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Multi-echelon reverse logistics network design in
the context of circular economy: a Hong Kong
case study
Kai Kang 1 & Bing Qing Tan 2✉

The management of construction and demolition waste (CDW) is emerging as a significant

global challenge. Traditional methods such as direct landfill and incineration fail to handle the

vast amount of CDW properly, resulting in serious social and environmental issues. In this

context, the construction industry has increasingly recognized the importance of CDW

recycling and recovery. Consequently, construction industry leaders are advocating for

development of reverse logistics networks for multiple types of CDW by solving a multi-

objective mixed-integer linear programming model, which aims to restore waste for new

structures toward circular economy. This model reduces landfill waste and maximizes the

value of CDW, while minimizing total cost and negative environmental impact by integrating

with the government under uncertainties to encourage sustainable management of CDW. A

real-world case study from Hong Kong is conducted to examine and validate the practicability

of the proposed model. Experimental results show that transportation activities have a sig-

nificant impact on the reverse logistics network design since they are costly and generate the

largest share of carbon emissions. In addition, a regulatory mechanism, i.e., setting carbon

emission caps, proves effective in balancing facility workload and improving the utilization of

underutilized facilities. The results also indicate that the proposed reverse logistics network is

capable of adapting to costly transportation scenarios by prioritizing facilities with higher

operational costs but lower transportation expenses.

https://doi.org/10.1057/s41599-024-04323-4 OPEN

1 College of Economics, Shenzhen University, Shenzhen 518055, PR China. 2 College of Urban Transportation and Logistics, Shenzhen Technology University,
Shenzhen 518118, PR China. ✉email: tanbingqing@sztu.edu.cn

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |           (2025) 12:40 | https://doi.org/10.1057/s41599-024-04323-4 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-04323-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-04323-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-04323-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1057/s41599-024-04323-4&domain=pdf
http://orcid.org/0000-0002-3142-5883
http://orcid.org/0000-0002-3142-5883
http://orcid.org/0000-0002-3142-5883
http://orcid.org/0000-0002-3142-5883
http://orcid.org/0000-0002-3142-5883
http://orcid.org/0000-0002-3534-0529
http://orcid.org/0000-0002-3534-0529
http://orcid.org/0000-0002-3534-0529
http://orcid.org/0000-0002-3534-0529
http://orcid.org/0000-0002-3534-0529
mailto:tanbingqing@sztu.edu.cn


Introduction

Construction and demolition waste (CDW) accounts for
40% of all waste generated worldwide (United Nations
Environment Programme 2012). It includes a wide variety

of materials, such as concrete, bricks, sub-soil, rebar, wood, glass,
metals and plastic (Wu et al. 2017), arising from construction and
demolition of buildings and infrastructure, as well as refurbish-
ment, renovation and maintenance. As inevitable by-products of
construction activities, CDW treatment has become a challenging
issue for many countries, due to rapid industrialization and
urbanization. Direct landfill and incineration, the most common
approaches to CDW disposal, have been widely adopted since
they are convenient and easy to implement. However, landfill
spaces used for CDW are being consumed at a startling rate,
while incineration produces carbon emissions and might release
toxic fumes. The improper handling and disposal of CDW, par-
ticularly hazardous materials, can cause adverse effects on the
environment and society, such as increased land-use requirement
for landfills, resource depletion and ecosystem degradation (Xin
and Wan 2023; Nawaz et al. 2023a).

As the circular economy gains widespread acceptance,
numerous policies and initiatives have been devised to stimulate
the adoption of sustainable methods (Chu et al. 2024), for
example, the Roadmap to a Resource Efficient Europe and Cir-
cular Economy Action Plan in European Union (Nußholz et al.
2019), Bulk Solid Waste Comprehensive Utilization Plan in China
(Huang et al. 2018), and Construction Waste Disposal Charging
Scheme in Hong Kong SAR of China (Yu et al. 2013). The pur-
pose of these initiatives is to decrease CDW generation, uplift its
reuse and recycling, and ultimately realize a circular economy of
CDW. The environmental and economic benefits of CDW
recycling markets have been quantified theoretically using an
analytical model (Besklubova et al. 2023). Motivated by these
policies and benefits, the construction industry with social
responsibility has embarked on designing reverse logistics net-
works for sustainable construction toward a circular economy
(AECOM 2019). In addition to the administrative counter-
measures, technological advancements herald sustainable
approaches to CDW disposal aligned with the principles of the
circular economy.

Reverse logistics is the process of planning, implementing and
controlling backward flows of used products and materials from
their end-users to recovery or proper disposal points (Alumur
et al. 2012). However, reverse logistics network design for CDW is
a more complicated problem compared with other types of waste,
such as waste electrical and electronic equipment. The main
hurdles can be summarized as the “three more problems”: more
multifaceted processes, more decision-makers and more uncer-
tainties. First, more multifaceted processes are involved in CDW
treatment, resulting in a more complex multi-echelon topology.
These processes are performed in existing facilities that are shared
to dispose of other municipal waste. Thus, additional constraints
need to be considered. Second, more decision-makers (e.g., reg-
ulators and facility managers) engage in its reverse logistics net-
work design, instead of one decision-maker. Diversified,
conflicting objectives must be balanced for efficient collaboration
to maximize economic, environmental and social benefits (Nawaz
et al. 2023b). Third, more uncertainties are closely associated with
the reverse logistics network of CDW, such as the daily CDW
generation amount at generation points. The reverse logistics
network of CDW could lose its optimality or feasibility due to
these uncertainties. Consequently, it is imperative to design a
cost-effective and efficient reverse logistics network for CDW
treatment.

Motivated by the industrial practices of recycling and reusing
CDW, three pertinent research questions explored in this paper

are as follows: (i) How can a theoretical framework be designed
for stakeholders and regulators to establish reverse logistics net-
works when considering the “three more problems”? (ii) What
model can be formulated to optimize the reverse logistics net-
works under uncertainties when multiple objectives are incor-
porated? (iii) What are the key factors affecting reverse logistics
network performance, and what operational strategies can be
adopted to adapt future practices of CDW recycling and reuse?

