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ARTICLE INFO ABSTRACT

Keywords: This paper studies a collaborative robust supply chain network design (CRSCND) problem aimed at maximizing
Supply chain network design economic and social benefits by enabling enterprises to jointly address demand uncertainties. Through
Collaboration

strategies including joint inventory replenishment, shared distribution centers (DCs), and pooled transportation
resources, the CRSCND problem seeks to optimize plant and DC locations and the allocation of DCs to customers
under a collaborative framework. To address this, we develop two robust optimization models incorporating
a budget uncertainty set, each model representing a distinct risk-pooling policy. These models are then
reformulated into solvable linear programming structures. Results from numerical experiments confirm the
cost-reduction benefits of collaboration and robust optimization. Sensitivity analysis reveals that factors like
violated probability and high demand volatility minimally impact cost savings enabled by collaboration and
robustness. Moreover, each robust model shows distinct suitability depending on specific scenario parameters.
Finally, we test three cost-saving allocation mechanisms, finding that only the Shapley value method yields
best allocations in cases involving overlapping demand.

Robust optimization
Cost-saving allocation

1. Introduction

As a popular and enduring topic in supply chain management,
supply chain collaboration has received sustained attention and been
introduced in many planning problems (Marty and Ruel, 2024). Facing
with the various uncertainties and challenges of the modern busi-
ness environment, collaboration provides an effective method to allow
enterprises to surmount these complex problems together, and conse-
quently vie for an enhanced competitiveness. Inspired by this concept,
many substantial studies are proposed in different fields, like liner ship-
ping and last-mile delivery (Ergun et al., 2007; Zhang et al., 2022a). In
this environment, this research proposes the collaborative robust supply
chain network design (CRSCND) problem to improve the efficiency of
supply chain.

This research is partially motivated by a development case of supply
chain in the western regions of China. Affected by the rapid devel-
opment of economy and technology, especially the advent of sharing

economy, e-commerce platforms are becoming a major driver of local
economic development. Influenced by this circumstance, the demand
for agricultural products of the western regions is growing rapidly
in the developed regions. In contrast, the less developed and even
non-existent supply chain infrastructure in western China makes the
transportation of agricultural products expensive and fragile. Particu-
larly, in the presence of promotions, bad weather and other unforeseen
events, the fragile supply chain cannot cope with the huge uncer-
tainty of demand. This drives enterprises to build the supply chain
network together to meet the growing and uncertain market demand.
Another motivating example is the growing cold chain for medicine
that requires cold trucks and storage facilities. To overcome the chal-
lenges of huge investment and demand uncertainty, Jing-Dong logistics,
Derui Medicine, Wanmei Medicine and other enterprises carried out
the “cloud cold chain” collaborative program. This program aims to
reconfigure the supply chain network by multiple enterprises together
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based on existing infrastructure resources to obtain an efficient and
robust network and scale up in the service area.

Collaboration provides a framework that allows multiple enterprises
to share their resources such as distribution centers and transportation
resources, breaking the capacity limitation of any single enterprise.
Through joint designing and constructing a supply chain network,
the collaboration model can benefit all stages of the supply chain
and effectively mitigate the effects of uncertainty. To enable these
benefits, many studies are proposed to investigate the supply chain
collaboration (Marty and Ruel, 2024). In the research of supply chain
network design (SCND), Hacardiaux and Tancrez (2020) introduced the
horizontal collaboration to reduce the carbon emission. Being focused
on the environmental benefits, they ignored the joint replenishment of
inventory and the impacts of collaboration on the construction of dis-
tribution centers. In addition, their model did not consider the negative
effects of worse-case scenarios on the supply chain. Another stream of
research considering collaboration is the studies introducing the fourth-
party logistics (4PL) mode to integrate the logistics resources (Huang
et al,, 2021; Wang et al., 2022a; Jiang et al., 2024). These papers
focused on the collaboration of logistics providers to optimize the
network structure and logistics costs. Unlike these studies, Zhang et al.
(2023) conducts a thorough and comprehensive analysis of collabora-
tive benefits in SCND, but it assumes that the mean and variance of
demand are known.

In this study, the work by Zhang et al. (2023) is extended to the
case with demands bounded by an uncertainty set, and the robust opti-
mization framework is utilized to design the collaborative supply chain
network that allows multiple enterprises to share the same distribution
network to address the risk of demand uncertainty. In this framework,
enterprises will collaborate in both strategic and tactical planning
decisions, specifically including the sharing of distribution centers, joint
inventory replenishment of products from multiple enterprises and the
integration of transportation resources. Such collaboration can achieve
advantages in efficiency and costs. In efficiency, collaborative design
can improve the utilization of distribution centers and transportation
resources. In costs, the fixed construction cost is optimized and al-
located among enterprises, and the total inventory cost is reduced.
Moreover, collaborative design can pool the risk of demand uncertainty
of multiple products, which enhances the resilience of supply chain
and mitigates effects of demand uncertainty on transportation. Under
a reasonable allocation mechanism, the collaboration framework will
greatly benefit any enterprise who otherwise needs to design a dis-
tribution network on their own with conservatism yet is limited in
resources.

Based on these motivations and advantages, our research tries to
answer a series of questions about collaborative design of robust supply
chain network (SCN):

1. How much benefit can collaborative robust optimization bring
to the enterprises?

2. What are the components of the collaboration benefits?

3. What role does robust optimization play in collaborative net-
work design?

4. Can simple allocation mechanisms ensure the stability of the
collaboration?

In CRSCND, the interplay of demand uncertainty and collaboration
will drastically increase its modeling and computational complexity.
First, the integration of strategic decisions including facility location
and transportation lines and the tactical decisions including inventory
control and resource assignment increases the modeling complexity of
the problem. Second, not knowing the probability distribution of the
demand leads to the inability to estimate inventory and transportation
costs, resulting in a nonlinear mathematical formulation of the model.
Third, because the products from different distribution centers and
different enterprises are not substitutable, the impact of demand uncer-
tainty on the supply chain cannot be centralized by pooling the risk for
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the entire supply chain. Finally, collaborative design of SCN involves
more alternative facilities than a single-enterprise model, making the
problem size grow geometrically with the number of enterprises. There-
fore, the CRSCND problem will be more complex than the traditional
robust supply chain network design problem.

This research has the following major contributions:

1. A collaborative robust supply chain network design (CRSCND)
problem is defined and formulated as a nominal mathematical
model. Through converting its nonlinear terms, a nominal linear
mixed-integer programming model is established.

2. The robust optimization method using the budget uncertainty set
is applied to deal with the demand uncertainty. Based on differ-
ent risk-pooling strategies, two robust models are formulated to
solve the CRSCND problem.

