
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21078  | https://doi.org/10.1038/s41598-024-72170-z

www.nature.com/scientificreports

Research on origin‑based cold 
storage location and routing 
optimization of fresh agricultural 
products based on hybrid whale 
algorithm
Xueyan Zhou 1,2, Jin Li 1*, Fengjie Xie 1 & Jing Fang 1

With the focus on the insufficient origin‑based cold storage in China, this study investigates the 
location and routing problem (LRP) of origin‑based cold storage for fresh agricultural products. This 
study considers the loss of fresh agricultural products in different environments during transportation 
and presents a cold storage LRP model. To address this issue, a hybrid whale algorithm with heuristic 
rules is designed, and the effectiveness of the algorithm is verified by standard instances. Finally, 
taking Chenggu County as a practical case, the influence of cold storage capacity and farmers’ demand 
for refrigeration are analysed. Experimental results show that the proposed algorithm has a good 
effect in solving medium‑scale LRP. As the storage capacity increases, the total cost of the system can 
be increased by 0.086%. As farmers’ demand for refrigeration increases, the total cost of the system 
can be increased by 34.034%. Farmers’ demand has a greater impact on the system’s total costs than 
the cold storage capacity. When optimizing the cold storage layout, changes in fresh agricultural 
product output in the next few years can be roughly predicted, and the most economical optimization 
scheme can be obtained.
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With the upgrading of urban and rural residents’ consumption, people’s demand for fresh agricultural products 
is increasing. People’s requirements for the freshness and timeliness are also increasing. Cold chain logistics is 
the key to improve the quality of fresh agricultural products and effectively losses. Cold chain logistics in urban 
areas of China have significantly advanced technology and services. However, there are still many problems in 
the cold chain of fresh agricultural products in rural areas, restricting the upward movement of fresh agricultural 
products. The origin-based cold storage is the core node of the origin-based cold chain. However, the number of 
origin-based cold storage facilities in China is insufficient, and the problem of resource imbalance is prominent. 
Owing to the lack of a cold chain of origin, the cold chain disconnection is easy to occur in each link of fresh 
agricultural products “the first kilometer”. Large changes in temperature lead to an increased decay risk in the 
storage and transportation of fresh agricultural products, which easily leads secondary accidents. According 
to statistics, the loss rate of fruits, vegetables, and potatoes in China is as high as 15–25%, with an annual loss 
of nearly 200 million  tons1. At the same time, fresh agricultural products are listed in the mature peak season, 
which is restricted by the cold storage capacity of fresh agricultural products. The problems of “difficult sale” 
and seasonal fluctuation of prices are prominent, and the situation of increasing farmers’ production without 
increasing their income occurs from time to time. Therefore, the construction of origin-based cold storage has 
important practical significance.

The construction of origin-based cold storage is a strategic issue. Once completed, it cannot be changed in a 
short period of time. Unreasonable cold storage locations not only reduce turnover rates, but also increase the 
operating costs of origin-based cold storage. Second, unreasonable transportation routes for refrigerated trucks 
will increase the transportation cost and increase the loss of agricultural  products2. In previous studies, the loca-
tion allocation  problem3 (LAP) and the vehicle routing  problem4 (VRP) were commonly discussed separately. 
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Herein, the location and routing collaborative optimization of the cold storage is based on the characteristics of 
perishable and high demand timeliness of fresh agricultural products, combined with two NP-hard problems. 
Through the location and routing coordination optimization of cold storage, the cold chain of origin layout is 
improved, the cold chain transportation efficiency is improved, and the loss rate of fresh agricultural products is 
reduced. It is of great significance to promote farmers’ income and increase the added value of fresh agricultural 
products.

Many scholars have conducted in-depth research on location and routing problem (LRP). Niu et al.5 studied 
the optimization of the location of waste treatment centers and the garbage collection path, and established a 
three-objective optimization model to achieve a balance between total cost, carbon emissions, and residents’ 
satisfaction. At present, the research object of this problem has been extended to many aspects, but few studies 
have focused on “the first kilometer” origin-based cold storage. In addition, most of the existing studies have 
neglected the consideration of the loss of fresh agricultural products. For farmers with small and scattered 
demand for refrigeration, the LRP of origin-based cold storage is more complicated and requires further stud-
ies. Therefore, this study aims at the new scenario of “the first kilometer” origin-based cold storage service for 
scattered farmers, considering multiple factors such as cold storage capacity, fuel consumption, vehicle load, 
time window constraints, and fresh agricultural product loss and establishes an origin-based cold storage LRP 
model. The decision variables include the location of the cold storage, the farmers served by the cold storage, 
and the routing of farmers served by refrigeration trucks. The objective function is the system total cost after 
considering the above factors, such as the cold storage location (construction and operation), transportation, 
damage, refrigeration, and penalty costs. Moreover, a hybrid whale algorithm is designed to support the model.

