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Cold chain logistics has been playing a more andmore crucial role in modern society. As a special professional cold chain logistics,
emergency cold chain logistics can provide quality assurance for temperature-sensitive products in emergency situations. Due to
the fact that demand is uncertain in emergency situations, the cold chain logistics companies have to deal with the issue of
uncertainty. However, there is no literature on the emergency cold chain logistics distribution optimization problem with
uncertain demand. ,is research contributes to solving this problem. To deal with uncertain demand in emergency situations, an
emergency cold chain logistics distribution optimization model with time windows is proposed based on scenario analysis. ,e
objectives of the model are to minimize the total cost and shorten the delivery time simultaneously. ,e model can also optimize
product procurement and refrigerated vehicle renting. ,e multi-scenario optimization model is applied to a Chinese cold chain
logistics center to verify its effectiveness.

1. Introduction

Cold chain logistics is the technology and process that allows
for the safe transport of temperature-sensitive goods and
products along the supply chain [1, 2]. Cold chain logistics
has been becoming a more and more crucial role in modern
society [3]. ,e global cold chain market size was valued at
233.8 billion USD in 2020 and is expected to reach 340.3
billion USD by 2025, registering a CAGR (compound annual
growth rate) of 7.8% from 2021 to 2025 [4]. ,e North
America cold chain market was valued at 59.1 billion USD,
which was the largest region in 2020.,e Asia-Pacific region
cold chain market was estimated to witness the fastest
growth from 2021 to 2025 [5].

As a special professional cold chain logistics, emergency
cold chain logistics can provide quality assurance for tem-
perature-sensitive products in emergency situations [6].
Emergency cold chain logistics plays an essential role in
dealing with emergencies. For example, the cold chain

logistics industry plays a crucial role in the prevention and
control of Coronavirus Disease 2019 (COVID-19). ,e cold
chain logistics companies must not only kill the coronavi-
ruses on packages but also cope with uncertain demand.
Demand is uncertain in emergency situations, which means
that there are not enough historical data to estimate un-
certain demand. However, there is no literature on the
emergency cold chain logistics distribution optimization
model to deal with uncertain demand. ,is paper will
propose a multi-scenario optimization model to help
managers distribute temperature-sensitive products under
emergency situations more effectively.

,e innovations and contributions of this paper are as
follows:

(1) As far as we know, this is the first study to propose a
multi-scenario optimization model for cold chain
logistics distribution dealing with uncertain demand
in emergency situations.
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(2) ,e scenario-based multi-objective optimization
model aims at minimizing the total cost and
shortening the delivery time simultaneously.

(3) ,e proposed method can also optimize product
procurement and refrigerated vehicle renting.
,erefore, our model is more in line with the actual
operation.

(4) A Chinese cold chain logistics system is studied to
validate the effectiveness of the proposed model.

,is paper is structured as follows. In Section 2, the
literature is reviewed, and the problem of the emergency
cold chain logistics distribution optimization is described.
,e multi-scenario optimization model with time windows
is developed in Section 3. In Section 4, the multi-scenario
optimization model is applied to a Chinese cold chain lo-
gistics center to verify its effectiveness.,emain conclusions
are summarized in Section 5.

2. Literature Review and Problem Description

,e research on the optimization methods for cold chain
logistics distribution is a hot topic. ,e objectives of most
models in the literature are to minimize total cost. Zhang
and Qu studied an optimization model to reduce the total
cost of cold chain logistics distribution, including trans-
portation cost, storage cost, and damage cost. ,ey pre-
sented an improved genetic algorithm to tackle the proposed
model [7]. Fan et al. established an optimization model to
minimize the total cost of cold chain logistics and developed
an ant colony algorithm to solve it [8]. Li et al. constructed
an optimization model and developed an improved tabu
search algorithm to solve their model. ,ey considered the
cost of energy, carbon emissions, and vehicle leasing si-
multaneously [9]. Pan established a cold chain logistics
vehicle path model, considering carbon emissions cost and
the usage cost of the Internet of,ings (IoT).,emodel was
solved by using the wolf colony algorithm principle and the
ant colony algorithm [10]. Liu et al. presented a low-carbon
cold chain logistics distribution model, considering penalty
cost, carbon emission cost, distribution cost, damage cost,
and refrigeration cost. ,ey proposed an improved genetic
algorithm to tackle the model [11].