3. The advantages of collaboration and using robust optimization
in designing robust supply chain network are analyzed and
verified. The suitable situations of the two robust models are
investigated.

4. Three allocation mechanisms are tested to explore the impact of
allocation of cost savings on the collaboration incentive of the
enterprises.

The remainder of this paper is organized as follows. In Section 2,
we review the literature related to this paper. In Section 3, CRSCND is
defined. A nominal mathematical model and two robust counterparts
are formulated. In Section 4, numerical experiments are conducted,
including analysis of the advantages of collaboration, analysis of the
robustness, sensitivity analysis experiments, comparison of two robust
models, and comparison of three cost saving allocation mechanisms. In
Section 5, the managerial insights and practical implications are given.
Section 6 concludes this paper.

2. Literature review

This research investigates the collaborative design of robust supply
chain networks from the multi-enterprise perspective. There are two
literature streams related to this study: (1) the studies integrating
inventory control into network design (i.e., the location-inventory prob-
lem in SCN research), (2) the SCND problem considering collaboration.
Considering the abundance of studies in these domains, this section
surveys only the most relevant and the latest research and highlights
the research gaps. Readers interested in location-inventory problem
(LIP) in SCN can refer to Farahani et al. (2015). Regarding the SCND
research considering uncertainty and resilience, readers are referred
to Govindan et al. (2017) and Aldrighetti et al. (2021).

2.1. Supply chain network design considering inventory control

Integrating inventory control into the design process of SCN can
obtain the benefits of centralized optimization and efficiently reduce
the redundancies between different echelons of a supply chain. In
this research stream, Daskin et al. (2002) and Shen et al. (2003)
are among the first who jointly determine the facility location and
inventory control to improve the network performance. Further, Shu
et al. (2005) and Atamtiirk et al. (2012) extended the solution al-
gorithm and formulation approach for applying to more scenarios.
Using the location-inventory model with risk-pooling strategy, these
studies verify the advantages of joint optimization of facility location
and inventory control decisions. Our study extends this model to the
collaborative design of robust SCN considering the joint replenishment
of inventory.

Regarding the LIP research, many interesting variants have been
proposed and applied to various scenarios in recent years. To inves-
tigate the effects of capacity limitation on network structure, Ozsen
et al. (2008), Keskin and iister (2012), Dai et al. (2018) and Jiu et al.
(2024) extended the LIP problem to consider the capacity limitation on
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distribution centers. Puga and Tancrez (2017) considered the feature
of vehicle capacity. The works of Amiri-Aref et al. (2018) and Wang
et al. (2020) considered the multi-source and green LIP problem,
respectively. Rekabi et al. (2022, 2023, 2024) introduced the design of
sustainable SCN for medicine and blood supply. Shahabi et al. (2014)
proposed the location-inventory problem with correlated demand. Fathi
et al. (2021) considered the case where both customer demand and
the replenishment lead time are stochastic. Straubert (2024) focused on
exactly solving the “inventory” part. For the potential disruption risk in
the supply chain, Saha et al. (2020) and Zhu and Cao (2021) introduced
the substitute products and recovery-fund based strategies to solve the
LIP problem, respectively. Li et al. (2021, 2023) considered the LIP
model on (dis-)economies of scale, and given an inverse S-shaped func-
tion to capture the facility cost. Qi et al. (2023) and Jin et al. (2024)
proposed the applied LIP model in electric-vehicle battery swapping
service and drone-supported humanitarian logistics. Despite that these
studies extend LIP research from different perspectives, they all ignore
the joint replenishment and management of multi-item inventory. The
works of Wang et al. (2022b) and Wang et al. (2023) introduced the
joint replenishment policy in their LIP model, which is similar to our
research. However, their studies assumed that each retailer sells only
one product, with the mean and variance of its demand being known.
Their models also ignored the integration of transportation resources
in the product transportation from distribution center to retailer.

In the research of closed-loop SCND, there are also some studies
considering the joint optimization of location and inventory decisions
such as Zhang et al. (2014b), Zhang and Unnikrishnan (2016) and
Li et al. (2018). They proposed the LIP variants in closed-loop sup-
ply chain from the perspectives of capacitated facility, coordinated
inventory management and third-party logistics, respectively. Different
from these studies, Guo et al. (2020) conducted a variant that ap-
plied to multi-product scenario. Summarizing these research, they all
focused on the product returns and improving the performance of the
closed-loop supply chain system.

In some research studies, the routing decisions are integrated into
the LIP problem to further optimize the network structure of supply
chain (Zheng et al., 2019). Ahmadi-Javid and Azad (2010) proposed
an integrated model of three-level decisions without any approxima-
tion to investigate the advantages of simultaneously optimizing loca-
tion, inventory and routing decisions. Zhang et al. (2014a) consider
the multi-period location-inventory-routing problem. Zhalechian et al.
(2016), Liu et al. (2021) and Abbasian et al. (2023) extended the
location-inventory-routing model to the sustainable supply chain ver-
sion. For the applications in special fields, Shang et al. (2022) and Wang
and Nie (2023) conducted the research on the emergency supplies
and healthcare supply chain, respectively. Like the LIP research, the
studies of location-inventory-routing problem focus more on reducing
the redundancies among different echelons of a supply chain to improve
the performance of supply chain.

2.2. Supply chain network design considering collaboration

Collaboration, as an important topic in supply chain management
(Marty and Ruel, 2024), is applied in various planning problems of
supply chain, including liner shipping industry and supply chain logis-
tics (Agarwal and Ergun, 2010; Zhang et al., 2022a). In the research of
SCND, Hacardiaux and Tancrez (2020) considered the collaboration of
multiple companies working at the same level of a supply chain to re-
duce the carbon emissions. As in our research, horizontal collaboration
is considered in their study, but the authors ignored the joint replen-
ishment of multi-product inventory. Their model is not applicable to
the design of robust SCN where distribution information of demand
is unknown. Another research stream regarding collaboration is the
fourth-party logistics (4PL) supply chain network design, which pro-
vides a framework to address the collaboration of logistics providers.
The 4PL model is introduced by Accenture in 1998 (Gattorna, 1998), in
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which the transportation resources, facility and technology of multiple
logistics providers are integrated (Huang et al., 2021).