The main innovations and contributions are as follows: (1) Focusing on “the first kilometer” origin-based 
cold storage as the research object, the LRP of the origin-based cold storage is studied; (2) the loss of fresh agri-
cultural products in different environments during transportation is considered in detail, and the minimum 
loss cost is optimized as the objective function; (3) considering the time window constraints of farmers, the 
actual high requirements of farmers for the timeliness of fresh agricultural products after being picked must be 
meet; and (4) according to the characteristics of the model, a hybrid whale algorithm is designed. By designing 
chromosomes that can express all decision information and developing corresponding initialization and search 
strategies, the integrated optimization of location and routing is realized. Finally, through the practical case and 
sensitivity analyses, the validity of the model and algorithm is verified, and the influence of the change in cold 
storage capacity and farmers’ demand on the results is analyzed, providing management significance and practi-
cal enlightenment for the cost reduction and efficiency increase of cold storage operators in the producing area.

The remainder of this study is organized as follows: “Literature review” section reviews the existing related 
literature. In “Model development” section introduces the origin-based cold storage location and routing opti-
mization model of fresh agricultural products. In “Algorithm design” section describes a hybrid whale algorithm 
and presents its effectiveness verification through standard instances. In “Practical case application” section 
presents the actual data as a practical case to verify and puts forward relevant suggestions. In “Conclusion” sec-
tion concludes the study and outlines future works.

Literature review
Regarding the origin-based cold storage LRP of fresh agricultural products in this study, the research work is 
summarized in the following three aspects:

(1) Cold chain of fresh agricultural products.

Nowadays, the logistics industry is rapidly developing, and the cold chain logistics of agricultural products has 
become the focus of the industry. Therefore, some scholars have studied this problem. For instance, Chunrong 
and  Katarzyn6 studied the optimization of the cold chain distribution route of urban agricultural products from 
the perspective of low carbon. They proposed the joint distribution mode of agricultural products under low 
carbon to reduce the circulation level of agricultural products and the impact of cold chain distribution activi-
ties on the environment. When Liu and  Hou7 studied the distribution of fresh agricultural products in urban 
areas, they optimized the freshness of the agricultural products at delivery, the maximum distribution distance, 
and the limited cold chain logistics budget as three-objective functions. The results indicated that the ability to 
accurately predict and control the freshness through the distance range can reduce the occurrence of customer 
complaints about the quality of the delivered products. Zhu et al.8 studied the problem of “the first kilometer” 
cold chain logistics network design of fresh agricultural products under government subsidies. They designed 
effective solutions to this problem, providing management inspiration for managers.  Tao9 took the necessity of 
sinking the cold chain logistics service network of agricultural products as the starting point. Focusing on Jiangsu 
as an actual case, she analyzed the problems existing in the sinking of Jiangsu agricultural products cold chain 
logistics service network into rural areas. In addition, she proposed countermeasures to solve the problems, which 
promoted the development of cold chain logistics for Jiangsu agricultural products. Moreover, Zhang and  Ding10 
determined that the cold chain logistics of fresh agricultural products in China presents the origin paradox of 
“the cold chain of origin is weak, the policy support is increased, the farmers do not use the cold chain, which 
leads to the origin weaker.” The mechanism and internal reasons of the origin cold chain paradox are systemati-
cally analyzed, and the countermeasures and suggestions to promote the development of the origin cold chain 
are put forward. Furthermore,  Xie11 constructed a cold chain logistics mode of fresh agricultural products from 
“the first kilometer” to “the last kilometer”. In addition, the links in this mode were analyzed. Hence, establish-
ing a combined distribution network of production warehouse and sales warehouse is important to realize the 
standardization and scale of the agricultural product supply chain.
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(2) LRP

LRP has always been one of the popular topics in academic research. LRP has been applied to emergency 
 rescue12,13, reverse  logistics5,14, green  logistics15,16, electric vehicle charging facility  layout17,18, medical waste 
 recycling19,20, and other fields.  Peng21 considered multiple fuzzy factors and introduced a customer fuzzy time 
window with variable coefficients, and established a multiobjective set allocation integrating a multilevel LRP 
model. She proposed an archive-type multiobjective simulated annealing improvement algorithm based on 
master–slave parallel framework embedded tabu search to solve the model. The experimental results demon-
strate the preciseness and reference significance of the multilevel LRP model with multiple fuzzy factors. Wang 
et al.22 discussed the problems of large greenhouse gas emissions in “the last mile” logistics distribution activities 
of rural logistics and the shortage of electric vehicles with respect to endurance mileage and carrying capacity. 
The planning problem of county-rural three-level logistics distribution network considering dynamic and static 
carbon emissions and oil-electric hybrid fleet configuration was studied, and an innovative two-stage hybrid 
algorithm was proposed to address it.

