection service can be provided based on individual-
ized customer demands (Sung et al. 2020). This provides 
a new business model for improved policy-making and 
value proposition, e.g., pricing-by-service, and for better 

interactions among different stakeholders. In addition, the 
use of smart robots for autonomous waste collection has 
recently been focused on during the COVID-19 pandemic 
due to their potential impacts on reducing infection risks 
of health workers.

Smart sorting and process management

Due to the complex composition and quality of EOL prod-
ucts in the reverse flows, sorting is traditionally a semi-
automated and labor-intensive process, where different 
recyclables need to be manually picked up and separated 
by human workers. However, the hazardous substances and 
the harsh working environment have put significant threats 
to the health of these workers. The recent developments 
of AI and vision-based systems have empowered smart 
robots with the capability of recognizing and automati-
cally separating different types of recyclables (Wang et al. 
2020; Zhang et al. 2019), which has shown great potential 
to become the gamechanger in reverse logistics operations 
(Wilson et al. 2021). An automated AI-enabled intelligent 
robot-based sorting system has been investigated for sepa-
rating hazardous materials from WEEE (Sarc et al. 2019). 
For some types of EOL products, i.e., aluminum cans and 
plastic bottles, recent research shows that the separation 
accuracy by robot-based smart systems can be up to 90% 
(Gundupalli Paulraj et al. 2016a). To support the separate 
collection of different types of EOL products at the sources, 
e.g., home and office, a prototype of small-scale automatic 
sorting bins is developed by Ismail et al. (2018), which 
used smart sensors and material classification technologies.

Industry 4.0 technologies can also help to better manage 
different processes and facilities. The end-to-end integra-
tion of radio-frequency identification (RFID), Bluetooth 
low energy (BLE), smart sensors, smart containers, and 
hybrid gateway in a networked CPS allows real-time infor-
mation collected from various reverse logistics processes, 
i.e., returned product identification, classification, local 
information, and global information, which can be used for 
better inventory control and environmental management of 
the whole process (Garrido-Hidalgo et al. 2019a). Another 
reverse logistics challenge is caused by the increased gen-
eration of infectious waste during the COVID-19 pan-
demic (Babaee Tirkolaee and Aydın 2021;Yu et al. 2020), 
and a large proportion is mixed with conventional waste 
especially in developing countries (Kumar et al. 2021). 
Thus, an AI-based automated system is established by 
Kumar et al. (2021), which provides an integrated solu-
tion for more accurate sorting of COVID-19-related medi-
cal waste streams from other waste types to support data-
driven recycling planning.
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Smart remanufacturing and recycling

From cloud-based systems to digital twins (Wang and Wang 
2019), Industry 4.0 paves the way for a data-driven smart 
remanufacturing process. The high uncertainty related to 
the quality, quantity, time, and locations of return of EOL 
products, e.g., WEEE and used vehicles, is the most sig-
nificant hindrance in a traditional remanufacturing process. 
To tackle this, a product-based digital twin that integrates 
IoT and cloud technologies enables smart data collection 
and condition monitoring throughout the whole product life 
cycle (Wang and Wang 2019). Besides, consumers can also 
easily provide relevant product-related information via sev-
eral digital platforms, e.g., smartphone apps and websites. 
Based on the generic architecture proposed by Wang and 
Wang (2019), a personalized digital twin can be developed 
for tracking the relevant data of specific products, which will 
be used for better identification, classification, and sorting 
for further processing.

Big data analytics can help to maximize the value recov-
ery of EOL products through better information on specific 
production times and options in reverse logistics (Filip and 
Duta 2015). Using the real-time product information and 
system data as the dynamic inputs to the optimization mod-
els can maximize the effectiveness and resource utilization 
through improved and more flexible production planning 
for remanufacturing (Zhang et al. 2018). Besides, a data-
driven intelligent dismantling may also reduce the damage 
during product dissembling and improve the quality and 
predictability of remanufactured products (Alcayaga et al. 
2019). In addition, some other technologies can also help to 
improve the remanufacturing and recycling operations. For 
example, the quality and effectiveness of the maintenance 
service and functionality restoration in remanufacturing can 
be improved through intuitive step-by-step AR guidance to 
human operators in a product disassembling process (Chang 
et al. 2017). Besides, the use of UAVs can assist in monitor-
ing the remanufacturing process. Additive manufacturing 
provides a more flexible and cost-efficient way to restore the 
functionalities of EOL products and dissembled components 
(Kerin and Pham 2019). At the system level, computer-based 
simulation can provide deep and visualized insights into the 
system behaviors in a smart remanufacturing process. In this 
regard, hybrid simulation techniques, i.e., system dynam-
ics, discrete event simulation, and agent-based modeling, 
are used to investigate the impact of smart technologies as 
well as the economic viability of remanufacturing (Okorie 
et al. 2020).