In the 4PL research, the logistics provider is simultaneously deter-
mined with facilities. Yin et al. (2021) investigated the design of 4PL
supply chain network under demand uncertainty. Later, this work was
extended to the uncertain environment (Yin et al., 2022). Jiang et al.
(2024) formulated a chance-constrained stochastic programming model
to cope with the effects of demand surge. Huang et al. (2021) and Wang
et al. (2021) investigated the advantages of 4PL considering the psycho-
logical behavior. Zhang et al. (2022b), Yin et al. (2024) and Zhang et al.
(2024) examined the multi-period 4PL network design. The limitation
of these 4PL studies is that they all ignored the inventory control. In
the work of Wang et al. (2022a), the inventory is jointly optimized
with the location and 4PL provider. However, they only considered one
item and joint replenishment was not implemented. From the viewpoint
of collaboration, these existing studies of 4PL focused more on the
integration of logistics providers, i.e. the collaboration occurred only on
the transportation part. Different from the studies above, our research
considers pooling and integrating of all resources of supply chain.

2.3. Research gap

Table 1 gives a summary of related and recent studies in terms
of the basic model and some important characteristics. It is obvious
from the summarized results that only the works of Hacardiaux and
Tancrez (2020) and Wang et al. (2022a) introduced the collaboration
in the LIP research. Wang et al. (2022a) focused on the collaboration
of logistics providers. Hacardiaux and Tancrez (2020) assessed the
environmental benefits of multi-company collaboration in designing
the SCN. It is noticeable that there is no LIP research simultaneously
considering the collaboration in inventory replenishment, transporta-
tion and facilitation location. Another important gap in the literature
of collaborative LIP research is the ignorance of scenarios where the
distribution information of uncertain parameters is unknown. In this
regard, to the best of our knowledge, only Jiu et al. (2024) and Jin
et al. (2024) applied the robust optimization in the LIP model without
collaboration. In this research, we aim to fill the gaps found in the
literature and investigate the benefits of collaborative robust SCN in
inventory management, transportation and opening costs. Fig. 1 illus-
trates the research methodology and describes the steps employed in
the research process. In Step 4, two robust programming models are
formulated for the CRSCND problem.

The key contributions of our research to the literature can be
summarized as follows:

+ Collaboration in both strategic and tactical planning is consid-
ered, including the joint replenishment, integration of transporta-
tion sources and facilities.

» Robust optimization method is applied to solve the location-
inventory model under multi-enterprise collaboration.

» A mathematical formulation for the collaborative robust supply
chain network design is developed.

3. Collaborative robust supply chain network design

This section gives the formal definition of collaborative robust
supply chain network design (CRSCND) problem. The nominal mathe-
matical model is formulated for CRSCND, and then two robust models
are proposed.
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Table 1
Review of related and recent studies.

Reference Inventory control Item

Ozsen et al. (2008) Y Single
Keskin and iister (2012) Y Single
Shahabi et al. (2014) Y Single
Puga and Tancrez (2017) Y Single
Dai et al. (2018) Y Multi
Amiri-Aref et al. (2018) Y Single
Wang et al. (2020) Y Single
Saha et al. (2020) Y Multi
Fathi et al. (2021) Y Single
Zhu and Cao (2021) Y Single
Li et al. (2021) Y Single
Wang et al. (2022b) Y Multi
Li et al. (2023) Y Single
Qi et al. (2023) Y Single
Wang et al. (2023) Y Multi
Jiu et al. (2024) Y Multi
Straubert (2024) Y Single
Jin et al. (2024) Y Single
Hacardiaux and Tancrez (2020) Y Multi
Yin et al. (2021) N Single
Wang et al. (2021) N Single
Huang et al. (2021) N Single
Yin et al. (2022) N Single
Zhang et al. (2022b) N Single
Wang et al. (2022a) Y Single
Yin et al. (2024) N Single
Zhang et al. (2024) N Single
This work Y Multi

Whole supply chain
Logistics
Logistics
Logistics
Logistics
Logistics
Logistics
Logistics
Logistics
Whole supply chain

_ZzZZzZzz2z22222222~<Z2ZZ~<ZZZZZZZZ2Z2Z2Z
) ZZZ2Z22Z22Z2ZZ2Z~<2Z222222Z2222Z2Z2Z22Z2Z2Z2Z2Z2Z2Z2Z
I
< Z2Z2222222Z22z2<2~<2222222222z22Z22z22Z2Z2z

The JR and JT denote joint inventory replenishment and joint opening of transportation lines, respectively.

Step 1 Step 2

Step 3 Step 4

Fig. 1. Research methodology.

3.1. Problem description

Suppose there are multiple enterprises that produce different prod-
ucts, and the products are not substitutable. Let K denote the set of
enterprises and k € K represent the enterprise and its product without
causing ambiguity, unless otherwise specified. Each enterprise k has
its own candidate plants, denoted by P,. Candidate plants can only
produce the specific product, and different enterprises do not share
the candidate plants. The products produced at plants are delivered to
customers through the distribution center (DC). DCs can be shared and
jointly planned by multiple enterprises. If shared, the inventory of all
products at a DC will be replenished aggregately. Let V;, denote the set
of candidate DCs. The customer demand for each product is uncertain
with limited available information. More specifically, assume only the
nominal value of the demand and its deviation are known, but the
probability distribution is not. The goal of each enterprise is to obtain
a robust network structure, which has good performance at any cases
such that the construction cost is minimized.

In this scenario, the enterprises have two options for designing
the robust supply chain network. One is to design the supply chain
network independently. Another is that the enterprises form an alliance

to pool their resources and integrate the supply chain network. Collab-
orative design of robust supply chain network, being the second option,
will have many advantages. First, through sharing the distribution
centers and transportation lines, each enterprise is only responsible
for a portion of the cost of opening these facilities. Second, in the
shared distribution centers, the inventory of all products is aggregately
replenished, which can effectively reduce the total ordering cost. Third,
pooling the demand uncertainty risk of all products can efficiently
lower the effect of demand fluctuation and decrease the total cost of
robust SCND.

Fig. 2 gives an illustrative example of the collaborative robust
supply chain network involving two enterprises. As shown in Fig. 2a,
two enterprises producing different products, A and B, both have two
candidate plants. There are five candidate DCs and three customers
who have the demand for two products. The nominal value and de-
viation of customer demand for each product are known. We need to
determine the network configuration fulfilling the distribution tasks for
enterprises. When enterprises design their network individually, Fig. 2b
shows the result. It can be found that each enterprise opens the DCs
according to its own interests. To meet the demand of the customers,
enterprises also open the transportation lines independently. In contrast
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Fig. 2. Example of collaborative robust supply chain network.

to the non-collaborative case, Fig. 2c gives the collaborative design of
robust supply chain network where enterprises jointly determine the
location of DCs and open the transportation lines for integrating their
network. Through sharing DCs and unified inventory control, enter-
prises can improve the utilization of DCs and reduce the cost. Because
demand for different products is met by unified scheduling in integrated
network, the impact of demand uncertainty on transportation cost is
reduced. Consequently, comparing with the non-collaborative case, the
collaborative design of robust SCN is beneficial for enterprises.