In addition, there are some scholars studying the LRP of fresh product cold chain industry. For instance, 
Zhang et al.23 focus on the fresh cold chain prewarehouse as the research object and proposed a new comprehen-
sive cost calculation method of carbon emissions. They analyzed the prewarehouse mode under the background 
of energy conservation and emission reduction. Ding and  Chen24 began by constructing a fresh logistics network 
and studied the spatial layout of the nodes of fresh and cold chain distribution centers. The decision-making fac-
tors have three aspects: node location, routing planning, and inventory control. Considering that the demand is 
difficult to determine, an integrated optimization model of the location-routing-inventory under fuzzy random 
demand is constructed. Fu and  Tang25 proposed applying a “high-speed rail + cold chain logistics” as a mode to 
transport fresh agricultural products. Focusing on high-speed rail freight, the LRP model of cold chain logistics 
distribution centers for fresh agricultural products with the lowest total cost and the best routing was constructed. 
Liu et al.26 constructed a bi-objective model of cold chain logistics LRP based on the lowest logistics comprehen-
sive cost and carbon emission by focusing on the cold storage self-pickup cabinet facilities of fresh e-commerce 
in the “to cabinet” mode as the research object.

The above research objects are all conducted in urban areas. There are few research results on the LRP of fresh 
agricultural products cold chain industry in rural areas. Most scholars studied from the LAP or VRP. For instance, 
Liang et al.2 studied the LAP of cold storage with the goal of improving the satisfaction of e-commerce farmers. 
Ma and  Wang1 considered the loss of fresh agricultural products in “the first kilometer” process in the study of 
precooling station location, and considered the number, location, type, and capacity of precooling stations as 
decision variables. Wang et al.27 focus on the postharvest grading and precooling of fresh agricultural products 
as the research object. In addition, they comprehensively considered unique collaborative scenarios such as the 
optimal precooling time of fresh agricultural products and the service order of precooling after grading. The 
collaborative scheduling optimization model of mobile hierarchical precooling resources is constructed. Zhang 
et al.28 used the maximum coverage model to rationally plan the locations of precooling stations in concentrated 
areas of agricultural production bases in Xinxiang City, Henan Province. Moreover, they combined the entropy 
weight method to improve the traditional maximum coverage model to optimize the location layout of precooling 
stations. Ge and  Zhang29 predicted the collection demand of farmers, proposed a proactive scheduling strategy, 
and optimized the logistics collection routing of fresh products based on this strategy. Li et al.30 combined the 
characteristics of agricultural product production and precooling in villages and towns in China. In addition, 
they proposed a coordinated precooling mechanism that comprehensively applied two precooling modes of 
fixed facilities and mobile facilities. Moreover, they constructed a multitype precooling facility LRP model for 
agricultural products in villages and towns. Considering the maximum pre-cooling delay time, an improved 
genetic algorithm (GA) was designed to solve the model according to its characteristics. The research results 
have important theoretical significance and practical value for the optimization of multitype precooling service 
network layout in villages and towns in China.

(3) Algorithms for the LRP.

LRP is a combination of two NP-hard problems: LAP and VRP. At present, many scholars have applied various 
heuristic algorithms to solve LAP and VRP. For instance, Ricardo et al.31 used computational recursive switching 
techniques to optimize the placement of fixed-point vaccination sites. Moreover, they compared the predicted 
participation with the best-placed vaccination sites with the actual locations used in previous activities, provid-
ing the best solution by minimizing the average walking distance or maximizing the expected participation 
algorithm. Quan et al.32 proposed an improved differential search algorithm by combining a learning strategy 
and a dynamic Cauchy mutation strategy to solve the pollution VRP of logistics distribution in an open medi-
cal consortium. Yilin et al.33 used solutions based on deep neural networks and non-DNN solutions (sweep 
algorithm) to solve the VRP, and compared the results, indicating that deep reinforcement learning can provide 
more efficient solutions for decision-makers.

For the solution of the LRP, most scholars use a two-stage method to reduce the complexity of the  problem34,35. 
In the process of solving the LRP, if the facility location problem and the VRP are solved separately, the problem 
will lose the essence of the overall optimization. Therefore, this study will solve the LRP of the origin-based cold 
storage of fresh agricultural products from the perspective of joint optimization. LRP is a NP-hard problem, and 
most scholars use heuristic algorithms to solve it, such as  GA30,36, particle swarm optimization  algorithm37,38, ant 
colony  algorithm39,40, neighborhood search  algorithm41,42, and so forth.
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The whale optimization algorithm (WOA)43 was used by some scholars to solve the LAP or VRP owing to 
its few parameters, simple structure and strong search ability. For instance, Hui et al.44 designed an improved 
genetic whale optimization algorithm that combines the crossover and mutation ideas of GA, and proposes a 
whale individual position update mechanism under a hybrid strategy. The algorithm is used to solve the VRP 
of ship segment transportation task. Pham et al.45 combined WOA with gray wolf optimization algorithm and 
proposed a hybrid whale optimization algorithm to solve VRP. Xiao et al.46 and Cai and  Du47 used the WOA to 
solve the VRP of AGV and unmanned vehicles. Moreover, Liang et al.48 utilized the WOA to solve the LAP of 
electric vehicle charging facilities.