Smart transportation and distribution

The effective sharing of information and resources is one of 
the most important features of Industry 4.0, and this provides 

different stakeholders in a reverse logistics system with the 
opportunities to better utilize their resources. IoT-based 
smart platforms have been used for dynamic optimization 
of demand allocation and routing of transport vehicles (Liu 
et al. 2019). The real-time vehicle data is collected from GIS, 
IoT sensors, 4G/5G devices, RFID, and GPS devices, which 
are then processed to match the task data from different 
companies. Finally, the assignments and routing decisions 
are optimized to achieve the most efficient use of available 
vehicles for multiple assignments from different companies. 
The system can be further optimized with real-time traf-
fic data for dynamic routing to minimize fuel consumption, 
greenhouse gas (GHG) emissions, and traffic congestion. 
A web-based information sharing system is developed by 
Gebresenbet et al. (2018) for the reverse logistics manage-
ment of agricultural biomass. The real-time information 
is collected via both smart devices and end-users, through 
which the demands and the supplies can be better matched 
to achieve a high level of inter-company resource utilization. 
The improved traceability can help to reduce product losses 
and logistics costs, while at the same time, improving market 
opportunity and product quality (Gebresenbet et al. 2018). 
In addition, by connecting cameras, smart sensors, and radar 
equipment to the network of AI-enabled onboard computers, 
self-driving trucks have shown a great potential to realize 
autonomous driving (Wilson et al. 2021). In some tasks, 
smart AI has already overtaken human competence levels, 
and with the continuous maturity of autonomous vehicle 
technology, the paradigm of reverse logistics will also be 
largely changed in the near future (Klumpp 2018).

Smart disposal

The problem of waste disposal is not only related to dealing 
with the disposal of waste in the proper place but is also 
associated with reducing the volume of waste disposal (Kar-
nalim et al. 2020), safety issues, and cleanliness (Fernandes 
and Wairkar 2020). Even though an increasing amount of 
EOL products are recycled, incineration plants and land-
fills are still the final destinations of the non-recyclables in 
reverse logistics systems, where smart robots can be used 
to replace human workers in harsh working environments. 
IoT-enabled smart systems can help to monitor the key per-
formance indicators and remotely control different opera-
tions (Chowdhury et al. 2018; Fatimah et al. 2020). The 
landfill of solid waste generates landfill gas and high-density 
hazardous liquid, called leachate, both of which have sig-
nificant environmental impacts and need thus to be properly 
treated. To better manage the leachate problems, a cloud-
based IoT system can play an important role in connecting 
the relevant field data with respective mathematical models 
to analyze several key parameters, i.e., turbidity, suspended 
solids, and dissolved oxygen, for smart disposal (Gopikumar 
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et al. 2021). Besides, the smart bin is a solution for conveni-
ent waste disposal without the need to touch the lid, which 
avoids the spread of disease especially during the pandemic 
(Fernandes and Wairkar 2020).

A future research agenda

By analyzing the potential impacts of Industry 4.0 tech-
nologies on reverse logistics processes, Fig. 6 illustrates 
the architecture that enables the smart and sustainable 
transformation in Reverse Logistics 4.0. The smart and 
sustainable reverse logistics transformation concisely pre-
sents the union of both physical and digital value chains. 
On the one hand, a physical value chain illustrates the 
application and impacts of these disruptive technologies 
at both inter- and intra-organizational levels. On the other 
hand, a digital value chain assesses the long-term impacts 
on value-adding and value recovery patterns from a tech-
nological standpoint (Tozanlı and Kongar 2020). The 
proposed architecture explicitly links reverse logistics 
activities, Industry 4.0-enabled cyber-physical connection 
and interaction, and technological enablers for the smart 
transformation of collection, sorting and process manage-
ment, remanufacturing and recycling, transportation and 

distribution, and waste disposal. It is noteworthy that the 
targeted sustainability goals are centered on the archi-
tecture of smart reverse logistics transformation, which 
further reflects the ultimate goal of Reverse Logistics 4.0 
is not to adopt technology but to improve sustainability 
through service and operation transformation by using 
technology, as shown in Fig. 5. In this regard, Industry 4.0 
technologies can provide more data, more connectivity, 
more intelligence, more flexible automation, and better 
resource sharing, through which the sustainable goals can 
be better archived through the improvement of various 
reverse logistics activities and processes. In addition, 
based on the analysis of reported research and cases in the 
literature, Fig. 6 illustrates a mapping between the smart 
reverse logistics transformation and the proper Industry 
4.0 enablers.