To address the above research questions, this paper proposes a
multi-objective mixed-integer linear programming (MILP) model
to design a multi-echelon reverse logistics network for CDW
considering the “three more problems”. To answer the first
question, a real-life CDW recycling practice in Hong Kong is
studied to identify key stakeholders, echelons, factors and
uncertainties in a reverse logistics network. A modeling frame-
work is presented to enhance collaboration between practitioners
and regulators for CDW recycling. The second question is
answered by formulating a MILP model based on economic,
environmental and efficiency principles to minimize the total cost
and total carbon emission under uncertainties (Nawaz et al. 2022;
Avotra and Nawaz 2023). More specifically, an ε-constraint
method is employed to transform multiple and conflicting
objectives into constraints, thereby formulating single-objective
subproblems. The upper bounds of the constraints, provided by
the ε-vector, help generate the Pareto frontier for optimal solu-
tions (Bérubé et al. 2009). The fuzzy random variable technique is
adopted to measure uncertainties in the proposed model due to
the absence of credible and accurate data. This technique has
been commonly used to estimate parameters such as demands
and distances in various problems, such as the oil refinery waste
management problem (Zhumadillayeva et al. 2020), the post-
disaster relief distribution problem (Cao et al. 2021) and the
maximal covering location problem (Aider et al. 2023). To the
third question, a real-life case study from Hong Kong is intro-
duced to validate the proposed model. Sensitivity analysis is also
conducted to analyze the impact of key parameters on reverse
logistics network design. According to findings and observations,
some useful managerial implications are summarized for stake-
holders to manage the reverse logistics network and realize a
circular economy in the Hong Kong construction industry.

This research makes theoretical and practical contributions as
follows. To the best of our knowledge, this research is among the
first to design reverse logistics networks for multi-CDW recycling
under uncertainties, considering the economic, environmental
and efficiency principles. These principles are incorporated into a
generic framework to facilitate collaboration with multiple sta-
keholders for reverse logistics network design. Second, the pro-
posed model considers the off-site sorting strategy which is often
adopted in practice but rarely studied theoretically by optimiza-
tion models. This formulation contributes to the CDW reverse
logistics network modeling and makes the model formulation
consistent with industrial practices. Third, based on key findings
and observations of the case study, several managerial insights are
identified for regulators to develop CDW recycling policies and
for operators to improve and manage the CDW reverse logistics
network. The Hong Kong case study serves as an exemplary case
for other regions that face similar challenges in sustainable con-
struction and CDW recycling initiatives toward a circular econ-
omy (Li and Du 2015; Soto-Paz et al. 2023).

The remainder of this paper is organized as follows. Section
“Literature review” reviews the literature on reverse logistics
network design and reverse logistics in construction. Section
“Problem description” gives a problem description. Section
“Modeling” formulates a model for the reverse logistics network
design problem. Section “Case study” verifies the proposed model
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through a Hong Kong case study. Section “Discussion” discusses
the key findings and observations. Section “Conclusions” shows
the conclusions and future research directions.

Literature review
This paper is closely related to three streams of literature. The
first relevant steam is reverse logistics network design, which has
been extensively studied over the past decades. Srivastava (2008)
develops a conceptual model for designing a reverse logistics
network consisting of collection centers and two types of rework
facilities established by an original equipment manufacturer for
typical electronic devices, such as televisions, washing machines
and personal computers. Alshamsi and Diabat (2015) formulate
an MILP model to design reverse logistics networks by selecting
optimal sites and determining the capacities of inspection centers
and manufacturing facilities. Their work specifically examines the
impact of providing in-house fleets and outsourcing options on
reverse logistics. Govindan and Bouzon (2018) analyze the key
drivers and barriers of reverse logistics through a systematic lit-
erature review, and suggest multiple perspectives (including
company, society, government and customer) should be con-
sidered while addressing the reverse logistics network design
problem. Prajapati et al. (2019) provide a literature review on
reverse logistics, highlighting that existing research primarily
focuses on the manufacturing, automobile and electronics
industries. More recently, due to the outbreak of COVID-19,
reverse logistics network design for medical waste management
has garnered increased attention (Kargar et al. 2020). For
example, Richter et al. (2021) propose an iterative tessellation-
based analytical approach for efficient and practical waste man-
agement region design at the tactical level. The importance of
reverse logistics is being discovered by not only in traditional
industries but also across various other sectors.

The second stream focuses on technological advancements in
CDW recycling and reuse. Recently, technologies for the
separation and recovery of CDW have been innovated and
developed, making them readily accessible and generally afford-
able. Davis et al. (2021) design a deep convolution neural
network-based approach for classifying typical CDW using digital
images for collection, sorting and recycling. Krishnan et al. (2021)
present current technologies for recovering metals from waste
and declare that some of them are proven and successful pro-
cesses for large-scale implementation. Moreover, Guerra et al.
(2020) adopt building information modeling (BIM) to enhance
CDW planning with temporal-based algorithms at the project
level. While all technologies have been developed, they remain
limited to specific, isolated echelons, such as CDW generation
points and recycling facilities. To enable more effective utilization
of these technologies, reverse logistics network design is necessary
to bridge these isolated echelons.

The third stream is reverse logistics in construction. Hu and
Sheu (2013) highlight the importance of reverse logistics for
managing post-disaster debris, and develop a multi-objective LP
model to minimize reverse logistics costs, as well as environ-
mental and operational risks. They show that their model reduces
risk-induced and psychological costs compared with those models
solely optimizing logistics costs. Considering the uncertainties in
post-disaster debris quantities across different locations, Aydin
(2020) proposes a stochastic MILP model to design reverse
logistics networks for end-of-life-buildings’ debris in the Turkey
context. In addition, siginificant efforts have been directed toward
reverse logistics network design for CDW. Fu et al. (2017) design
a multi-objective location model incorporating government sub-
sidies and solve it using an improved particle swarm optimization
algorithm. Their results show government subsidies have a

substantial impact on reverse logistics network design. Rahimi
and Ghezavati (2018) employ a risk-averse two-stage SP to
develop a reverse logistics network under an uncertain demand
and rate on investment, with particular consideration of on- and
off-site separation. Xu et al. (2019) present a dynamic MILP
model to select disposal processes, determine waste disposal
volumes and control total costs under the government’s green tax
regulation over multiple time periods. Shi et al. (2019) propose a
multi-objective location model to optimize the construction waste
recycling and disposal plants, aiming to minimize costs and
reduce negative environmental effects. Likewise, Pan et al. (2020)
formulate a multi-period, multi-objective MILP model for CDW
treatment plant location planning and capacity expansion plan-
ning. Their model addresss the objective conflicts among different
stakeholders, such as contractors and recycling firms. Shi et al.
(2020) investigate reverse logistics network design of CDW under
two carbon policies—carbon price and carbon trading—based on
a real case study from China. Their findings reveal that the carbon
price policy improves the CDW recycling ratio and reduces
carbon emissions, while the carbon trading policy incentivizes
even higher recycling rates and lower carbon emissions (Kang
and Tan 2023). Yang and Chen (2020) employ robust optimi-
zation to improve the robustness of a reverse logistics network for
CDW against uncertain situations. Ahmed and Zhang (2021)
develop a MILP model to minimize both facility-based and non-
facility-based costs for reverse logistics network design. Table 1
summarizes the model and solution details.