(4) Research gap.

By studying the literature on the three research directions, namely, cold chain of fresh agricultural products, 
LRP, and algorithms for the LRP, there are some research gaps: (1) In the field of cold chain logistics of agricul-
tural products, there has been an extensive qualitative analysis of the operation mode, management strategy, 
and policy support of cold chain logistics. However, quantitative research on “the first kilometer” of agricultural 
product cold chain is relatively scarce. This link is directly related to the initial quality of agricultural products 
and the efficiency of the subsequent supply chain. The existing literature rarely considers the loss of agricultural 
products, which is an important problem to be solved upstream of agricultural products. Therefore, it is important 
to quantitatively analyze the process of fresh agricultural products from the field to the cold storage, such as the 
time and cost-effectiveness of precooling, packaging, loading, and other links, and to consider the perishable 
characteristics of fresh agricultural products. (2) With respect to LRP, although the existing literature has widely 
discussed the LRP optimization strategies in different application scenarios, the research objects of cold chain 
logistics of fresh agricultural products are mainly concentrated in urban areas; hence, the attention to rural areas 
is insufficient. The construction of cold chain logistics facilities and the optimization of service networks in 
rural areas are of great significance for improving the overall efficiency of agricultural product supply chain and 
ensuring food safety. Therefore, future research should pay more attention to the LRP of cold chain logistics in 
rural areas. In addition, in the existing research on LRP, few studies have focused on “the first kilometer” origin-
based cold storage as the research object. As the key node of cold chain logistics of fresh agricultural products, 
the location and routing decision of cold storage directly affect the preservation effect and logistics cost of fresh 
agricultural products. Therefore, it is an important direction of future research to study the LRP optimization 
model of cold storage and consider location decisions under various constraints. (3) With respect to algorithm 
research, the whale algorithm, as a new optimization algorithm, has achieved initial results in the application of 
LAP or VRP; however, there are few studies on joint optimization problems. In addition, the whale algorithm 
has some drawbacks in practical applications, such as the local optimal solution problem and the limitation 
of convergence speed. Therefore, it is an important direction of future research to improve the computational 
efficiency and optimization performance of the algorithm by introducing new heuristic strategies, improving 
the search mechanism of the algorithm or combining with other optimization algorithms.

In summary, this study aims to fill the forementioned research gaps. Through in-depth research on the LRP 
of cold storage in rural areas and considering the loss of agricultural products, as well as the improvement of 
WOA, the theory and practice of LRP of cold storage in fresh agricultural products in rural areas are promoted, 
with the main innovations and contributions are as follows: (1) Focusing on “the first kilometer” origin-based 
cold storage as the research object, the LRP of the origin-based cold storage is studied; (2) the loss of fresh agri-
cultural products in different environments during transportation is considered in detail, and the minimum 
loss cost is optimized as the objective function; (3) considering the time window constraints of farmers, the 
actual high requirements of farmers for the timeliness of fresh agricultural products after being picked must be 
meet; and (4) according to the characteristics of the model, a hybrid whale algorithm is designed. By designing 
chromosomes that can express all decision information and developing corresponding initialization and search 
strategies, the integrated optimization of location and routing is realized. Finally, through the practical case and 
sensitivity analyses, the validity of the model and algorithm is verified, and the influence of the change in cold 
storage capacity and farmers’ demand on the results is analyzed, providing management significance and practi-
cal enlightenment for the cost reduction and efficiency increase of cold storage operators in the producing area.

Model development
Problem description
This study focuses on “the first kilometer” origin-based cold storage service for scattered farmers as the research 
object, and studies the LRP of origin-based cold storage with a time window. Figure 1 presents the location and 
routing optimization diagram of the origin-based cold storage. In a rural area, there are several alternative cold 
storage points with known locations and several farmer services points with known locations, refrigeration 
demands and service time window requirements. From the cold storage operator’s perspective, at least one suit-
able location is selected from the alternative cold storage points to construct the cold storage. Under the condition 
of satisfying the load capacity and time window limit, the collection routing planning of each refrigerated truck 
was conducted, and the loss of fresh agricultural products was subdivided into each link of the transportation 
process for calculation and optimization as one of the objective functions. Finally, the total system costs of the 
origin-based cold storage are reduced, and the refrigeration demand of fresh agricultural products at multiple 
farmer service points within the origin-based cold storage is met.