Formally, we can define the collaborative robust supply chain net-
work design (CRSCND) problem as follows. Under the demand un-
certainty, |K| enterprises form the alliance to jointly design a three-
echelon robust supply chain network. Through sharing the distribution
centers and transportation lines, aggregately replenishing the inventory
of all products, the enterprises will jointly determine the location of
plants and DCs, the assignment of DCs to plants, and customers to DCs
to minimize the total costs.

In this research, we adopt the following assumptions:

Each enterprise produces only one kind of product.

The sets of candidate plants of different enterprises do not over-
lap.

DCs can provide transshipment service for all products, and each
DC can only be sourced from one plant for any product.

The customer demands are multi-product and uncertain.

The distribution information of demand is unknown, and we only
know its nominal value and maximum deviation.

The demand of each customer can only be supplied by one DC.
Opening any plant, DC, and transportation line will incur a fixed
cost.

The transportation cost per unit shipment, both from plants to
DCs and from DCs to customers, is proportional to the Euclidean
distance.

The (T, S) policy is applied to manage the inventory at DCs.

lants > ‘_/ Customers
DCs
(c)
Table 2
Indices (sets).
k Index of enterprises, k € K = {1,2,...,k}

Index of candidate plants, i € P = {J,cx P = {1.2,....7}
Index of candidate DCs, j € V,, = {1,2,...,/}
Index of customers, r € Vy = {1,2,...,F}

Index of candidate review intervals, v € V =

ST SR

(5,10, 15}

3.2. Nominal formulation

The indices (sets), parameters and decision variables used in this
study are given in Tables 2-4, respectively.

Using these sets, parameters and decision variables, we formulate
the nominal mathematical model of the CRSCND problem. In this
research, the inventory cost, opening cost of facilities and transporta-
tion cost are included in the objective function. The inventory cost,
including ordering cost and holding cost, can be formulated as

Ic = sz+zzzh

J€VD JEVD reVy kek

@

Since T; = ZUEV s, We can rewrite the inventory cost as follows.

Ky
IC= Z Z _S/U+ Z Z Z ”2 hjwj,s;,

JEVD vEV JEVD reVy keK veV

@

The opening cost of facilities consists of the fixed cost and variable
cost. When the plants, DCs and transportation lines are located, the
fixed cost occurs. The variable cost is only incurred at opened DCs. We
formulate the fixed cost as:

FC=Y 3 Fix+ ) FPy+ > 3 N Flzj+ ) Y FL

kEK iePy JEVD keK iePy jeVp JEVp revy
where the first two terms are the cost of opening plants and DCs,
respectively. The last two terms are the opening cost of transportation
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Table 3

Parameters.
Parameters Value for experiments Unit
Hy The base nominal value of customer demand. 10 Number
1, The base fixed cost of locating plants. 50 Dollar
fa The base cost of locating DCs. 2 Dollar
fo The base ordering cost of DCs. 10 Dollar
hy The base holding cost at DCs. 3 Dollar
b, The base cost of opening transportation lines from plant to DC. 10 Dollar
o The base cost of opening transportation lines from DC to customer. 10 Dollar
ry Mark whether customer r € Vj requests the product k € K 1 indicates customer requests product k, and O otherwise. Number
ut Nominal value of customer r’s demand for product k uU[1,5] Number
ar Maximum deviation of customer r’s demand for product k min { yf, Ul4, 10]} Number
i The average nominal value of all products demands Liek Zrev, 15/ Vbl Number
H The average nominal value of product k’s demands e, HEL P Number
by The unit cost of transportation between node i € P, and node j € V;,, where k € K. Euclidean distance between two points Dollar
Cjr The unit cost of transportation between node j € V;, and node r € V. Euclidean distance between two points Dollar
¢ The average value of all c;,. Ziery Zoery & Dollar

Vo[ Vel

E” The fixed cost of opening a plant facility i € P,, where k € K. foh(1+U[-0.5,0.5]) Dollar
FJ.D The fixed cost of opening a DC facility j € V. 2f,a(1 +U[-0.5,0.5]) Dollar
FI" Cost per unit storage capacity of the DC at location ;. f4(1+U[-0.5,0.5]) Dollar
F,f The fixed cost of opening a transportation line from plant i € P, to DC j € V. byfib;;(1+U[-0.5,0.5])/ | K| Dollar
Fj, The fixed cost of opening a transportation line from DC j € V, to customer r € V. coHyc;, (1 +U[-0.5,0.5]) Dollar
£ The fixed cost of placing an order at DC j € V). focia(14+U[-0.5,0.5]) Dollar
h; The inventory holding cost per unit per unit time at DC j € V. hy(1 +U[-0.5,0.5]) Dollar

Table 4

Decision variables.

Binary variables:

X 1 if plant i € P, is opened, otherwise 0, where

i

ke K.

¥ 1 if DC j € V), is opened, otherwise 0.

z; 1 if the DC j € V), is assigned to i € P, for
sourcing product k € K, otherwise 0.

w;, 1 if customer r € V} is assigned to DC j € Vp,
otherwise 0.

Sy 1 if DC j € V), select review interval v, otherwise
0.

Auxiliary variables:

T; Order cycle of DC j €V, T) = ¥y US),-

lines from plants to DCs and from DCs to customers. At located DCs, the
variable cost is proportional to its capacity, which is written as follows.

VC= z Z z F;’yfijrsjv (C))

JEVD reVyg keK veV

The transportation cost occurs on the process of delivering product
from plants to DCs, then to customers, which is approximated by
following function.

TC=3 2 X Y bzt YD Y wuk ®)

kEK i€P, jEV), reVy JEVp reVg kek

We let G(x,y,z,w,s) denote the total cost of CRSCND. Based on
the above discussion, the G(x,y,z,w,s) = IC + FC + VC + TC. Then,
according to the nominal value of demand, we formulate the nominal
mathematical model (P1) for CRSCND.

Pl: min G(x,y,z,w,s)
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The objective function of P1 is to minimize the total cost of CRSCND.
Constraints (6) ensure that one product can only be sourced from
one plant at each opened DC, which means multiple products will
have different sources of supply. Constraints (7) stipulate that the
requirement for all products will be met by one DC at each customer.
Constraints (8) denote that if there are customers demanding a product
at a DC, there must be plants assigned to this DC for providing such
product. Constraints (9) mean that only when a plant is opened can
it produce the product. Constraints (10) state that each DC can only
select one review interval for its inventory.