From the literature review, an in-depth analysis is performed to
identify research gaps. First, reverse logistics has primarily been
studied in traditional industries. Although its importance is
intuitively evident, there is limited literature addressing its
application in other sectors such as the construction industry.
Second, many deterministic models are currently formulated to
design reverse logistics networks in previous studies without
considering uncertainties. Ignoring uncertainties affects the
quality and feasibility of these models, often resulting in sub-
optimal or even infeasible solutions. Third, environmental effects
are rarely incorporated into these models, despite the fact that the
primary goal of reverse logistics is environmental protection.
Most existing models are developed from an economic perspec-
tive, overlooking their environmental implications. To fill these
research gaps, this research investigates the operations of CDW
recycling practices in Hong Kong, proposes a multi-objective
MILP model to minimize total costs and carbon emissions for
multi-CDW recycling in a single period under uncertainties, and
analyzes the impact of policy control parameters on reverse
logistics network design for CDW management.

Problem description
This paper designs a multi-echelon reverse logistics network for
CDW through a four-layer framework as shown in Fig. 1. Four
types of decision-makers follow three principles to minimize total
costs and negative environmental impacts under uncertainties
while designing the reverse logistics network.

They collaborate to develop an optimal reverse logistics net-
work for CDW recycling. Regulators enact relevant standards and
regulations to control and supervise the operations of CDW
treatment. For example, they can implement green taxes and
government subsidies to encourage recycling CDW. Project
managers are responsible for managing demolition work and
CDW disposal at generation points where waste is generated.
Facility managers operate facilities and control their capacities for
CDW disposal. Transportation companies as third logistics ser-
vice providers transport CDW among these facilities according to
recycling plans.
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Three principles are followed by decision-makers when
designing a reverse logistics network. The economic principle
directs these decision-makers to maximize overall benefits and
minimize costs of this reverse logistics network and balances
trade-offs between these benefits and costs of stakeholders. The
environmental principle safeguards the environment by mini-
mizing the detrimental effects of activities, such as carbon emis-
sions associated with transportation. The efficiency principle
ensures that the reverse logistics network is designed to maximize
benefits while minimizing costs, preventing misused resources,
particularly in face of uncertainties.

Based on the principles, objectives can be summarized for
model formulation as follows. Total costs are minimized while
satisfying specific constraints. Meanwhile, negative environmental
impacts are also minimized for environmental protection. The
proposed reverse logistics network is capable of dealing with
uncertainties to maintain both its efficiency and effectiveness.

The reverse logistics network is structured as a multi-echelon
topology, with each echelon represented by generation points or a
type of facilities. These facilities can be categorized into four
types: sorting facilities where CDW (including inert and non-
inert CDW) is sorted; public fill reception facilities which serves
as temporary storage prior to further treatment and reuse in
reclamation and site formation projects; recycling facilities where
waste is recycled and used; and landfill sites where the leftover is
ultimately disposed of. CDW is transported from upstream to a
downstream echelons within this network.

Modeling
Model formulation. A multi-objective MILP model is formulated
to solve the reverse logistics network design problem considering
uncertainties. This network is composed of G generation points, S
sorting facilities, P public fill reception facilities, R recycling
facilities, L landfill sites with K CDWs. This model minimizes two
objectives, namely total costs and carbon emissions, while
employing fuzzy numbers to deal with uncertainties. Some
assumptions are made to facilitate the model formulation. The
following assumptions are essential for simplifying the complex
problem of reverse logistics network design, making it more
manageable and applicable. The single-period approach reduces
model complexity, while some capacity constraints reflect real-
world operational limits. By incorporating uncertainties, this
model accounts for variability and enhances decision-making
resilience. Simplifying the loss of CDW and assuming full market
consumption of recycled materials helps in focusing on core
optimization objectives without additional complications.

Assumption 1. The reverse logistics network design is a single-
period decision problem. This indicates the decision process is
reset at the beginning of the next disposal period (Shi et al. 2020).
This assumption reduces the computational complexity of a
multi-period analysis. It is also reasonable in scenarios where
each disposal period involves distinct decisions based on updated
conditions.

Assumption 2. Each facility has a minimum and maximum
capacity for processing CDW to satisfy the economic principle
(Xu et al. 2017). Real-world facilities operate with physical and
economic limits. Imposing capacity constraints ensures that this
model aligns with practical operational limits and economic
principles.

Assumption 3. Unit transportation cost, daily generation of
CDW and daily consumption of CDW for reclamation and site
formation are assumed to be uncertain, due to influences of
gasoline prices, demolition progresses and market demands
(Rahimi and Ghezavati 2018, Xu et al. 2019). Uncertainties in key
parameters are an inherent aspect of real-world reverse logisticsT
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operations. By modeling these uncertainties, this model enhances
its applicability and robustness in decision-making under variable
conditions.

Assumption 4. There is no loss of CDW during transportation
and treatment of CDW (Pochampally et al. 2008). This
assumption simplifies the model by focusing on core issues of
cost and emission minimization. Losses are typically low or
manageable in modern logistics operations, as shown in related
studies.

Assumption 5. All recycled CDW in recycling facilities can be
consumed by the market. It can be observed that digital
marketplaces, such as Materials Marketplace (materialsmarket.-
com) in USA, Travis Perkins (travisperkins.co.uk) in UK and
Yunzhu (yzw.cn) in China, have been established to trade
recycled CDW. Authors also interviewed industrial collaborators
(a digital platform and a construction company) and found that
as encouraged by policies and incentives, an increasing propor-
tion of recycled CDW is being consumed by the market. Similar
details can also be found in Ding et al. (2023).

Indices, sets, parameters and decision variables. Indices and sets:
g 2 G: generation point where G is a set of generation points,
s 2 S: sorting facility where S is a set of sorting facilities,
p 2 P: public fill reception facility where P is a set of public fill

reception facilities,
r 2 R: recycling facility where R is a set of recycling facilities,
l 2 L: landfill site where L is a set of landfill sites,
k 2 K : CDW where K is a set of CDWs.
Parameters:
FCs: fixed cost for opening sorting facility s,
FCp: fixed cost for opening public fill reception facility p,
FCr : fixed cost for opening recycling facility r,
FCl : fixed cost for landfill site l,
Dgs: distance between generation point g and sorting facility s,