Model assumptions
In order to facilitate the analysis of origin-based cold storage LRP, the following assumptions are made:
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(1) The location of the farmer service points (hereinafter referred to as the service points), the alternative points 
of the origin-based cold storage, and the refrigeration demands are determined, and each service point can 
only be served by one cold storage.

(2) The origin-based cold storage cannot meet the large demand of service points without restriction, so the 
origin-based cold storage has a capacity limit.

(3) The speed of a vehicle during transportation is determined and fixed. Each vehicle can start from only one 
origin-based cold storage and return to the original cold storage after serving all the service points on the 
route.

(4) Each route is served only by a single vehicle, and any service point only has one vehicle through.
(5) The load of the vehicle in any route arc is less than or equal to the vehicle capacity.

This study sets the following parameters and variables, as shown in Table 1.

Model construction
According to the problem description and model assumptions, the cold storage operator should select at least one 
of the alternative points of the cold storage to construct the origin-based cold storage, which needs to consider 
factors such as distance, demands, and loss of fresh agricultural products. Simultaneously, the service relationship 
between cold storage and service points is determined, and the reasonable planning of the collection routing is 
conducted to meet the needs of all service points. Finally, the model with the minimum total system costs of cold 
storage is constructed. The total system costs of origin-based cold storage are location, transportation, damage, 
refrigeration and penalty costs.

Location Costs C1: Location costs of the origin-based cold storage are composed of construction costs and 
operation costs. The location costs C1 in this model can be expressed as:

Transportation Costs C2: Transportation costs are the costs spent in collecting fresh agricultural prod-
ucts. These include fixed and variable costs. The fixed costs are the purchase and maintenance costs of the 

(1)C1 =

n′+m′
∑

m=n′+1

Xm

(

Cs + 30pPCo

)

Fig. 1.  Location and routing optimization diagram.
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transportation vehicle, and the maintenance costs are the maintenance and repair costs of vehicle. The variable 
costs under constant speed are vehicle fuel costs, which are proportional to distribution distance.

(2)The fixed costs =

k′
∑

k=1

(Fc + FwP)

(3)The variable costs =

k′
∑

k=1

n′
∑

i=1

n′
∑

j=1

FxdijX
k
i,j30pP

Table 1.  The meaning table of parameters and variables.

Type Symbol Description

Assembly

N Set of farmers service point, N = {n|1, 2, …, n′}

M Set of origin-based cold storage alternative points, M = {m|n′ + 1, n′ + 2, …, n′ + m′}

C All points including origin-based cold storage alternative points and farmer service Points in the producing area, 
C = N ∪ M; the line between any two points is (i, j); i, j ∈ C; i ≠ j

K Set of refrigerated vehicle, K = {k|1, 2, …, k′}

R Set of types of goods collected, R = {r|1, 2, …, r′}

Variable

Xm 0–1variable, Xm equals 1 when alternative point m is selected as the origin-based cold storage, otherwise equals 0

Xk
i,j 0–1variable, Xk

i,j equals 1 when vehicle k from point i drive to point j, otherwise equals 0

Xm
i 0–1variable, Xm

i  equals 1 when the service point i is met by alternative cold storage m, otherwise equals 0

Parameters

Cs Construction costs of origin-based cold storage

Co Operating costs of origin-based cold storage

Vol Storage capacity of origin-based cold storage

Cap Capacity of refrigerated truck

Fc Purchase costs of refrigerated truck

Fw Maintenance costs of refrigerated truck

Fx Fuel consumption costs per unit distance of refrigerated truck

dij Distance between point i and point j

Qr
i The volume of goods r at point i

Pr The unit price of goods r

∂
r
1 The corruption rate of goods r in the process of transportation

∂
r
2 The corruption rate of goods r in the process of opening the door

ti The service time of point i

ti,j The time of vehicle from point i to point j

v Vehicle running speed

Pzl Refrigeration costs per unit time

Q1 The heat transfer from outside the carriage to inside

Q2 The heat Q2 transfer into the carriage through solar radiation

Q3 The heat transfer into the carriage when opening the door

U Heat transfer coefficient of refrigerated compartment from outside to inside

S Exterior area of the carriage body

Sc Refrigerated trucks door area

To The temperature outside the carriage, often take the highest temperature of the environment

Ti The temperature inside the carriage

∆T The temperature difference between inside and outside of refrigerated truck carriage, ∆T =  To-Ti

t Product cooling time

Si The time when the vehicle arrives at point I; Sj = Si+ti+tij

S0 The time when the vehicle starts from the cold storage

(Ei,  Li) Time window required by point i

ε Penalty costs earlier than the time window

ϕ Penalty costs later than the time window

p Number of months for picking and harvesting in a year

P Operation accounting period
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Damage Costs C3: Owing to the perishable nature of fresh agricultural products, with the extension of time 
and the influence of external heat, temperature in the carriage of transport vehicles changes, and the quality 
of fresh agricultural products will decline, which is irreversible. Therefore, there will be certain damage costs 
associates with the transportation process. Fresh agricultural products will possibly two types of damage during 
transportation. The first is the damage caused by time accumulation during transportation, and the second is the 
damage caused by the sudden increase of temperature, such as by opening the door when the transport vehicle 
is at the service point, reducing the freshness of the agricultural products.