In addition to minimizing the total cost, it is also im-
portant to shorten the delivery time in the emergency cold
chain logistics distribution. However, the above researches
did not consider this important factor. Ma et al. proposed an
optimization model to minimize the total cost of cold chain
logistics distribution, taking time windows into account [12].
Osvald and Stirn studied the distribution of fresh vegetables
and developed a tabu algorithm to solve their mathematical
model with time windows [13]. Zou et al. proposed an
optimization model whose objective was to minimize the
time of cold chain logistics [14]. Wang et al. proposed a cold
chain logistics optimization model considering time win-
dows. To tackle the model, they developed a cycle

evolutionary genetic algorithm [15]. Zhang et al. proposed
an optimization model for cold chain logistics distribution,
considering time windows. ,ey developed a genetic algo-
rithm to tackle the model [16]. To cope with the trade-off
between minimizing the total cost and maintaining the
quality, Nakandala et al. proposed a multi-product food
transportation cost function that defined the total cost as the
sum of transportation cost, cooling cost, and devalued cost
[17]. ,eophilus et al. presented a mixed-integer optimi-
zation model for the truck scheduling at cold chain cross-
docking terminals (CDT). ,is model can capture the decay
of perishable products using an exponential function
throughout the service of arriving trucks [18]. Tsang et al.
proposed a dynamic multi-temperature transportation
management system, considering Internet of ,ings (IoT)
technologies, multi-objective optimization, and fuzzy logic.
,e multiple objectives include minimizing the travel time,
minimizing the number of vehicles used for the delivery, and
maximizing customer satisfaction [19]. However, these
studies did not consider the uncertainty of demand.

Because demand is uncertain in emergency situations,
this research will develop an optimization model for the
emergency cold chain logistics distribution considering
uncertain demand. ,e problem of the optimization of
emergency cold chain logistics distribution can be described
as follows: (1) To meet uncertain demand in emergency
situations, how to dispatch several kinds of products from
cold chain logistics centers to their customers by using
refrigerated vehicles within time windows? (2) If the logistics
service provider does not have enough refrigerated vehicles,
howmany refrigerated vehicles should be rented? (3) If there
are not enough products available, how many products
should be purchased? (4) Because the optimization plan
should minimize both the total cost and the total delivery
time, the optimization model should have two objectives.
We aim to deal with uncertain demand in emergency sit-
uations, so this research provides distribution plans before
orders are placed rather than after the demand has been put
forward.

Some assumptions should be pointed out to develop the
optimization model for the emergency cold chain logistics
distribution:

(1) ,ere is only one cold chain logistics center whose
location is certain.

(2) ,ere are many customers and their locations are
known, but their demand is uncertain in emergency
situations. If the logistics service provider fails to
fulfill or exceeds the uncertain demand, it is nec-
essary to pay the penalty cost.

(3) ,ere is only one kind of refrigerated vehicle. If there
are not enough vehicles, the logistics service provider
should rent vehicles whose rental fees are known.

(4) Both the departure and destination of the refriger-
ated delivery vehicles are the cold chain logistics
center. ,e driving speed of refrigerated delivery
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vehicles is known. Each customer can only have one
refrigerated vehicle for products delivery while each
refrigerated vehicle can provide service for multiple
customers.

(5) ,ere are several kinds of products that can be
loaded in the same vehicle. If the available products
are not enough to meet demand, the logistics service
provider should purchase products. ,e prices of
these products are known.

3. Methodology

3.1. Mathematical Model. To cope with uncertain demand,
which means that there are not enough historical data to
estimate uncertain demand, a multi-scenario optimization
model for emergency cold chain logistics is developed by
using scenario analysis [20–22]. In fact, uncertainty has been
studied by numerous scholars from several disciplinary

perspectives. However, the traditional methods, e.g., the
stochastic theory and the fuzzy theory, cannot be used to
deal with such uncertain parameters [23, 24]. ,e method of
scenario analysis deals with such uncertain parameters by
generating a set of scenarios [25, 26]. Tables 1∼ 3 show the
symbols used in the proposed Table 2 model.

3.1.1. Objective Functions. A multi-objective optimization
model is needed to be proposed to aid the distribution of
temperature-sensitive products at minimal total cost and an
acceptable level of the quality of products.