Dsp: distance between sorting facility s and public fill reception
facility p,

Dsl : distance between sorting facility s and landfill site l,
Dpr : distance between public fill reception facility p and

recycling facility r,
Drl: distance between recycling facility r and landfill site l,
OCsk: unit operational cost of sorting facility s for sorting CDW

k,
OCpk: unit operational cost of public fill reception facility p for

storing CDW k,
OCrk: unit operational cost of recycling facility r for

remanufacturing CDW k,
OClk: unit operational cost of landfill site l for disposal of

leftover of CDW k,
Ek: unit carbon emission per unit distance for transporting a

unit of CDW k,
Esk: unit carbon emission of sorting facility s for sorting CDW

k,
Epk: unit carbon emission of public fill reception facility p for

storing CDW k,
Erk: unit carbon emission of recycling facility r for remanu-

facturing CDW k,
Elk: unit carbon emission of landfill site l for disposal of leftover

of CDW k,
Csk: minimum processing capacity of sorting facility s for CDW

k,
�Csk: maximum processing capacity of sorting facility s for

CDW k,
Cpk: minimum processing capacity of public fill reception

facility p for CDW k,
Cpk: maximum processing capacity of public fill reception

facility p for CDW k,
Crk: minimum processing capacity of recycling facility r for

CDW k,

Fig. 1 Overview of reverse logistics network design.
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Crk: maximum processing capacity of recycling facility r for
CDW k,

Clk: minimum processing capacity of landfill site l for CDW k,
Clk: maximum processing capacity of landfill site l for CDW k,
θgk: collection ratio of CDW k at generation point g,
μsk: recyclable ratio of CDW k at sorting facility s,
φrk: remanufacturing ratio of CDW at recycling facility r.
Uncertain parameters:fTCk: unit transportation cost per unit distance for transporting

a unit of CDW k, which is measured by a triangle fuzzy number,

and fTCk ¼ TCk;TCk; fTCk

� �
,eQgk: quantity of CDW k generated at generation point g, which is

measured by a triangle fuzzy number, and eQgk ¼ Q
gk
;Qgk; �Qgk

� �
,

eQpk: quantity of CDW k used for reclamation and site
formation at public fill reception facility p, which is measured

by a triangle fuzzy number, and eQpk ¼ Q
pk
;Qpk;Qpk

� �
.

Policy control parameters:
T : unit green tax on landfills,
GSk: unit government subsidy for producing recycled materials

from CDW k,
Cap: limit of carbon emissions in a reverse logistics network.
Decision variables:

xs ¼
1; if sorting facility s is selected

0; otherwise
;

�

xp ¼
1; if public fill reception facility p is selected

0; otherwise
;

�

xr ¼
1; if recycling facility r is selected

0; otherwise
;

�

xl ¼
1; if landfill site l is selected

0; otherwise
;

�

Qgsk: quantity of CDW k transported from generation point g
to sorting facility s,

Qspk: quantity of CDW k transported from sorting facility s to
public fill reception facility p,

Qslk: quantity of the leftover CDW k transported from sorting
facility s to landfill site l,

Qprk: quantity of CDW k transported from public fill reception
facility p to recycling facility r,

Qrlk: quantity of the leftover CDW k transported from recycling
facility r to landfill site l.

Objective functions. In this model, total costs include five parts.
The first is fixed costs (FC) of opening facilities. The second is
transportation costs (TC) of shipping CDW between different
facilities. The third is operational costs (OC) of the facilities. The
fourth is green taxes (GT) which is a tool of regulators to moti-
vate project managers to recycle CDW. The fifth is government
subsidies (GS) that are an incentive mechanism to encourage
recycling CDW. They are presented as follows.

FC ¼ ∑
s2S

FCsxs þ ∑
p2P

FCpxp þ ∑
r2R

FCrxr þ ∑
l2L

FClxl ð1Þ

TC ¼ ∑
g2G

∑
s2S

∑
k2K

QgskDgs
fTCk þ ∑

s2S
∑
p2P

∑
k2K

QspkDsp
fTCk þ ∑

s2S
∑
l2L

∑
k2K

QslkDsl
fTCk

þ ∑
p2P

∑
r2R

∑
k2K

QprkDpr
fTCk þ ∑

r2R
∑
l2L

∑
k2K

QrlkDrl
fTCk

ð2Þ

OC ¼ ∑
g2G

∑
s2S

∑
k2K

QgskOCsk þ ∑
s2S

∑
p2P

∑
k2K

QspkOCpk þ ∑
s2S

∑
l2L

∑
k2K

QslkOClk

þ ∑
p2P

∑
r2R

∑
k2K

QprkOCrk þ ∑
r2R

∑
l2L

∑
k2K

QrlkOClk

ð3Þ
GT ¼ T ∑

s2S
∑
l2L

∑
k2K

Qslk þ ∑
r2R

∑
l2L

∑
k2K

Qrlk

� �
ð4Þ

GS ¼ ∑
p2P

∑
r2R

∑
k2K

QprkGSk ð5Þ

Thus, total costs are minimized as follows.

minZ1 ¼ FC þ TC þ OC þ GT � GS ð6Þ
Total carbon emissions are derived from CDW transportation

(TE) and treatment (OE).

TE ¼ ∑
g2G

∑
s2S

∑
k2K

QgskDgsEk þ ∑
s2S

∑
p2P

∑
k2K

QspkDspEk þ ∑
s2S

∑
l2L

∑
k2K

QslkDslEk

þ ∑
p2P

∑
r2R

∑
k2K

QprkDprEk þ ∑
r2R

∑
l2L

∑
k2K

QrlkDrlEk

ð7Þ

OE ¼ ∑
g2G

∑
s2S

∑
k2K

QgskEsk þ ∑
s2S

∑
p2P

∑
k2K

QspkEpk þ ∑
s2S

∑
l2L

∑
k2K

QslkElk

þ ∑
p2P

∑
r2R

∑
k2K

QprkErk þ ∑
r2R

∑
l2L

∑
k2K

QrlkElk

ð8Þ
Then, total carbon emissions are minimized as follows.

minZ2 ¼ TE þ OE ð9Þ
Constraints.

θgk ~Qgk ¼ ∑
s2S

Qgsk; 8g 2 G; k 2 K ð10Þ
Constraint (10) states θgk percent of the daily generation of

CDW is collected and transported to sorting facilities. θgk is an
exogenous variable, determined by the techniques and willingness
of project managers. The larger θgk is, the greater the amount of
CDW can be collected.

∑
g2G

μskQgsk ¼ ∑
p2P

Qspk; 8s 2 S; k 2 K ð11Þ

∑
g2G

Qgsk ¼ ∑
p2P

Qspk þ ∑
l2L

Qslk; 8s 2 S; k 2 K ð12Þ

Constraints (11) and (12) are material balance constraints in
recycling facilities, and indicate μsk percent of CDW can be sorted
as recyclable materials and the rest is sent to landfill sites directly.

∑
s2S

Qspk ¼ ∑
r2R

Qprk þ ~Qpk; 8p 2 P; k 2 K ð13Þ
Constraint (13) presents a part of CDW in public fill reception

facilities is used for reclamation and site formation, while the rest
is shipped to recycling facilities for recycling and remanufactur-
ing.