This study introduces the corruption function of fresh agricultural products to measure the costs of damage: 
ϕ(t) = ϕ0e

−∂t;
In the formula: ϕ(t) is the quality of fresh agricultural products at time t; ϕ0 is the initial quality of fresh 

agricultural products; ∂ is the corruption rate, and its value is related to the characteristics of the product itself, 
so the corruption part of the fresh product quality is ϕ0

(

1− e−∂t
)

.
The damage costs of time accumulated =

The damage costs of opening the door =

Refrigeration Costs C4: Refrigerated carriages will bear heat load during products transportation; hence, it will 
produce refrigeration costs. These costs are generated during the transportation process, from the origin-based 
cold storage to the product consolidation task. The refrigeration costs are determined by the heat  Q1 transfer 
from the outside to the inside of the carriage and the heat  Q3 transfer into the carriage when opening the door.

The simplified formula Q2 = βQ1 is often used in the actual calculation of the heat  Q2 transfer into the car-
riage through solar radiation, where β is a scale factor, β = 0.1 in the area with general sunshine intensity, and 
β = 0.2 in the area with strong sunshine intensity.

The heat  Q3 transfer into the carriage when opening the door is generated by convection of cold and hot air 
during loading. Because the cold and hot air are in direct contact, there is no heat transfer coefficient U, and the 
heat transfer area is the area of the door  Sc.

The refrigeration costs in transportation process =

The refrigeration costs of door opening process =

Penalty Costs C5: The vehicle should reach the service points within a certain time period to ensure the qual-
ity of fresh agricultural products, and the penalty costs will be incurred before or after the farmer’s service time 
window.

(4)C2 =

k′
�

k=1



Fc + FwP +

n′
�

i=1

n′
�

j=1

Fxdij30pPX
k
i,j





(5)
r′
∑

r=1

n′
∑

i=1

n′
∑

j=1

k′
∑

k=1

PrQ
r
i

(

1− e−∂
r
1 ti,j

)

Xk
i,j30pP

(6)
r′
∑

r=1

n′
∑

i=1

n′
∑

j=1

k′
∑

k=1

PrQ
r
i

(

1− e−∂
r
2 ti
)

Xk
i,j30pP

(7)C3 =

r′
∑

r=1

n′
∑

i=1

n′
∑

j=1

k′
∑

k=1

PrQ
r
i 30pP

[(

1− e−∂
r
1 ti,j

)

+

(

1− e−∂
r
2 ti
)]

Xk
i,j

(8)Q1 = US(T0 − Ti)t

(9)Q3 = Sc(T0 − Ti)t

(10)
n′
∑

i=1

n′
∑

j=1

k′
∑

k=1

Pzl(1+ β)US�Tti,j30pPX
k
i,j

(11)
n′
∑

i=1

k′
∑

k=1

PzlSc�Tti30pPX
k
i

(12)C4 =

n′
�

i=1

k′
�

k=1

Pzl�T30pP





n′
�

j=1

(1+ β)USti,jX
k
i,j + SctiX

k
i
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Based on Eqs. (1)–(13), the optimization model of origin-based cold storage system is as follows:

Subject to

In the above formula, constraint formula (14) indicates the minimum total system costs of the origin-based 
cold storage; constraint formula (15) indicates to build at least one origin-based cold storage; constraint formula 
(16) indicates that each service point is serviced by only one origin-based cold storage; constraint formula (17) 
indicates that each service point can only have one delivery vehicle to serve it; constraint formula (18) indicates 
that the total amount of agricultural products received by each origin-based cold storage does not exceed its 
maximum storage capacity; constraint formula (19) indicates that the total amount of agricultural products 
loaded by each refrigerated truck is less than the maximum capacity of the vehicle; constraint formula (20) 
indicates that there is no routing between the same origin-based cold storage and service points; constraint 
formula (21) indicates that there is no routing between different cold storages; constraint formula (22) indicates 
the balance constraint of vehicle entry and exit, and the vehicles arriving and leaving at each service point are 
the same; constraint formula (23) indicates that each vehicle has at most one service routing; constraint formula 
(24) indicates the service time window constraint; constraint formulas (25)–(27) are decision variable.

(13)C5 = 30pP
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Algorithm design
WOA
The WOA simulates the unique search method and hunting mechanism of humpback whales, including three 
important phases: encircling prey, bubble-net attacking and searching for prey.