In order to preserve the quality of temperature-sensitive
products, the products should be transported to customers
in the shortest time.,e objective function set (1) minimizes
the expected delivery time including the transport time, the
waiting time, and the service time.
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,e objective function set (2) minimizes the expected
total cost. ,e main cost components are considered in the
model, including the fixed cost of refrigerated vehicles,

transportation cost, the rental fee of refrigerated vehicles, the
cost of products purchased, and the penalty cost of failing to
fulfill or exceeding demand.
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3.1.2. Constraint Sets. ,e constraint set (3) ensures that
only one refrigerated vehicle can arrive at the customer j in
the scenario s, while the constraint set (4) ensures that only
one refrigerated vehicle can leave the customer j in the
scenario s. ,e two constraint sets ensure that each re-
frigerated vehicle can serve many customers while each
customer may be served by only one refrigerated vehicle.
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,e constraint sets (5) and (6) guarantee that the
refrigerated vehicle k should start and stop at the cold
chain logistics center and cannot turn back halfway in the
scenario s.
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,e constraint set (7) is used to eliminate tour loops.
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v
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ijk ≤ |M| − 1, ∀M ⊂ N′,∀k ∈ K,∀s ∈ S. (5)

,e constraint set (8) indicates the arrival time of the
refrigerated vehicle k at the customer j in the scenario s.

a
s
jk � l

s
ik + t

s
ijk, ∀(i, j) ∈ G, ∀k ∈ K∀s ∈ S. (6)

,e constraint set (9) guarantees that the refrigerated
vehicle k should offer service for the customer j within time
windows in the scenario s.

Lj ≤ a
s
jk + w

s
jk ≤Uj, ∀j ∈ N′,∀k ∈ K, ∀s ∈ S. (7)

,e constraint set (10) indicates the leaving time of the
refrigerated vehicle k from the customer j in the scenario s.

a
s
jk + w

s
jk + fjk � l

s
jk, ∀j ∈ N′,∀k ∈ K,∀s ∈ S. (8)

,e constraint set (11) guarantees that the total products
carried in the refrigerated vehicle k cannot exceed its loading
capacity in the scenario s.
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(9)

,e constraint set (12) indicates whether demand is met
or not. Us

jp � 0 means that demand is met in the scenario s.
Us

jp < 0 means that the cold chain logistics center fails to
fulfill demand in the scenario s. Us

jp > 0 means that the cold
chain logistics center provides more products for j than the
demand in the scenario s.
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,e constraint set (13) indicates how many products are
in the refrigerated vehicle k after it leaving j in the scenario s.
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In terms of the constraint set (14), the number of
products transported from the cold chain logistics center to
all customers cannot exceed its available products and the

products that should be purchased in the scenario s. In other
words, the cold chain logistics center should purchase
products if the available products are not enough.

Table 1: Sets.

Symbol Meaning

N
,e set of nodes, N � 0, 1, 2, . . . , n{ }, where 0 indicates the cold chain logistics center. N′ � N/ 0{ } indicates the subset of

customers.
G ,e set of paths, G � (i, j): i≠ j, i ∈ N, j ∈ N .
S ,e set of scenarios, s ∈ S.
K ,e set of refrigerated vehicles, k ∈ K.
P ,e set of products’ kinds, p ∈ P.

Table 2: Decision variables.

Symbol Meaning
vs

ijk Whether transport products from i to j by k under the scenario s.
Xs

jkp ,e number of p products unloaded at j (j ∈ N′), which are transported by k under the scenario s.
Hs

p ,e number of p products that should be purchased under the scenario s.
Hs ,e number of vehicles that should be rented under the scenario s.
ws

jk ,e waiting time of the vehicle k at the customer j (j ∈ N′) under the scenario s.

Table 3: Parameters.

Symbol Meaning
Ds

jp ,e number of p products requested by j under the scenario s, which is uncertain.
Sp ,e number of p products that are available at the distribution center.
V ,e number of available vehicles at the distribution center.
zk Carrying capacity. zk indicates how many products a vehicle can carry.
B, dij B is the transportation cost of a vehicle per kilometer. dij is the distance between i and j.
C ,e fixed cost of using a vehicle.