∑
l2L

Qrlk ¼ ∑
p2P

ð1� φrkÞQprk; 8r 2 R; k 2 K ð14Þ

Constraint (14) shows φrk percent of CDW is remanufactured,
and the rest cannot be recycled and then is sent to landfill sites.

xsCsk ≤ ∑
g2G

Qgsk ≤ xsCsk; 8s 2 S; k 2 K ð15Þ

xpCpk ≤ ∑
s2S

Qspk ≤ xpCpk; 8p 2 P; k 2 K ð16Þ

xrCrk ≤ ∑
p2P

Qprk ≤ xrCrk; 8r 2 R; k 2 K ð17Þ
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xlClk ≤ ∑
r2R

Qrlk þ ∑
s2S

Qslk ≤ xlClk; 8l 2 L; k 2 K ð18Þ

Constraints (15)–(18) are capacity constraints in each facility.
The daily processing quantity in each facility is required to be
greater than its minimum capacity and less than its maximum
capacity. These constraints limit not only the maximum but also
the minimum capacity of a facility. The reason for limiting the
minimum capacity is that total costs would increase unreasonably
due to this fixed cost, if only a small fraction of capacity is
utilized.

xs; xp; xr; xl 2 0; 1f g; 8s 2 S; p 2 P; r 2 R; l 2 L ð19Þ
Constraint (19) ensures xs, xp, xr , and xl are binary variables.

Qgsk;Qspk;Qprk;Qrlk;Qslk ≥ 0; 8s 2 S; p 2 P; r 2 R; l 2 L; k 2 K

ð20Þ
Constraint (20) ensures CDW is transported from upstream to

downstream facilities.

Model transformation. The proposed model is a multi-objective
MILP model that minimizes both total costs and carbon emis-
sions of a reverse logistics network. Since this model contains
multiple objectives, an ε-constraint method is used (He and
Zhang 2022) to convert it into a single objective MILP model so
as to design an optimal reverse logistics network for CDW
management. Thus, objective (9) is converted into constraint
(21), where Cap limits the maximum carbon emissions permitted
by regulators.

TE þ OE ≤Cap ð21Þ
In addition, the model formulated in Section “Model formulation”

includes three uncertain parameters. These uncertainties exist in
fuzzy parameters of the unit transportation cost (fTCk), daily recycled
CDW in a generation point (eQgk), and daily consumed CDW for
reclamation and site formation in a public fill reception facility
(eQpk). They are shown in objective (2), and constraints (10) and (13)
respectively. Following Zhong et al. (2015), Cao et al. (2021) and
Zhan et al. (2023), triangle fuzzy numbers are employed to measure
these uncertainties of fTCk, eQgk and eQpk.

Let eN denote a triangle fuzzy number and abstractly representfTCk, eQgk and eQpk from the proposed model. A triangle fuzzy

number can be described by N, N and N that are the minimum
value, the value with maximum possibility and the maximum
value of this triangle fuzzy number, namely eN ¼ N;N;N

� �
.

Thus, triangle fuzzy numbers of fTCk, eQgk and eQpk can be

expressed by fTCk ¼ TCk;TCk; fTCk

� �
, eQgk ¼ Q

gk
;Qgk; �Qgk

� �
and eQpk ¼ Q

pk
;Qpk; �Qpk

� �
respectively. Following the definition,

TCk, Q
gk

and Q
pk

are the minimum value of their fuzzy

parameters; TCk, Qgk and Qpk are the value with maximum

possibility; and fTCk, �Qgk and �Qpk are the maximum value. For eN,
its membership function f χ

� �
can be formulated as follows:

f ðχÞ ¼

0; χ <N
χ�N
N�N ; N≤ χ ≤N

N�χ

N�N
; N ≤ χ ≤N

0; χ ≥N

:

8>>>>><
>>>>>:

According to Jiménez et al. (2007), the expected value of a triangle

fuzzy number is formulated as E½ eN� ¼ ðNþ2NþNÞ
4 based on its

membership function f χ
� �

, where E �½ � is an expectation operator.

With this technique, fTCk, eQgk and eQpk can be converted and

expressed as their expected values, i.e., E½fTCk� ¼ ðTCkþ2TCkþTCkÞ
4 ,

E½~Qgk� ¼
ðQ

gk
þ2QgkþQgkÞ

4 and E½~Qpk� ¼
ðQ

pk
þ2QpkþQpkÞ

4 . Replacing fTCk,eQgk and eQpk by E½fTCk�, E½~Qgk� and E½~Qpk� in objective (2),
constraints (10) and (13), objective (22), constraints (23) and (24)
can be formulated as follows:

TC0 ¼ ∑
g2G

∑
s2S

∑
k2K

QgskDgsE½fTCk� þ ∑
s2S

∑
p2P

∑
k2K

QspkDspE½fTCk� þ ∑
s2S

∑
l2L

∑
k2K

QslkDslE½fTCk�

þ ∑
p2P

∑
r2R

∑
k2K

QprkDprE½fTCk� þ ∑
r2R

∑
l2L

∑
k2K

QrlkDrlE½fTCk�

ð22Þ
θgkE½~Qgk� ¼ ∑

s2S
Qgsk; 8g 2 G; k 2 K ð23Þ

∑
s2S

∑
p2P

Qspk ¼ ∑
p2P

∑
r2R

Qprk þ ∑
p2P

E½~Qpk�; 8p 2 P ð24Þ
Therefore, objective (22) calculates transportation costs of

transporting CDW among different facilities with E fTCk

h i
.

Constraint (23) computes a CDW flow balance between CDW

generation points and sorting facilities with E eQgk

h i
, while

constraint (24) indicates that the amount of CDW consumed
by public fill reception facilities and recycling facilities equals the

amount received by sorting facilities with E eQpk

h i
. Replacing

objective (2) in Eq. (6) by objective (22), total costs Z1 can be
formulated as

minZ1 ¼ FC þ TC0 þ OC þ GT � GS ð25Þ
where FC is fixed costs of opening facilities, TC0 is transportation
costs of shipping CDW between different facilities, OC is variable
costs for processing CDW, GT is green taxes, GS is government
subsidies. In addition, since constraints (10) and (13) are
transformed into constraints (23) and (24) with converting
objective (9) into constraint (21), the proposed model includes
constraints ð1Þ; ð3Þ � ð5Þ; ð7Þ; ð8Þ; ð11Þ; ð12Þ; andð14Þ � ð24Þ.