Encircling prey
The search range of the whale is the global solution space, and it is necessary to determine the location of the 
prey in order to surround it. Since the position of the optimal solution in the search space is unknown, the WOA 
algorithm assumes that the current optimal candidate solution is the target prey or close to the optimal solution. 
After defining the optimal whale position, other whales will attempt to update their position to the optimal whale. 
The position update formula is expressed by Eq. (29):

where A and C are coefficient vectors, X*(t) is the current optimal solution, X(t) is the individual, t is the current 
iteration number, | | is the absolute value.

The vector A and C are calculated as follows:

where a decreases linearly from 2 to 0 in the iterative process, r1 and r2 are random vectors in [0,1].
The selection of this phases depends on the parameter A and the probability p of the predator–prey mecha-

nism, where p is a random number with a range of [0, 1]. For each individual, if p < 0.5 and |A|< 1, the location 
is updated by encircling prey.

Searching for prey
In order to ensure that all whales can fully search in the solution space, WOA updates the position according to 
the distance between whales to achieve the purpose of random search. Therefore, when p < 0.5 and |A|≥ 1, the 
search individual will swim to the random whale. The position update formula is shown in Eq. 33:

Bubble‑net attacking
When p ≥ 0.5, the bubble-net is used for predation. The position update between the humpback whale and the 
prey is expressed by the logarithmic spiral equation. The position update formula is shown in Eq. (35):

where D′ is the distance between the current search individual and the current optimal solution, b is the spiral 
shape parameter, the range of l is a random number uniformly distributed in [− 1, 1].

Hybrid whale optimization algorithm (HWOA)
Chromosomes coding
When solving the LRP, a chromosome represents a feasible solution, and the encoding of the solution directly 
determines the difficulty and quality of the algorithm. In this study, natural number coding is used in the design 
of chromosome coding. When generating the initial solution of cold storage location and vehicle distribution 
routing, a routing is randomly generated first, and segmentation points with a label of 0 are inserted. Moreover, 
the routing is divided into several segments to indicate the opening of several cold storages. Afterward, the precise 
code of the cold storage is randomly selected at the beginning and end of each routing segment for insertion, 
and the preinserted segmentation points are deleted to represent a complete initial solution.

The initial decoding of 3 alternative origin-based cold storage points and 10 service points are used as exam-
ple. Values 1–10 represents the service point, 11–13 represents the alternative origin-based cold storage points, 
as shown in Fig. 2. The first step is to initialize the coding of the service point service order, in which the shadow 
part marks the location of the segmentation point. The second step is to randomly select the cold storage code 
and fill it into the complete vehicle routing, in which the shadow part represents the cold storage coding position. 
As shown in the Fig. 2, in the candidate cold storage 11–13, cold storage 11 and 13 were opened.

(28)D =
∣

∣C · X∗
(t)− X(t)

∣

∣

(29)X(t + 1) = X∗
(t)− A · D

(30)A = 2a× r1 − a

(31)C = 2× r2

(32)D
′′

= |C · Xrand(t)− X(t)|

(33)X(t + 1) = Xrand(t)− A · D

(34)D′ =
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∣X∗
(t)− X(t)

∣

∣

(35)X(t + 1) = D′ × ebl × cos(2π l)+ X∗
(t)
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Initializing the population
Reasonable population initialization improves the convergence efficiency of the algorithm. In the initial popula-
tion, the diversity of the population is increased by combining random generation with a heuristic algorithm. 
Taking population 100 as an example, 70 individuals were randomly generated, and the other 30 individuals 
were randomly generated first. The nearest neighbor method was then used to optimize the service routing. To 
make the individuals in the population feasible, it is necessary to judge the individual constraints, and adjust the 
part of the gene if constraints are not met.

When the population is initialized, it mainly involves the cold storage capacity constraint (the total amount of 
agricultural products received by each origin-based cold storage does not exceed its maximum storage capacity) 
and the time window constraint (the time to reach each service point shall not exceed the time window limit 
of this service point). Therefore, after the chromosome sequence is randomly generated, the above constraints 
are checked in turn for each service routing. First, the capacity constraint is determined. If the constraint is not 
satisfied, the service point exceeding the capacity range is moved to the next cold storage service routing and the 
chromosome is updated. Afterward, the time window constraint is determined. The service points in the routing 
are reordered according to the left time window size. Figure 3 presents the specific process.

Improved search strategy
In the improved search operation, the crossover and mutation operators in the GA are introduced to ensure the 
diversity of feasible solutions. The crossover operation is realized by 2-opt exchange. In the genes of the chromo-
some representing the service point, two service point positions are randomly selected for exchange and their 
fitness values are calculated. The number of exchanges conducted on each chromosome n is 1/5 of the number of 
service points. By repeatedly conducting exchanges, the offspring with the best fitness value is selected. Figure 4 
shows the cross-operation process with several service points of 20.