Us
jp, Cjp

Us
jp indicates whether meet the j’s (j ∈ N′) demand for p under the scenario s. Cjp is the penalty cost of failing to fulfill or

exceeding the j’s (j ∈ N′) demand for p under the scenario s.
R ,e rental fee of a vehicle.
CP ,e price of p.

as
jk, lsjk

as
jk is the time of the vehicle k arriving at the j under the scenario s. lsjk is the time of the vehicle k leaving the j under the

scenario s.
ts
ijk ,e travel time of the vehicle k from i to j under the scenario s. tijk � dij/vk, where vk is the speed of the vehicle k.

fjk ,e service time of the vehicle k for the customer j (j ∈ N′).
Lj, Uj ,e time window of the customer j (j ∈ N′).
βs

ijkp ,e number of p products carried in the vehicle k from i to j under the scenario s.
wS ,e weights assigned to the scenario s.
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In terms of the constraint set (15), the number of vehicles
that are used to transport products cannot exceed the
available vehicles at the logistics center and the rented ve-
hicles in the scenario s. In other words, the distribution
center should rent vehicles if the available vehicles are not
enough.
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,e constraint sets (14) are congruity constraints, which
ensure that the decision variables to be implemented are the
same in each scenario.
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,e constraint set (15) indicates that vs
ijk are 0–1 vari-

ables, and the other decision variables are nonnegative
values.

v
s
ijk ∈ 0, 1{ }, X

s
jkp ≥ 0H

s
p ≥ 0,Hs ≥ 0, w

s
jk ≥ 0. (15)

3.2. Solution Method. ,e proposed multiscenario model
has two objective functions. To tackle the model, we use the
objective function set (22) in place of the objective function
set (1). ξ is the unitary time cost. According to the new
objective function set, we aim to minimize the expected cost
of delivery time rather than the expected delivery time.
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,en, the new multi-scenario optimization model can be
represented as follows:
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(17)

4. Empirical Study

Inner Mongolia Shiquanshimei (Group) Co., Ltd., estab-
lished in 2000 in China is a highly standardized, large-scale,
and information-based company specialized in food cir-
culation in Inner Mongolia. At present, the company has

established eight wholesale markets in Hohhot, the capital of
Inner Mongolia. ,ese wholesale markets mainly engage in
the wholesale and retail business of meat, fruits, vegetables,
etc.,e company has established a cold chain logistics center
in southern Hohhot, which is responsible for delivering
products to the eight markets. ,e locations of the eight
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wholesale markets and the cold chain logistics center are
shown in Figure 1. ,e distance between any two points is
shown in Table 4.

In the early days of the COVID-19 outbreak, the
wholesale market demand dropped by 50% as a result of
people’s fear of virus infection. During that period, it was
hard for the cold chain logistics center to deal with the
dilemma of reduced demand. However, it is harder to cope
with uncertain demand while the demand in the wholesale
markets is changing drastically with the changes of the
COVID-19 cases at present. When there is no case, demand
is stable. In the early stage of the new cases reported, demand
increases because people want to store food. After that,
demand decreases as people go out less. ,erefore, the cold
chain logistics center urgently needs optimization methods
for dealing with uncertain demand in emergency situations.

4.1. Data. At present, the cold chain logistics center owns
four 5-ton (3.3 m) refrigerated vehicles. ,e refrigerated
vehicles’ transportation cost, the fixed cost, and the rental
fee are 0.5 CNY/km, 100 CNY, and 200 CNY, respec-
tively. ,e speed of all refrigerated vehicles is 50 km/h. As
stated above, the demand is uncertain because it is im-
possible to predict whether there will be new cases re-
ported in advance. According to the method of scenario
analysis, the uncertain demand for two commodities, i.e.,
kiwi and dragon fruit, is divided into three important
scenarios. ,e demand for the two commodities in each
scenario is shown in Table 5. ,e demand is decreased in
Scenario 1, as expected in Scenario 2, and increased in
Scenario 3. ,e time windows of the eight wholesale
markets are shown in Table 6. ,e number of available
kiwi and dragon fruit is 10 tons and 8 tons, respectively.
,e service time at each wholesale market is 15 minutes.
,e penalty cost of failing to fulfill or exceeding demand
is 100 CNY/ton. ,e prices of kiwi and dragon fruit are
5000 CNY/ton and 1200 CNY/ton, respectively. Refrig-
erated vehicles can be used to transport products from 5:
00 a.m. to 11:00 a. m.