Case study
Parameter setting. A real-life case from Hong Kong is used to
validate the applicability and practicability of the proposed model.
Hong Kong represents a highly urbanized, densely populated area
with significant CDW generation (Kang et al. 2022a) and has well-
developed infrastructure, strict environmental regulations, and
ongoing sustainability initiatives, which makes it an ideal testing
ground for model validation. Specifically, Hong Kong’s policies and
incentives for recycling CDW and reducing carbon emissions
provide a relevant backdrop for validating this model that mini-
mizes both costs and emissions (Yu et al. 2013). Hong Kong case is
not an isolated example, but rather a representative case of urban
regions with similar challenges, such as high construction activities,
limited landfills, and a growing need for sustainable waste man-
agement solutions. This case study has broader relevance for other
highly urbanized areas with analogous constraints and market
dynamics. Although this case study is focused on Hong Kong, this
model is designed with flexibility, allowing for its application to
other regions facing comparable reverse logistics challenges. Some
parameters used in this model, such as transportation costs, CDW
generation rates, and market demands for recycled materials, are
adjustable, enabling adaptation to different local conditions. Other
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densely populated regions with the same CDW recycling processes
can apply this model with minor parameter adjustments in line
with their price level to reflect local market dynamics and trans-
portation infrastructures.

Hong Kong SAR of China, including 18 districts, is a
metropolitan city with over 7.4 million residents in a
1,104 square kilometer territory (CSDHK 2022), and is one of
the most densely populated places globally. Due to rapid
urbanization, the quantity of CDW generation increases each
year. This figure was 20.72 million tons, representing an
increase of about 17% as compared with the 2019 level
(EPDHK, 2020). The data is mainly collected from Waste Data
& Statistics of Hong Kong (EPDHK 2009–2020), Kang et al.
(2022a), and Ahmed and Zhang (2021). The data for model
validation is tabulated in Supplementary Tables A.1–A.7 in
Appendix. Supplementary Table A.1 shows available facilities in
Hong Kong for CDW recycling. There are 17 waste generation
points, 2 sorting facilities, 4 public fill reception facilities, 2
recyclers and 3 landfill sites. Their locations are depicted in
Supplementary Fig. A.1. Supplementary Table A.1 presents
some general parameters and policy control parameters for
optimization. Supplementary Tables A.3–A.7 give the data on
each facility, including the quantity of CDW, the distance
between upstream to downstream echelons, fixed open costs,
operational costs, carbon emissions and capacity limits. For the
purpose of discussion, two types of CDW (i.e., inert CDW and
noninert CDW) are considered in this case study. According to
Xu et al. (2019), CDW I refers to inert CDW and could be
concrete, mortar and brickwork, while CDW II is noninert
CDW, such as steel, timber and sludge.

Experiments of this case study are conducted on a machine
running Windows 10 Enterprise 64-bit, Dell OptiPlex 7060 with
Intel® Core™ i7-8700 CPU, 3.2 GHz and 16 GB of RAM. The
programming of the proposed model is completed by Python and
IBM ILOG CPLEX optimizer.

Results. The optimal solutions and reverse logistics networks for
CDW I and II are demonstrated with key performance indicators
(KPIs) in Fig. 2. Under this parameter setting, all facilities open
for CDW recycling, due to the capacity limits. According to
arrows in networks, CDW from an upstream facility is trans-
ported to the closest downstream facilities for further processing.
This reverse logistics network for CDW I is almost the same as
that for CDW II. All CDW I generated in each district can be
consumed completely by its nearest downstream sorting facility.
However, CDW II generated at Yau Tsim Mong cannot be
completely processed by Tuen Mun Area 38 sorting facility,
requiring part of CDW II to be sorted at Tseung Kwan O Area
137 sorting facility. In addition, after CDW II sorting at Tuen
Mun Area 38 sorting facility, the non-recyclable waste is shipped
to not only SENT but also NENT landfill sites. This increases
transportation costs and generates extra carbon emissions due to
capacity limits.

KPIs studied include cost breakdowns, carbon emissions, and
utilization of facilities. Overall costs are HK$ 2,094,495, including
transportation costs of HK$ 1,261,483, fixed costs of HK$ 45,452,
operational costs of HK$ 660,414, and green taxes of HK$
127,144. Considering government subsidies of HK$ 907,710, total
costs are decreased to HK$ 1,186,785. It is observed that the
transportation and operational costs account for approximately
91.7% of overall costs. However, transportation costs are the
highest among all costs, and are almost twice as high as
operational costs which are the second-highest. That is,
transportation significantly influences reverse logistics network
design under this parameter setting. For emission analysis, total

carbon emissions are 7972 kg, including emissions of 7187 kg
from transportation and 785 kg from processing CDW. Similarly,
transportation emissions account for around 90.1% of the total
carbon emissions and are about nine times as more as operational
carbon emissions.

The utilization of each facility for each type of CDW is further
analyzed. It is observed that facility utilization varies considerably.
For CDW I recycling, the utilization of Tseung Kwan O Area 137
public fill reception facility, SENT and NENT landfill sites reaches
100%. For CDW II, the utilization of Tapbo, and SENT and
NENT landfill sites reaches 100%. These figures imply that these
facilities are bottlenecks whose capacity limits could reduce the
performance of these two reverse logistics networks. Especially
when more CDW is generated, these facilities might fail to
process the waste. There are several facilities whose utilization
approaches around 90%, including Mui Wo for CDW I, and
Tseung Kwan O Area 137 sorting and public fill reception
facilities for CDW II. These figures mean that these facilities
efficiently operate and can handle CDW generation uncertainties.
The utilization of the majority of facilities ranges from 40 to 70%.
However, several facilities underutilize their capacities, including
Tuen Mun Area 38 public fill reception facility for CDW I, and
Mui Wo public fill reception facility and Tailor for CDW II.
Improving their utilization can cope with the capacity shortage of
others and further improve performance of the whole reverse
logistics network.

Sensitivity analysis. Sensitivity analysis is a technique used to
evaluate how variations in input parameters affect model out-
comes (Borgonovo and Plischke 2016). It investigates the impact
of changes in parameters such as unit transportation costs and
CDW generation on various costs and carbon emissions within
the reverse logistics network. In this case study, sensitivity ana-
lysis is conducted by varying the unit transportation cost across
three CDW generation scenarios, as well as considering carbon
emission caps and maximum processing capacity limits.

Figure 3 presents the impact of unit transportation cost withfTCk = 5.25, 7.25 and 9.25. Three scenarios are considered, i.e., a
decrease of 20% in current levels of CDW generation (scenario I),
current generation of CDW (scenario II) and an increase of 20%
in the current generation (scenario III). The cost analysis shows
that the impact of unit transportation cost is slight on fixed costs,
operational costs, green taxes and green subsidies, apart from
total costs and transportation costs. The transportation costs are
directly influenced by unit transportation cost. When fTCk = 5.25,
7.25 and 9.25, the transportation costs are HK$ 575,774, HK$
795,393 and HK$ 1,014,811 respectively in scenario I; are HK$
715,976, HK$ 988,730, and HK$ 1,261,483 respectively in
scenario II; and are HK$ 852,015, HK$ 1,176,593, and HK$
1,501,170 respectively in scenario III. It is observed that the
transportation costs increase linearly as unit transportation cost
or amount of CDW increases. An increase in total costs is due to
an increase in unit transportation cost. Similarly, carbon
emissions are slightly affected by a change in unit transportation
cost and remain steady in different scenarios.