Even though recent research efforts have been increas-
ingly given to Industry 4.0-enabled smart and sustainable 
reverse logistics (Dev et al. 2020a;Dev et al. 2020b), there 
are still several gaps, e.g., a lack of comprehension and 
understanding of Industry 4.0 (Pourmehdi et  al. 2021), 
unclear benefits, and lack of quantitative approach for 
performance evaluation (Sun et al. 2021), that need to be 
filled. Thus, we identified four directions for guiding future 
research:
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Industry 4.0 Technologies

Smart collection 

• IoT-sensor embedded smart 
bins (1,2,4,11)

• Dynamic web data dashboard 
(7)  

• Real-time routing of 
collection vehicles (1,2,3,4)  

• Digital and individualized 
collection services (11)

• Cloud-based autonomous 
waste collection system 
(1,2,3,4,11)

Smart sorting and process 
management

• Small-scale automatic sorting 
recycle bin

• Smart sorting multicriteria 
analysis (11)

• Accurately Separating 
hazardous materials and 
disposal analysis (1,2,4,9,11)

• An automated AI-enabled 
intelligent robot-based sorting 
system (1,2,4,9,11)

More connectivityMore data More flexible automation More resource sharing More intelligence

Smart remanufacturing and 
recycling

• Predictive planning and real-
time decision makings (3,7,11)

• Digitized entire product life 
cycle(1,2,3,4)

• Effective functionality 
restoration and individualized 
maintenance services (3,5,9)

• Flexible product redesign and 
data-driven remanufacturing 
planning (1,2,6,7)

Smart transportation and 
distribution

• Self-driving trucks and 
automated driving support 
systems (1,10,11)

• Dynamic optimization of 
demand allocation, data-
driven fleet management and 
vehicle routing (1,2,3)

Smart disposal

• A cloud-based IoT system for 
better manage the leachate 
problems (1,4)

• Intelligent automated waste 
disposal (1,11,12)

• The design of touchless smart 
bin for convenient disposal of 
trash 

• Garbage disposal EVs (1,11) 

• Intelligent remote-control 
operation (1,2,4,9)

• Better working procedures 
through real-time instructions 
and task visualizations (7,9,10)

• Effective collaboration, 
better resource sharing and 
demand matching through 
cloud-based digitalization 
and system integration 
(1,2,3,10,12)

• Balanced inventory and 
process management through 
smart sorting (1,2,3,11)• Smart predication and 

monitoring (3,11)

32 4 5 6 7 8 9 10 121 11

C
yber physical system

Technological relevance

Fig. 6  The architecture of the smart reverse logistics system enabled by Industry 4.0
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• Smart and innovative reverse logistics services: Service 
innovation is the most important driver for the para-
digm shift in Reverse Logistics 4.0 to better meet the 
sustainability goals. However, the current research puts 
a predominant focus on the smart operations of iso-
lated reverse logistics activities but not on the service 
innovation, which consequently hinders the real-world 
adoption of Industry 4.0 technologies due to the unclear 
benefits on customer value (Pourmehdi et al. 2022). 
Furthermore, the role of customers in the smart reverse 
logistics transformation has not been well investigated 
(Shokouhyar et al. 2021). Even though digital platforms 
are widely used today for better information sharing 
between customers and collection companies, for exam-
ple, on the collection schedules of different types of 
EOL products and waste, they are mainly a one-way 
information flow and customers cannot require individ-
ualized collection service based on their actual needs. 
Thus, research needs to be carried out to better under-
stand how Industry 4.0 technologies can be used to 
effectively and efficiently meet individualized demands 
in reverse logistics, which opens several research pos-
sibilities, e.g., demand/data-driven collection service 
systems, new business models, and pricing strategies for 
the value proposition through demand individualization 
and service diversification. In addition, a cloud-based 
system can provide a platform for end-users to register 
the relevant information of the returned EOL products 
(Wang and Wang 2019), but the supporting policies and 
mechanisms have not been well in place to promote the 
customers’ active participation in reverse logistics. In 
this regard, future research is invited to focus on ser-
vice innovation and smartness, as well as the customers’ 
role and active involvement in Reverse Logistics 4.0, 
through which the “service-based individualization” 
can be better interpreted to show clearer customer value 
and benefits to the companies. It will eventually help 
to promote the smart and sustainable transformation of 
Reverse Logistics 4.0.