4.2. Results and Analysis. ,ree cases are proposed to solve
the problem. Lingo is used to tackle the multi-scenario
optimization model because it can solve linear, nonlinear,
integer optimization models efficiently [32].

Case 1. Set ws1 � 0.4, ws2 � 0.4, ws3 � 0.2. ,e optimal ve-
hicle routing plan is shown in Figure 2. ,e total expected
cost is 1069 CNY. ,e cold chain logistics center does not
need to purchase kiwi or dragon fruit. ,ree refrigerated
vehicles are used.

Case 2. Set ws1 � 0.4, ws2 � 0.2, ws3 � 0.4. ,e optimal ve-
hicle routing plan is shown in Figure 3. ,e total expected
cost is 1229 CNY. ,e cold chain logistics center does not
need to purchase kiwi or dragon fruit. ,ree refrigerated
vehicles are needed.

Case 3. Set ws1 � 0.2, ws2 � 0.4, ws3 � 0.4. ,e optimal ve-
hicle routing plan is shown in Figure 4. ,e total expected
cost is 1313 CNY. ,e cold chain logistics center does not
need to purchase kiwi or dragon fruit. Four refrigerated
vehicles are used.

,e multi-scenario model is more effective than the
traditional deterministic models. If we set
ws1 � 1, ws2 � 0, ws3 � 0, the multi-scenario model would
degenerate into a deterministic model with the data in
scenario 1 (Benchmark 1). If we set ws1 � 0, ws2 � 1, ws3 � 0,

Figure 1: ,e locations of Shiquanshimei’s wholesale eight markets and the cold chain logistics center.

Table 4: Distance (km).

0 1 2 3 4 5 6 7 8
0 — 3 4.7 6 6.1 7.5 6.9 6.3 8
1 3 — 2.6 3.3 3.9 4.8 5.8 3.7 5.1
2 4.7 2.6 — 1.8 1.4 3 3.4 5.3 5.1
3 6 3.3 1.8 — 1.3 1.5 4.2 4.3 3.6
4 6.1 3.9 1.4 1.3 — 2.1 3.2 5.6 4.7
5 7.5 4.8 3 1.5 2.1 — 4.8 5 3.1
6 6.9 5.8 3.4 4.2 3.2 4.8 — 8.7 7.9
7 6.3 3.7 5.3 4.3 5.6 5 8.7 — 3.3
8 8 5.1 5.1 3.6 4.7 3.1 7.9 3.3 —
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the multi-scenario would degenerate into a deterministic
model with the data in scenario 2 (Benchmark 2). If we set
ws1 � 0, ws2 � 0, ws3 � 1, the multi-scenario model would
degenerate into a deterministic model with the data in
scenario 3 (Benchmark 3).

Benchmark 1: ,e optimal vehicle routing plan is shown
in Figure 5. ,e total cost is 606 CNY. ,e cold chain lo-
gistics center does not need to purchase kiwi or dragon fruit.
,ree refrigerated vehicles are used.

Benchmark 2: ,e optimal vehicle routing plan is shown
in Figure 6. ,e total cost is 746 CNY. ,e cold chain lo-
gistics center does not need to purchase kiwi or dragon fruit.
Four refrigerated vehicles are used to transport.

Benchmark 3: ,e optimal vehicle routing plan is shown
in Figure 7. ,e total cost is 18586 CNY. ,e cold chain
logistics center should purchase 2.6 tons of kiwi and 3.5 tons
of dragon fruit. Six refrigerated vehicles are needed so that
the logistics center should rent two refrigerated vehicles.

As analyzed in Tables 7 and 8, the proposed multi-
scenariomodel is helpful for the cold chain logistics center to

make an effective vehicle routing plan in response to the
uncertainty of demand. ,e expected demand fulfillment in
the three cases is 77.81%, 72.97%, and 75.95%, respectively.
,e expected total cost in the three cases is 1069 CNY, 1229
CNY, and 1313 CNY, respectively. All refrigerated vehicles
visit customers within time windows. Although the demand
fulfillment of Benchmark 2 and Benchmark 3 may be higher,
the total cost would be as high as 19906 CNY.

Table 5: Demand (tons).