The reasons for slight impacts on some KPIs are as follows.
First, capacity limits are a major obstacle. In this experiment,
maximum processing capacities of facilities are strictly limited,
and total capacities of each echelon are nearly equal to the
amount to be processed. Since processing capacities of some
facilities have been fully utilized, it is difficult to further improve
this network as unit transportation cost changes. Second, unit
transportation cost and carbon emission dominate the reverse
logistics network design optimization. In other words, compared
to unit transportation cost and carbon emission, unit operational
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cost and carbon emission are relatively small, which hardly affects
reverse logistics network design. Therefore, a change in unit
transportation cost has a slight impact on some KPIs.

The radar charts in Fig. 3 show the utilization of facilities for
CDW I and II recycling. It is observed that the utilization is
unchanged given the same scenarios, when unit transportation
cost equals HK$ 5.25 or 7.25. With this cost of HK$ 9.25, the
utilization is still unchanged in scenario I, but the utilization

varies significantly in scenario I for recycling CDW II and in
scenarios II and III for recycling CDW II. This implies this
reverse logistics network is almost unchanged when unit
transportation cost varies from HK$ 5.25 to 7.25. As this cost
continues growing, this reverse logistics network changes in some
scenarios. This change is determined by trade-offs between unit
operational cost and unit transportation cost. When unit
transportation cost is sufficiently high, the optimization result

Fig. 2 Optimal solutions, maps for CDW I and II recycling and key performance indicators.
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would rather select a facility with a high operational cost than one
with a low cost to avoid transportation costs. For example, a large
amount of CDW II is transferred from Mui Wo to Tuen Mun
Area 38 public fill reception facility when unit transportation cost
increases from HK$ 7.25 to 9.25. It is also observed that under
current parameter setting, the optimal reverse logistics network
can be obtained and utilization can be further improved.
However, utilization of some facilities approaches 100%. Some
measures should be taken to balance facility workloads, such as
reducing unit operational cost of some facilities (i.e., Mui Wo and
Chai Wan public fill reception facilities).

Carbon emission limits are a useful policy control tool for
regulators to optimize this reverse logistics network. Its impact is
analyzed as shown in Fig. 4. According to cost analysis, fixed costs
and green taxes remain steady as this limit increases, because all
facilities open for CDW recycling and the leftovers sent to landfill

sites are unchanged. Transportation costs are increasing, but total
costs and operational costs are decreasing in carbon emission
limits. After carbon emission limits reaches 7950 kg, these costs
also remain steady. For emission analysis, operational emissions
are unchanged, but transportation emissions and total emissions
are increasing before carbon emission limits reach 7950 kg. Both
KPIs show that this reverse logistics network is cost-effective
when carbon emission limits of 7950 kg are allowed. Comparing
transportation emissions with operational emissions, reducing
unit transportation carbon emission is important, since trans-
portation emissions account for approximately 85% of total
emissions. This not only causes environmental pollution but also
makes it difficult to further improve reverse logistics network
performance.

In addition, utilization analysis presents that controlling
carbon emission limits can balance facility workloads with

Fig. 3 The impact of unit transportation cost.

ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-04323-4

10 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |           (2025) 12:40 | https://doi.org/10.1057/s41599-024-04323-4



similar functions. For CDW I, as carbon emission caps increase, it
is obvious that utilization of WENT decreases from around 98 to
48%, while that of NENT increases from 33 to 100%. Utilization
of others changes moderately. Similarly, for CDW II, utilization
of NENT increases from 60 to 100% but that of WENT decreases
from 80 to 40%. Regulators can adjust the reverse logistics
network by controlling the carbon emission limit.

The maximum processing capacity limit affects reverse
logistics network design, as highlighted in previous analysis.
In these experiments, the impact of minimum capacity
constraints on KPIs is also analyzed. Figure 5 depicts their
impacts on costs and carbon emissions. The trend remains
consistent whether or not minimum capacity constraints are
incorporated into the model. It is observed that KPIs without
minimum capacity constraints outperform those with the
constraints. In terms of costs, the total costs decrease sharply
when the capacity limits are increased by 50%, with only a
marginal decrease as the capacity limit increases from 100 to
200%. The trend in operational costs mirrors that of total costs.
However, transportation costs increase and reach a peak of HK
$ 1,280,000 (with minimum capacity constraints) and HK$
1,277,000 (without constraints), before steadily decreasing.
Despite an increase in transportation costs, the total costs still
drop, which is attributed to a dramatic decrease in the
operational costs.

For carbon emissions, the trend in total emissions is similar to
that of transportation emissions. Both increase to a peak and then
decrease gradually as the maximum processing capacity limits
increase. Operational emissions fall dramatically and then
slightly. This indicates that transportation emissions play a
critical role in reverse logistics network improvement. As the
limits increase, this reverse logistics network sacrifices the
transportation costs for lower operational costs first. Once the
capacity limits of bottleneck facilities are sufficiently large, both
transportation and operational costs can be minimized as the
bottlenecks are eliminated.

Figure 6 demonstrates the impact of capacity limits on facility
utilization when the limit remains unchanged, or increases by
50%, 100% or 200%. Overall, minimum capacity constraints have
a more profound impact on CDW II than CDW I, since the
utilization of nearly all facilities changes under the current
parameter setting. For CDW I, only a few facilities experience
slight changes in utilization. As maximum processing capacities
increase, two facilities—Chai Wan public fill reception facility and
WENT landfill site—are excluded from this reverse logistics
network for processing CDW, leading to a decrease in fixed costs.
It is also observed that the utilization would change slightly if
there are no minimum capacity constraints. For CDW I, Tseung
Kwan O Area 137 public fill reception facility and SENT landfill
site are critical to this reverse logistics network, because their
utilization remain more than 80% even if the maximum
processing capacity has doubled. For CDW II, Tseung Kwan O
Area 137 public fill reception facility, and NENT and SENT
landfill sites are critical to this reverse logistics network. Among
them, SENT landfill site is significant because of its high
utilization (100% for CDW I and over 70% for CDW II), when
the capacity limit is increased to three times the current level. The
radar charts make it easy to identify bottleneck facilities and work
out an improvement plan. For example, under the current
situation, expanding the maximum processing capacity of Tseung
Kwan O Area 137 and Mui Wo public fill reception facilities, long
with WENT and SENT landfill sites, would enhance CDW I
recycling efficiency.

Discussion
Key findings and observations. According to experimental
results and sensitivity analysis, there are several key findings and
observations.