3.3. Linearization of the nominal model

In the objective function of P1, bilinear terms w;,s;, and z;;w);, exist
in IC, VC and TC. This will cause computational difficulties if the
problem is directly solved by CPLEX or any other linear programming
solver. This paper introduces a linearization scheme to treat the two
bilinear terms. This scheme is widely used in existing research (Shahabi
et al., 2014). According to this linearization scheme, we first introduce
a new nonnegative variable G ;,, and three new constraints to linearize

Jruv
the term w,,s;,. Three new constraints are as follows.

jrljvt
Y G=w,. Vi€VpreVg 12)
veV
Gy < 5jy VjeVpreVyveV 13)
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The above three constraints can enforce variable G;,,, equal 1 only
when variables w;, and s;, both equal 1. Similarly, the nonnega-
tive variable M; r and three constraints (15)~(17) are introduced to

linearize the bilinear term z;;w;,.

Y My, =w,. Vi€VpreVgkek 15)
i€Py

M;;, <z, VjeVp.reViykeK,ie P, (16)
M;;, >0, VjeVp.reVykeK,i€ P, a7)
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In this research, M;;, = 1 means the products produced by plant

i are delivered to customer r through DC j. Because the demand of

customer is multi-product, M;;, = 1 may cover the case where customer

r does not require the product of plant i. To avoid this situation, we

enhance the constraints (15) as follows.

z M, = wjry,

ieP,

Vj€eVpreVgkek (18)

According to the above linearization of the bilinear terms, we
reformulate the nominal model P1 as a mixed-integer linear program
P2.

P2 : min Z Z%Siﬂ' Z
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s.t. Constraints (6)~(14), (16)~(18).
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Reformulating the model P1 as P2 enables us to directly use the
optimization solvers like CPLEX. However, the demand uncertainty
may cause the solution found using nominal demand to be meaningless
from a practical viewpoint. To reduce the effects of demand uncertainty
and find a robust solution, this study gives the robust counterpart of
model P2 in the next section.

3.4. Robust formulation

In the research of robust supply chain, some studies adopted robust
stochastic programming method to handle uncertainties. For exam-
ple, Lotfi et al. (2023a,b, 2024a,b) considered robust SCND prob-
lem, Lotfi et al. (2022, 2024d) studied the robust supply chain in-
corporating vendor management inventory, and Lotfi et al. (2024c)
introduced robustness and risk-averse into supplier selection with order
allocation problem. In these papers, Conditional Value at Risk, Entropic
Value at Risk and Weighted Value at Risk are applied to measure
risk. However, this approach is not suitable for scenarios where the
distribution information of uncertain parameters is unknown.

To obtain a robust supply chain network under distribution infor-
mation of uncertain demand is unknown, this research adopts robust
optimization (RO) approach to solve the CRSCND problem. Regarding
the RO approach, Soyster (1973) is among the first to start this research
direction. His study proposes a linear optimization model using a
rectangular uncertainty set to solve the robust optimization problem,
but its solutions are overconservative. To address the over conservatism
issue, research developed by Ben-Tal and Nemirovski (1998, 1999,
2000) has promoted the progress of RO approach. Through using an
ellipsoidal uncertainty set, these studies develop the conic quadratic
programming model to solve the robust linear programming problem,
but the nonlinear model will cause the excess computational burden.
This research employs the robust optimization approach of Bertsimas
and Sim (2004), in which the budget uncertainty is introduced to
construct the linear robust counterpart.

The reasons of employing RO approach of Bertsimas and Sim (2004)
are fourfold: (1) it does not rely on the distribution information of
uncertain demands, like mean and variance. This information is dif-
ficult to grasp for enterprises. (2) Based on the minimax principle, this
approach focuses on seeking the solutions that show a good perfor-
mance even in the worst case, which can help enterprises circumvent
the effects of worst-case scenarios as much as possible and consequently
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avoid the high penalty associating with it. (3) the conservatism level of
solutions can be managed by adjusting budget parameters associated
with uncertain demand, which gives decision makers the opportu-
nity to make choices. (4) this approach can provide a linear robust
counterpart, which is conducive to the subsequent problem solving.

In the robust formulation of CRSCND, we define the random vari-
able ﬁf to denote the uncertain demand for product k at customer r,
which takes value in [u* — g¥, u* + g*). Here, u* is the nominal value
and ﬁf is the maximum deviation of demand from its nominal value.
Associated with the variable ¥, we let z,; = (i* — u*)/4*. In CRSCND,
only the impact of positive deviation in uncertain demand can cause
the worst cases, so we stipulate the z,, takes value in [0,1].

The fluctuation in demand will affect the estimation of variable cost
of DCs, inventory cost and transportation cost. On the treatment of
first two costs, the uncertainty risk of each product is pooled together
at each DC. As for the transportation cost, the effects of uncertainty
risk can be pooled together for the entire supply chain network, or
separately pooled based on the transportation lines of each product
at each DC. According to these different risk-pooling strategies in
transportation, two robust optimization models can be constructed for
the CRSCND problem. One is the robust model which uses the same
risk-pooling strategy to centrally handle the three costs, and another
is that the transportation cost is independently handled by pooling the
risk for entire network.

Setting inventory at DCs allows the risk-pooling of multiple cus-
tomers and reduces the impact of demand uncertainty on the capacity
and inventory of DCs. However, in the CRSCND, even at the same DC,
different products cannot be substituted for each other, so the inven-
tories of different products cannot share the risk. In addition, different
DCs cannot collaborate to cope with the impact of demand fluctuations.
Based on these reasons, this research establishes a risk pool for each
product at each DC to cope with the impact of demand uncertainty on
the variable cost of DCs, inventory cost and transportation cost, and
constructs a robust model R1 for the CRSCND problem.

/; ;
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s.t. Constraints (6)~(14), (16)~(18).
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where z, is the vector comprised of those variables z,, with same index
k. U|(I,) is the uncertainty set, and U;(I'}) = { z;| l1z;ll < 11121l <
I,z > 0}. R is the auxiliary decision variable. The parameter I,
provides the protection level against the demand uncertainty of product
k, i.e., the maximum number of changed demand for product k. One
changed demand refers to the demand for one product at a customer
is different from its nominal value. The varying range of I is in
[0, Zrevy rk]. Specifically, I, = 0 means the demand uncertainty of
product k is not considered in the robust formulation of CRSCND. If
I, = ZreVR ry, the robust solutions have the highest conservatism
against the demand uncertainty for product k.
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Due to the existence of inner optimization problem in constraint
(19), the model R1 is a nonlinear program which requires advanced
computational power to solve. To obtain a tractable formulation of
CRSCND, the duality theory is applied to transform the model R1 to
the equivalent linear counterpart R2 as below. The y/¥ and f{k are the
corresponding dual variables of the inner problem.