Wholesale market
p1 (kiwi) p2 (dragon fruit)

s1 (Scenario 1) s2 (Scenario 2) s3 (Scenario 3) s1 (Scenario 1) s2 (Scenario 2) s3 (Scenario 3)
1 0.2 0.4 1 0.8 0.9 2
2 0.7 1.3 2 0.6 1.2 1.5
3 0.9 1.3 2 0.7 1.3 2.5
4 0.9 1.1 1.1 0.8 0.9 1
5 0.8 1.2 1.7 0.2 0.7 1
6 1.1 1.2 1.5 0.9 1.1 2
7 0.8 1.1 1.8 0.1 0.2 0.5
8 0.9 1.2 1.5 0.5 0.8 1

Table 6: Time windows.

Wholesale market Time window
1 6:00 a.m.∼ 8:00 a.m.
2 7:00 a.m.∼ 9:00 a.m.
3 7:00 a.m.∼ 9:00 a.m.
4 7:00 a.m.∼ 9:00 a.m.
5 6:00 a.m.∼ 8:00 a.m.
6 6:00 a.m.∼ 8:00 a.m.
7 7:00 a.m.∼ 9:00 a.m.
8 7:00 a.m.∼ 9:00 a.m.
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Figure 2: ,e optimal vehicle routing plan in Case 1.
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In summary, our multi-scenario model can help man-
agers make an effective refrigerated vehicle routing plan
against uncertainty in emergency situations and can de-
generate into a deterministic model when the parameters are
certain. ,erefore, the validity of the model could be con-
firmed. ,ere are two main factors that can affect the ef-
fectiveness of the multi-scenario model as follows: (1)
whether the generated scenarios are in line with reality; (2)
whether the weights assigned to the scenarios are reasonable.
Managers should create a professional team to estimate the
two factors.

5. Conclusions

Emergency cold chain logistics can provide stable and re-
liable quality assurance for temperature-sensitive products

in emergency situations. Demand is uncertain in emergency
situations so that the cold chain logistics companies must
cope with uncertain demand.

,e innovation of this paper is that, to the best of our
knowledge, this is the first paper to provide the methods for
the optimization of emergency cold chain logistics distri-
bution considering uncertain demand. To deal with un-
certain demand, a novel multi-scenario optimization model
for emergency cold chain logistics distribution is developed
by using scenario analysis. Many factors, e.g., uncertain
demand, time windows, product procurement, and vehicle
renting, are considered in the multi-scenario optimization
model. Because reducing delivery time is important to re-
duce the wastages of perishable products, the objectives of
this model are to minimize the total cost and shorten the
delivery time simultaneously. ,e multi-scenario optimi-
zation model is used to optimize the emergency cold chain
logistics distribution of a Chinese company named Inner
Mongolia Shiquanshimei (Group) Co., Ltd., and the results
show that the proposed model is effective.

Due to the fallout of COVID-19, the world has entered a
period of turbulence.,e approach proposed in this paper is
of great practical value for cold chain logistics companies to
deal with the current predicament effectively. In the pro-
posed model, we not only consider the uncertain demand
but also suppose the logistics service provider can rent
vehicles or purchase products if there are not enough re-
sources. ,erefore, our model is more in line with the actual
operation.

In the future, cold chain logistics companies should pay
more attention to carbon emissions because the world is
moving to a low-carbon economy. ,us, the optimization of
emergency cold chain logistics distribution should consider
reducing carbon emissions. Only three important scenarios
are studied in the case study because the optimization of
emergency cold chain logistics distribution is NP-hard. We
will develop heuristic algorithms to solve realistic-size
problems in the near future.
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Table 7: Demand fulfillment.

Case s1 realized (%) s2 realized (%) s3 realized (%)
Case 1 100 71.07 46.89
Case 2 100 71.07 46.89
Case 3 100 84.28 55.60
Benchmark 1 100 68.56 45.23
Benchmark 2 100 100 65.98
Benchmark 3 100 100 100

Table 8: Total cost.

Case s1 realized
(CNY)

s2 realized
(CNY)

s3 realized
(CNY)

Case 1 653 1073 1893
Case 2 649 1069 1889
Case 3 985 985 1805
Benchmark 1 606 1106 1926
Benchmark 2 1246 746 1566
Benchmark 3 19906 19406 18586
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