Dominance of transportation costs and emissions in
network design. The reverse logistics network is significantly

Fig. 4 The impact of limit of carbon emissions.
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affected by transportation costs and emissions which take up a
substantial part of total costs and carbon footprint. This implies
that the increased transportation costs, due to higher unit
transportation costs, underline the importance of transportation
route optimization at the execution stage and the adoption of eco-
friendly transportation modes to mitigate both environmental
impacts and financial expenditure.

Efficacy of carbon emission caps as a regulatory mechanism.
Carbon emission caps emerge as an effective regulatory tool to
optimize reverse logistics and supply chains. The incremental
carbon emission caps can balance facility utilization and stabilize
transportation costs as well as total costs. However, the trans-
portation emissions represent more than 80% of the total carbon
emissions. Critical attention should be paid to decreasing trans-
portation emissions for improvement in reverse logistics network
performance and sustainability.

Impact of capacity constraints on network efficiency. Facility
capacity constraints noticeably affect the efficiency of reverse
logistics. Maximum processing capacity limits and minimum
capacity constraints profoundly affect cost and emission metrics.
Particularly, increasing capacity limits sharply lower total and
operational costs, despite an initial rise in transportation costs,
which subsequently decline. To alleviate bottlenecks and optimize
network operations, expanding capacities of strategically critical
facilities is imperative.

Utilization patterns and facility balancing through emission con-
trols. Facility utilization patterns are markedly influenced by
variations in carbon emission limits and capacity constraints.
Adjusting carbon emission limits proves effective in balancing
workloads across facilities, thereby preventing over-utilization of
specific sites.

Strategic trade-offs in reverse logistics network design. Designing
this reverse logistics network involves strategic trade-offs between
transportation and operational costs. The network’s adaptability
is demonstrated by its tendency to prioritize facilities with higher
operational costs but lower transportation expenses when trans-
portation costs are elevated. This change underscores the

importance of flexibility in network design to maintain cost-
effectiveness while minimizing environmental impacts. The
ability to adjust operational strategies in response to dynamically
changing costs is crucial for sustainable operations in a reverse
logistics network.

Managerial implications. Some observations from this case study
can be summarized as useful managerial implications for
stakeholders.

First, it is significant to reduce unit transportation carbon
emission under the current setting. Compared to a facility unit
operational emission, an exorbitant unit transportation carbon
emission is an obstacle to improving reverse logistics network
performance. Experimental results indicate that transportation
generates the largest share of carbon emissions in this reverse
logistics network. When the carbon emission objective is
considered in the proposed model, this reverse logistics network
changes slightly unless its unit transportation emission can be
reduced. Electric vehicles could be a potential solution, since they
are recently being promoted in Hong Kong (EPDHK 2022).
According to Zhang et al. (2023), electric vehicles can
decarbonize transportation and significantly reduce greenhouse
gas emissions using life cycle assessment from a spatiotemporal
perspective. Their mass adoption can greatly improve this reverse
logistics network. Current underutilized facilities can be effi-
ciently used to cope with an increasing amount of CDW without
expanding facility processing capacities.

Second, expanding existing facilities’ processing capacities is
unnecessary. The capacity limit analysis shows that the current
processing capacity is adequate to handle CDW. A 50% increase
in facility capacities results in a noticeable decrease in utilization.
Some experiments also show that the current situation can still
handle CDW with a 20% increase. If CDW generation continues
to rise, the processing capacities of the identified bottleneck
facilities should be expanded first, rather than increasing the
capacity of all facilities.

Third, controlling carbon emission limits could balance facility
workloads. As transportation is the largest contributor to carbon
emissions, reducing carbon emission limits would have a more
negative impact on CDW transportation. This shortens CDW
transportation, which means CDW has to be transported to the

Fig. 5 The impact of capacity limit on costs and carbon emissions.
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nearest downstream facilities. This control method is applicable
when downstream facilities with a high operational cost are closer
to high-utilization upstream facilities.

Fourth, those facilities with low utilization should reduce their
unit operational cost when the unit transportation cost is high.
The results reveal trade-offs between the transportation and
operational costs. Thus, facility managers can increase their
market share by implementing this strategy.

Conclusions
Motivated by real-life CDW recycling practices, this paper studies
the reverse logistics network design problem for CDW recycling
in Hong Kong. A multi-objective MILP model is proposed to
design a multi-echelon reverse logistics network when there are
the “three more problems” in Hong Kong CDW management. A
four-layer theoretical framework is proposed to coordinate
interests of multiple stakeholders and manage conflicting

objectives while considering economic, environmental and effi-
ciency principles. Under this framework, a MILP model is further
formulated to minimize total costs and negative environmental
impacts under uncertainties for developing a reverse logistics
network of CDW. For model transformation, the ε-constraint
method and fuzzy parameters are employed to conduct multi-
objective optimization and quantify uncertainties in this model
respectively. In this research, a case study from Hong Kong is
selected to validate the proposed model, given a strong com-
mitment to sustainable construction, circular economy initiatives,
stringent environmental regulations, and advanced CDW recy-
cling infrastructure. This case study demonstrates this model’s
practicability, applicability, and effectiveness in designing reverse
logistics networks for recycling and reusing CDW within the
Hong Kong context. Extensive numerical studies are conducted to
analyze and explore the impact of key parameters on designing a
reverse logistics network in Hong Kong. Experimental results
from this case study suggest that compared with other costs,

Fig. 6 The impact of capacity limit on utilization of facilities when the limit remains unchanged, or increases by 50%, 100% or 200%.
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transportation costs and emissions play a dominant role in
reverse logistics network design, which underscores the need for
route optimization and eco-friendly transport modes to reduce
both environmental impacts and financial costs. Moreover, car-
bon emission caps can be employed as a critical policy control
parameter to balance facility utilization and stabilize total costs
for improving overall sustainability and reverse logistics network
performance.

Future research can be conducted to integrate the vehicle
routing problem into the reverse logistics network design pro-
blem. In practice, large dump trucks might be banned on some
roads or be required to ship CDW within a specific time window
(Wy et al. 2013). This integration facilitates planning more
practical and efficient routes for reverse logistics networks at an
operational level. CDW from prefabricated buildings can be
investigated. Prefabricated construction has been mainstreamed
in many countries (Zhang et al. 2021, Kang et al. 2022b). There
will be a large amount of CDW related to prefabricated con-
struction in the future. How to design reverse logistics networks
for prefabricated buildings is important with consideration of
their disassembly, recycling and reusing. Finally, the reverse
logistics network design problem at an operational level can be
further integrated with the waste management region optimiza-
tion issue at a tactical level (Richter et al. 2021) to create a more
comprehensive optimization framework that enhances coordi-
nation across different regions in CDW recycling.

Data availability
All data generated or analyzed during this study are included in
this published article (and its supplementary information files).
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