R2: ’"’"ZZU/U+ZZZZ ,,m+ZZFp

JEVD vEV JEVp reVy keK veV keK iePy,
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In the robust formulation R2, the demand uncertainties are pooled
at DCs and separated according to the product type. This risk-pooling
strategy can reduce the impact of demand uncertainty and detailly eval-
uate the effects on the corresponding cost of each DC. However, there is
a natural drawback that it does not fully explore the synergies between
different products. Although different products are not substitutable,
the demand uncertainty can be pooled in calculating the transportation
cost. Therefore, we introduce the parameter I", which limits the number
of changed demand for all products, to formulate the robust model R3
for CRSCND. The varying range of I is [O, Diek 2 ] The model
R3 is given as below.
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C 20 27)
C, >0 (28)

where z is the vector of variables z,,. U;(I") and U,(I') are the uncer-
tainty sets, and U;(I') = { z;|lIz¢llo < Lllzlly £ T2 20}, Up(I) =
{zlllzllo < 1L llzll; €T,z >0}. C; and C, are auxiliary decision vari-
ables. In the same manner with R1, we introduce the dual variables
alk, ﬂfk, 6 and A, to transform the nonlinear constraints (25) and (26).
a/* and ﬁfk correspond to constraint (25), and 6, A, correspond to the

constraint (26). The linearized formulation (R4) of R3 is as below.
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Based on the different risk-pooling strategies, two robust models R2
and R4 are formulated for CRSCND. We observe that the CPLEX solver
shows good performance in solution size and speed. Considering that
the purpose of this research is to give a framework of multi-enterprise
collaboration and to explore its advantages, the optimization models
are solved using CPLEX in this paper.

3.5. Complexity of the model

The problem complexity (CRSCND) is calculated in Egs. (37) to (42),
where the number of binary, positive variables and constraints is given.
First three equations correspond to model R2, while the last three are
for model R4.

BinaryV ariables(R2) = Y |P| (|Vp|+ 1) + [Vp| (1+|Vi| + V1)
keK

37)

PositiveV ariables(R2) = 1 + |Vp| |Vg| <|V| + z |P| + |K|> + K[ |Vp|
keK

(38)

Constraints(R2) = |Vp| |Vg| (3 K[+ Y|P+ V] + 1>
kek
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Fig. 3. Cost savings of collaboration using model R2.
“Random” distribution), while in groups 14~16, the candidate plants
+ V|l IK|+ P+1)+|Vg|+1 (39) i . ’
Vol <| ! kg,’(| d > IVl and DCs are distributed in the left half of the same map, and the cus-
. . tomers are distributed in the right half (called “Separate” distribution).
B |4 bles(R4) = P, Vpl+ 1)+ (V| (1+|Vr|+ 1V
inaryV ariables(R4) kél el (Vo] +1) + [Vl (14 Vel +1V1) To investigate the effect of geographical distribution of demands, the
(40) square map is divided into |K| subareas by the evenly separated rays
that originate from the map center in groups [1~I3. Each subarea is
PositiveV ariables(R4) = 3 + |Vp| [Vx| [ V1 + Z |P | IK| labeled as k, and the customers located in this subarea must demand
keK the product k and require other products with a probability m which
+ 1K1 (Vo] + [Val) (41) is called “overlap”. In our experiments, the m takes three values. More
b R specifically, in group I1, m equals O which means the customer located
Constraints(R4) = |V | |Va| ( 3 1K1 + 2 [P+ VI +1 in subarea only demand the product k. In group 12, m equals 0.5 which
pTImR ek k means the probability that customers located in subarea k demand any
other product is 50%. In group I3, m equals 1 which means every
+ |[Vp| <|K| + Z |P.| + 1> +|Vr| UK+ 1) +2 (42) customer has the demand for all products. Similarly, in groups 14~I6,
kek m has the same settings.

The results indicate that the number of variables and constraints
depends not only on the network size, but also on the candidate review
intervals. In addition, compared to the model R2, R4 has more variables
and constraints, making it more complex. This complex is related to the
number of customers and enterprises.

4. Experiment results and discussion

In this section, the benefits of collaboration in robust supply chain
network design are verified through comparing with the no collabo-
ration strategy. The robustness of the optimal results obtained by the
two proposed robust models is investigated. The properties of two ro-
bust models are analyzed through the sensitivity analysis experiments.
Moreover, three cost-saving allocation mechanisms are tested to inves-
tigate whether this collaboration is easy to achieve. The computational
setup is a desktop with Intel Core i7-10700 2.90 GHz and 16 GB
memory, and all experiments are conducted by calling the CPLEX 12.10
in Java.

In the experiments, we create 6 groups of CRSCND instances in-
cluding 2 enterprises, in which the number of candidate plants of each
enterprise, candidate distribution centers (DCs) and customers are set
to 5, 10 and 100, respectively. Each group includes 10 instances, and
these groups are named as I1, I2, ..., I6. To investigate the effect
of relative location between plants, DCs and customers, these nodes
are randomly distributed in a square map in groups I1~I3 (called

In our experiments, all instances are generated in the square of [1,
50] x [1,50] in the 2D coordinate system. The assignment of parameter
values for generating instances relies on the notation lists (see Tables 2
and 3).

4.1. The advantages of collaboration

In this section, we illustrate the advantages of collaboration in
robust supply chain network design by examining the 6 groups of
instances. No collaboration strategy, in which each enterprise designs
their own robust supply chain network separately, is applied as a base-
line to be compared with CRSCND. Figs. 3 and 4 show the average cost
savings of CRSCND over no collaboration strategy for robust models
R2 and R4, respectively. A (%) is used to denote the total relative
cost savings of CRSCND. To unveil how collaboration reduce the total
cost, the relative savings of plants construction cost (denoted as P (%)),
DCs construction cost (DC (%)), inventory cost (S (%)), opening cost of
transportation lines (L (%)) and transportation cost (T (%)) are also
showed in Figs. 3 and 4.

Comparing Figs. 3 and 4, we find models R2 and R4 have similar
performances in cost saving. When m equals O (groups I1 and I4)
collaborative construction yields little cost savings. As m increases, the
total cost savings by collaboration become significant and show an
increasing trend. Looking further into the main sources of total cost
savings, we find the followings:
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Fig. 5. Comparisons of model R2 and nominal model.

With the increase of m, the total cost saved by collaboration
mainly comes from the reduction of inventory cost and opening
cost of transportation lines.

High overlap of demands will lead to a significant reduction of
the plants construction cost.

Collaboration may bring no cost savings in opening DCs.

When m = 0 transportation cost has a little reduction, but this
reduction will change from positive to negative as m increases.