• Quantitative models for smart and sustainable reverse 
logistics management: The Industry 4.0-enabled smart 
reverse logistics services will lead to a transformation 
of traditional reverse logistics operations by increasing 
connectivity, smartness, and autonomous operations. 
Thus, there is a need for new quantitative models or 
new ways of using and integrating existing models to 
deal with new challenges (Olsen and Tomlin 2020), 
e.g., predictive operational planning with AI and real-
time data integration, and to better support strategic, 
tactical, and operational decisions for smart and sus-
tainable reverse logistics management. For example, 
reverse logistics network design is one of the most 

important strategic designs, which may yield long-
term impacts on sustainable performance. The smart 
transformation in Reverse Logistics 4.0 may dramati-
cally change the operations and the key parameters 
within the planning horizon, which makes the initial 
network design becoming much more complex. In 
addition, implementing Industry 4.0 technologies to 
reduce internal operating costs through digital end-to-
end integration is complex and requires a large initial 
investment (Bai et al. 2020), so a holistic analysis is 
needed to understand the long-term impacts of this 
smart transformation. In this regard, new quantitative 
models and methods are needed for better decision sup-
port and comprehensive scenario analyses of the poten-
tial impact of smart reverse logistics transformation in 
the strategic network design, which can provide holistic 
insights to the decision-makers.

• Digital reverse logistics twin: As shown in Fig. 6, the 
combination of the physical world and the cyber world 
in a smart digital twin is a promising research direc-
tion in Reverse Logistics 4.0, where, for example, AI-
enabled data prediction and real-time data collected 
from both cyber and physical sources can be collabo-
ratively used with mathematical models and computer-
based simulation to better predict the key parameters 
or the parameter distributions for the quantitative deci-
sion support models (Ivanov and Dolgui 2021), which 
will help to minimize the impact of uncertainty in 
the reverse flows and to yield robust decisions, e.g., 
scheduling and vehicle routing (Zhang et al. 2018). The 
high-quality visualization of the reverse logistics sys-
tem can help decision-makers to better analyze different 
operations. Furthermore, developing bi-directional con-
trol and interactions of the smart digital twin provides 
opportunities for autonomous reverse logistics opera-
tions. A smart digital reverse logistics twin requires an 
in-depth methodological integration and a high-level 
system integration, where various smart robots and 
devices, software, data, analytical models, visualization 
tools, etc. need to be effectively and seamlessly con-
nected and interacted (Sun et al. 2022). Furthermore, 
due to the complex flows and the involvement of several 
stakeholders, the system boundary of the smart trans-
formation needs to be clearly defined, which helps to 
better interact with different reverse logistics players. 
In addition, multiple sustainability indicators need to 
be measured with both cyber and physical sources and 
be accounted for in the quantitative models for deci-
sion support. For example, the real-time routing may be 
dynamically optimized considering several objectives to 
balance economic costs, truck utilization, GHG emis-
sions, and driver’s working time.
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• Human-centricity and Reverse Logistics 5.0: Even though 
the opportunities for improving sustainability and circu-
lar economy have been discussed, Industry 4.0 is pri-
marily a technology-driven paradigm shift. The recently 
proposed concept of Industry 5.0 has led to a changing 
focus from technology to human-centricity, resilience, 
and sustainability in the transition of many sectors (Fred-
erico 2021;Jafari et al. 2022), which may result in new 
research directions for smart reverse logistics transforma-
tion. For instance, Industry 4.0 focuses on the develop-
ment of autonomous solutions to replace human workers. 
However, on the other hand, Industry 5.0 emphasizes the 
harmony between humans and technology, where tech-
nologies are used not to replace humans but to better help 
human workers and create new job opportunities (Jafari 
et al. 2022). In this regard, future research is invited to 
further investigate the human-centric, resilient, and sus-
tainable transformation of Reverse Logistics 5.0. Some 
specific topics are, for example, the updated sustainabil-
ity goals in Reverse Logistics 5.0, especially from the 
social and environmental perspectives, human-machine 
collaboration in reverse logistics, the use of AR and col-
laborative robots (Cobot) for various operations (Ramírez 
et al. 2020), and so forth.

Table 3 presents several promising topics to better guide 
future research in each direction.