4.2. Analysis of robustness

To evaluate the impact of robust approach on collaborative design
of SCN under demand uncertainty, this section investigates the per-
formance difference between the robust models and nominal model in
terms of cost.

The total cost of nominal model is calculated by initially solving it
with nominal demand then re-evaluating it under demand uncertainty.
More specifically, we first solve the nominal model P2 according to

10

the demand nominal value to obtain a network configuration. Then,
based on such configuration, the worst case is acquired with the same
violated probability as robust model and the temporary remedial cost
for encountering the worst case is calculated. The total cost of nominal
model under demand uncertainty is the sum of fixed construction cost
of designing network and the remedial cost incurred due to uncer-
tain demand. The remedial cost includes the temporary ordering cost,
expanding cost of DCs, temporary inventory cost and transportation
cost, when uncertain demand occurs. In our experiments, the temporary
ordering cost is 1.5 times that of normal ordering, and other costs are
equal to the normal value.

Figs. 5 and 6 show the relative saving rates of the robust models R2
and R4 over the nominal model, respectively. The results demonstrate
the robust approach can efficiently alleviate the impacts of uncertain
demands on supply chain network and bring economic benefits for
enterprises. Moreover, the reduction of inventory cost is the main
source of cost-saving brought by the robust approach.
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4.3. Analysis of violated probability

Violated probability is an important parameter in robust approach,
which reflects the conservatism of robust solutions. To investigate
the effects of violated probability on problem CRSCND, this section
conducts the sensitivity analysis of violated probability from two per-
spectives.

Firstly, we study the effects on advantages of robust approach
through comparing the models R2 and R4 with nominal model. Fig. 7
shows the cost-saving curves of models R2 and R4 when the violated
probability changes from 1% to 5%. It is observed that the saving rates
of two robust models show a same trend, and both have only a slight
improvement as the violated probability increases. This indicates the
violated probability has no significant effect on advantages of robust
approach in problem CRSCND.

Secondly, we study the effects of violated probability on advantages
of collaboration. Under different settings of violated probability, Fig. 8
gives the cost-saving curves of collaboration comparing with the no
collaboration. The results show the saving rates have a slight increase
as violated probability changes. In addition, it is found that models
R2 and R4 have no significant gap of saving rate in various violated
probabilities.

4.4. Analysis of high volatility demand

In this section, through doubling the maximum deviation of some
demands, we examine the effects of high volatility demand in problem

11

CRSCND. Fig. 9 gives the saving rates brought by collaboration when
the proportion of demands with a doubling volatility increases from 0%
to 80%. The results show that the saving rates have a slight reduction
as the proportion of high volatility demands increases.

Further, we investigate the effects of high volatility demand on the
advantages of robust approach. Fig. 10 shows the saving rates of robust
approach when some demands double their volatilities. It is noteworthy
that the curves of saving rate have no evident change when the number
of demands with doubling volatility increases.

4.5. Comparison of two robust models

The above experiments demonstrate that two modeling approaches
with different risk-pooling strategies both can bring the considerable
cost savings for enterprises in the problem CRSCND. In this section, we
compare the two robust models and investigate its applicable scenarios.
Fig. 11 shows the relative cost gaps of model R4 with respect to model
R2. The results indicate the model R4 has advantages in terms of total
cost, opening cost of transportation lines and transportation cost, while
model R2 is more beneficial in construction cost of plants and DCs, and
inventory cost.

To investigate the applicable scenarios of two robust models, Fig. 12
gives the curves of relative difference of total cost when the weights
of variable construction cost of DCs (denoted as w,), holding cost of
inventory (w,) and transportation cost (w;) are varied. The results
indicate that if the weight of transportation cost is small the model R2



Q. Zhang et al.

12.90

International Journal of Production Economics 279 (2025) 109465

12.85

Ju—

L

0

o
T

1275

Saving Rate (%)

1270

12.65 :

1%

. 3%
Violated Probability

5%

Fig. 8. Advantages of collaboration under changing violated probability.

12.80

12.70 |
12.60 |
21250 F
[

012,40 |
Z

81230
1220 |
12.10 ' '

(%)

—e—R2
R4

0% 10%

20% 50% 80%

Percentage of Demand Increasing

Fig. 9. Advantages of collaboration with high volatility demand.

7.60

~

W

o
T

~

AN

(e
T

Saving Rate (%)
~ 3
b W
S 3

~

—_

[e)
T

7.00 : :

——R2
R4

0% 10%

20% 50% 80%

Percentage of Demand Increasing

Fig. 10. Advantages of robust approach with high volatility demand.

has the advantages in total cost, while the model R4 is more favorable
when weights w, and w, are low.

4.6. Allocation of cost savings

Collaborative design of robust supply chain network can signifi-
cantly improve the flexibility of supply chain and reduce the total cost,
but enterprises are assumed to be rational, and their primary concern
in collaboration is their own benefits, i.e., any enterprise would like to
reduce as much of its own total costs as possible. Therefore, how the

12

cost-saving is distributed will have a direct impact on the willingness
of enterprises to participate in collaborative design. When enterprises
are unable to derive benefits from collaboration or the benefits are
insufficient, enterprises will leave the alliance. Taking the cooperative
game-theoretic perspective, any allocation in the core can ensure there
is no sub-alliance with higher benefits, and staying in the grand alliance
and collaborate with all other enterprises is the most advantageous
choice for any enterprise. In this way, the grand alliance is stable.

To ensure that enterprise can have the incentive to participate
in collaborative design of robust supply chain network, this paper
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Table 5 Table 6
The allocation results under model R2. The allocation results under model R4.
17 18 19 110 111 112 17 18 19 110 111 112
Equal 4 10 10 3 8 9 Equal 1 10 10 2 8 10
Utilization 0 4 7 0 1 6 Utilization 0 4 7 0 1 7
Shapley 9 10 10 5 10 10 Shapley 3 10 10 5 10 10

investigates the stability of three allocation mechanisms. We consider
the mechanisms formerly studied in Zhang et al. (2023), which are
“Equal”, “Utilization” and “Shapley” allocation mechanisms. The Equal
mechanism evenly distributes the cost savings to all enterprises, and
the Utilization allocates the cost savings such that each enterprise’
actual cost is proportional to the volume of their product. The Shapley
mechanism is based on the Shapley values of each enterprise. To carry
out the experiments in this section, six groups of CRSCND instances
containing three enterprises, named 17, I8, ..., I12, are generated, and
each group contains 10 instances. In the generating process, the y, of
three different products are set to 10, 20 and 30, respectively, and other
parameters are consistent with the settings of instances I1~I6. For each
instance, we calculate the allocation results of three mechanisms for
total cost savings, and check whether the allocation belongs to the core
of the cooperative game. In our experiments, the payoff function is the
cost-saving of alliance. Tables 5 and 6 give the results under two robust
optimization models, respectively.