Conclusion

Today, Industry 4.0 provides new opportunities and solu-
tions to combine physical elements and data, autonomous 
technologies, internet- and cloud-based connectivity, data-
driven analytics, and model-based analytics in highly digi-
talized and smart reverse logistics systems. However, there 
is still a lack of a systematic conceptualization to guide 
the paradigm transition of reverse logistics in Industry 4.0. 
Therefore, based on the reported research and case studies 
from the literature, this paper aims at contributing to the 
definition and conceptual development of Reverse Logistics 
4.0 and providing a general framework of the smart reverse 
logistics transformation to better achieve the sustainabil-
ity goals in the triple-bottom-line by answering the three 
research questions:

• To answer RQ1, the theoretical and practical evolvement 
of the concept of reverse logistics is discussed in com-
parison with the four Industrial Revolutions in history. 
Reverse Logistics 4.0 is then defined based on the para-
digm shift brought by Industry 4.0.

• To answer RQ2, the general conceptual framework for 
the smart reverse logistics transformation is proposed 
considering technological enablers, smart service trans-
formation, smart operation transformation, and sustain-
ability goals. Moreover, the implications of adopting 
Industry 4.0 technologies in smart collection, smart 

Table 3  Future research agenda

Research directions Specific topics

Smart and innovative reverse logistics services • Demand/data-driven waste collection service
• New business models for value proposition through individualized and diversified services
• Pricing strategies for individualized collection service
• Customers’ role in smart and sustainable reverse logistics transformation
• Supporting mechanisms for promoting end-users’ participation in reverse logistics

Quantitative models for smart and sustainable 
reverse logistics management

• Quantitative methods for evaluating the impacts of Industry 4.0 technologies, e.g., IoT, AI, 
additive manufacturing, smart robots, etc., on smart reverse logistics operations

• Smart and sustainable reverse logistics network design
• Data-driven proactive reverse logistics operational planning with AI and optimization (e.g., 

remanufacturing and recycling)
• Data-driven dynamic and real-time vehicle routing for collection and transportation of EOL 

products (traffic data, fill level, etc.)
Digital reverse logistics twin • Product-based digital twin with IoT and cloud technologies for data collection in the EOL 

stage
• Methodological integration (predictive analytics, prescriptive analytics, and descriptive 

analytics)
• Cyber-physical system integration (IoT sensors, smart devices, data, analytical models, and 

algorithms)
• Real-time decision support and optimization under multiple sustainability goals

Human-centricity and Reverse Logistics 5.0 • Definition and conceptualization of the human-centric smart transformation of Reverse 
Logistics 5.0 and the updated sustainability goals

• The role of humans in the paradigm transition of reverse logistics
• The development and use of collaborative technologies in smart reverse logistics systems
• The impacts of adopting collaborative technologies in smart reverse logistics service and 

operations



 Environmental Science and Pollution Research

1 3

sorting and process management, smart remanufactur-
ing and recycling, smart transportation and distribution, 
and smart disposal are thoroughly analyzed.

• To answer RQ3, a research agenda with four research 
directions is given to show the roadmap towards Reverse 
Logistics 4.0 through smart and sustainable transforma-
tion, and several specific topics are also suggested for 
each research direction.

Research implications This paper provides a systematic defi-
nition, conceptualization, and research agenda of Reverse 
Logistics 4.0 to thoroughly link Industry 4.0, reverse logis-
tics, and sustainability goals in the smart paradigm tran-
sition. Furthermore, research opportunities are clearly 
identified to guide future theoretical and methodological 
developments related to smart reverse logistics service 
innovation, quantitative models for smart and sustainable 
reverse logistics management, digital reverse logistics twin, 
and human-centricity and Reverse Logistics 5.0.

Managerial implications This paper provides a conceptual 
framework that can help decision-makers and practitioners 
to understand how these sustainability goals can be better 
met through the technology-driven smart service and opera-
tion transformations of a reverse logistics system. Further-
more, it also presents a mapping between the technological 
enablers in Industry 4.0 and the smart transformation of dif-
ferent reverse logistics processes, and this provides a guide 
for the technology adoption of reverse logistics companies.

Future works Even though research efforts have been spent 
to develop smart reverse logistics planning, especially with 
the application of real-time data in several operations, there 
is still a need for a better understanding of service innova-
tion, customer participation, and the role of humans, as well 
as other key influencing factors in Reverse Logistics 4.0. 
The impacts of smart reverse logistics transformation need 
to be holistically and comprehensively taken into account 
in the initial planning stage, e.g., network design. Besides, 
increased methodological integration and system integration 
are needed to realize the concept of a highly integrated and 
intelligent digital reverse logistics twin. Future research is 
thus invited to tackle these challenges.
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