The results show that no matter which robust model is used, the
Shapley value method can provide a stable allocation for the instances
with overlapping demands. When the overlap is 0 or extremely close
to 0, the Shapley method can only provide stable allocation for some
instances due to the decline of inter-enterprise synergy. The Utilization
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mechanism generates the least stable allocations. Especially when the
overlap is 0, the Utilization mechanism does not obtain a stable allo-
cation. The Equal method can effectively increase the number of stable
allocations, but its results are inferior to the Shapley value method.

4.7. Discussion

This research focuses on the benefits of collaborative design of
robust supply chain network and analyzing the components of these
benefits. Through comparing with no collaboration strategy, it is found
that demand overlap is a key parameter affecting the cost savings of
collaborative design. When the overlap is low little sharing of DCs
and transportation lines will occur, and consequently the network will
remain largely consistent under collaboration and no collaboration.
As overlap increases, there are a large number of synergies that can
be exploited by enterprises. For example, the joint replenishment of
inventory for all products and the collaborative opening and sharing of
transportation lines. Based on these synergies, the network structure is
optimized and the cost savings of collaboration become significant. To
obtain such an optimized and simple network, collaborative design may
sacrifice some opening cost of DCs and transportation cost to reduce
total number of opened DCs and transportation lines.
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Moreover, comparing with the nominal model, using robust ap-
proach can avoid the occurrence of temporary orders when dealing
with demand uncertainty, thereby efficiently reducing the cost of sup-
ply chain. The experiments of sensitivity analysis indicate that the
advantages of considering robust approach and collaboration in prob-
lem CRSCND will not be significantly affected by violated probability
and demand joining with higher volatility.

Analyzing the two risk-pooling strategies, it is found that they
have similar saving rate and both can bring considerable cost savings
in building collaborative robust SCN. The saving rate gaps between
two models R2 and R4 do not exceed 0.35% in the experiments of
sensitivity analysis. As the violated probability increases the saving
rate gap brought either by collaboration or robust approach show a
slight decreasing trend, but such gap has an increasing trend as the
demand number with higher volatility increases. Further explore the
favorable scenarios of two risk-pooling strategies, we found that when
the proportion of transportation cost is high, building the risk-pooling
for products transportations of whole supply chain network, i.e. model
R4, is more advantageous.

Allocation of cost savings is the key issue in collaborative design of
robust supply chain network. This research tests three allocation mech-
anisms for problem CRSCND and finds that the Shapley value method
can fairly measure the contribution of each enterprise. Nevertheless,
when there is a large difference in the market size of enterprises and
the demand overlap is low, these simple allocation mechanisms may
not be able to ensure the stability of alliance. In this case, enterprises
need to design a specific allocation mechanism or choose a suitable
partner to carry out collaboration.

5. Managerial insights and practical implications

This research advocates for a collaborative approach to designing
robust supply chain networks (SCNs) among multiple enterprises, pro-
viding a practical framework for modeling and implementing such
collaboration. A distinguishing feature of this study is its holistic view,
incorporating various integrative strategies to enable a fully collabo-
rative supply chain, including joint inventory replenishment, shared
facilities, and pooled transportation resources. Such a collaborative
design approach not only lowers total operational costs but also extends
market reach for participating enterprises, making it an economically
favorable choice for logistics expansion and improvement.

Consideration of Demand Uncertainty: In designing a collab-
orative SCN, managers must account for demand uncertainties, as
neglecting them may result in increased costs when unexpected fluc-
tuations arise. This study offers two risk-pooling strategies to help
managers mitigate demand volatility. When transportation costs rep-
resent a significant portion of total expenses, managers are advised to
apply a comprehensive risk-pooling approach across the entire supply
chain; otherwise, Model R2 is recommended. Adjusting the budget
value within these models also allows managers to achieve the desired
level of conservatism in their solutions.

Partner Selection and Allocation Mechanisms: In implementing
the collaborative robust SCN design (CRSCND), the Shapley value
method generally provides a stable cost allocation mechanism in cases
of overlapping demand, but may be limited when overlap is minimal.
Thus, managers should carefully select suitable partners and design
an allocation mechanism that ensures stability within the CRSCND. If
collaboration is mandatory, where some enterprises incur higher costs
to achieve an overall reduction in SCN costs, the parent company may
consider subsidizing those enterprises to maintain fairness and stability
within the network.

6. Conclusion and discussions

Multi-enterprise collaboration offers a powerful approach to achiev-
ing resource integration, enhancing resource utilization, and reducing

14

International Journal of Production Economics 279 (2025) 109465

individual enterprise investment. Addressing the challenge of unknown
demand distribution, this study introduces and resolves the collabora-
tive robust supply chain network design (CRSCND) problem through
a robust optimization framework, integrating joint inventory replen-
ishment, shared facilities, and transportation resources. The CRSCND
problem was formulated with two robust optimization models based
on different risk-pooling strategies, effectively handling demand uncer-
tainty. The numerical experiments support the substantial benefits of
collaboration and robust optimization, and three cost-saving allocation
mechanisms were analyzed.

The key findings are summarized as follows: (1) Cost Savings
through Collaboration: Collaborative design of robust SCNs achieves
significant cost reductions, mainly by decreasing inventory and trans-
portation line opening costs. (2) Effectiveness of Robust Optimiza-
tion: Applying robust optimization to collaboratively designed SCNs
under demand uncertainty reduces total costs, primarily through in-
ventory cost savings. (3) Cost Savings Resilience: Cost savings from
collaboration and robust optimization are not significantly impacted
by changes in violated probability or high demand volatility. (4) Risk-
Pooling Strategy Suitability: A centralized approach to transportation
risk pooling is recommended when transportation costs are high, while
independent transportation risk handling is more suitable when distri-
bution center construction and inventory costs dominate. (5) Shapley
Value Allocation Mechanism: For CRSCND problems with high de-
mand overlap among products, the Shapley value method offers stable
cost allocation. For scenarios with low demand overlap, managers
should establish a fair allocation or partner selection method.

Limitations and Future Directions: This research focuses on cost
factors in the collaborative SCN design. However, in practice, man-
agers’ decisions are influenced by psychological preferences and satis-
faction, affecting collaboration. Future research could incorporate these
behavioral factors into the CRSCND model to analyze potential impacts
on network structure. Additionally, exploring scenarios with multiple
logistics providers per transportation line could further reduce SCN
costs. Finally, considering correlated demand uncertainties may yield
insights into how interrelated demands impact the network structure.
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