In this study, four search mechanisms are used in the mutation process: routing gene reversal, routing gene 
insertion, location gene insertion, and location gene mutation. The first two mechanisms work on the routing 
gene, and the latter two mechanisms work on the location gene. The probability of selecting each mutation 
operator is equal.

Routing gene reversal: Randomly select two positions i and j (i ≠ 1 and i < j) representing the service point from 
the coding arrangement of the solution, and then insert the chromosome fragments between the two service 
points into the original position after reverse arrangement, as shown in Fig. 5a.

Fig. 2.  Chromosome coding diagram.

Fig. 3.  Initializing the population diagram.
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Routing gene insertion: Randomly select two positions i and j (i ≠ 1 and i < j) representing the service point 
from the encoding arrangement of the solution, and then insert the element at the j position into the following 
position of the i element, as shown in Fig. 5b.

Location gene insertion: Because the location genes in the middle position of the chromosome are always 
connected, the two connected location genes in the middle position are divided into a group, then a group is 
randomly selected from the grouping of the location genes, then a service point i is randomly selected from the 
service points of the two cold stores, and then this group of location genes is inserted behind the i element, as 
shown in Fig. 6a.

Location gene replacement: After extracting the location gene of the chromosome, cold storage i is randomly 
selected from the open cold storage, and then a cold storage j is randomly selected from the unopened cold stor-
age. Replace i with j and insert it back to the original location of i, as shown in Fig. 6b.

Local search strategy
To better improve the optimization ability of the algorithm, the population is evaluated after optimization, and 
the top 10% of the individuals in the population perform iterative local search operations to evaluate the offspring 
obtained by the search. Finally, the roulette wheel selection is utilized to select a certain number of excellent 
individuals from the offspring and put them back into the original population. When performing a local search, 
the population needs to readjust the coding strategy first. The vehicle routing extracted by each individual is 
used as a new chromosome. Figure 7 presents the specific adjustment operation of a chromosome, in which each 
row presents the routing of a vehicle.

Fig. 4.  Crossover operation process.

Fig. 5.  Routing gene mutation operation process.
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In the local search, this study adopts three kinds of neighborhood operations. (1) First is the multisequence 
exchange neighborhood operation, as shown in Fig. 8a. The process can be described as follows: first select two 
parents P1 and P2; the child inherits 1/3 of the total routing of the parent P1. The remaining unserved points are 
arranged according to the service order of the parent P2. Afterward, the unserved points are assigned to the cold 
storage to generate a new vehicle routing and then inserted into the child. When the cold storage is allocated, it 
is first allocated from the open cold storage. When the open cold storage cannot meet the demand of the service 
point, a new cold storage is opened. (2) Second is the exchange neighborhood operation, as shown in Fig. 8b. The 
process can be described as follows: randomly select two service points in two different routings from the total 
routing of the parent, and replace the position. (3) Third is the mutation neighborhood operation, as shown in 
Fig. 8c. The process can be described as follows: 1/3 of the routing was randomly selected from the total routing 
of the parent, and a cold storage was reselected to replace the cold storage of the original routing.

Algorithm process
In summary, Fig. 9 presents the overall process of the hybrid whale algorithm, and the specific steps are as follows:

 (1) Initialize the algorithm parameters such as the initial population number N, the maximum number of 
iterations (Gmax), and so forth.

 (2) Initialize the whale population according to the initialization strategy, evaluate the fitness value of each 
whale individual, and identify the optimal individual as the global optimal individual (Xbest).

 (3) Determine whether the maximum number of iterations is reached. If it is not satisfied, proceed to step 4. 
If it is satisfied, generate the current optimal solution, and the algorithm ends.

 (4) The iteration process begins, and the individuals in the population are traversed in turn. A random num-
ber p between 0 and 1 is generated. If p < 0.5, then proceed to step 5; otherwise, proceed to step 6.

Fig. 6.  Location gene mutation operation process.

Fig. 7.  Readjustment of chromosome coding strategy process.
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 (5) If |A|< 1, the current individual performs cross-operation and replaces the current individual with the 
offspring. If |A|≥ 1, the globally optimal individual performs a crossover operation and replaces the cur-
rent individual with its offspring.

 (6) The current individual performs a mutation operation and replaces the current individual with the off-
spring.

 (7) Evaluate the population, identify the current optimal individual, and replace if it is better than the global 
optimal individual; the individuals with the top 10% fitness value in the population were selected as 
population 2.

 (8) Population 2 performs local search operations to obtain a new population, finds the current optimal 
individual of the new population, and replaces if it is better than the historical global optimal individual.

 (9) After the iteration process is completed, the roulette wheel selection is used to select the corresponding 
number of excellent individuals and put them back to the original population.

 (10) Repeat the above steps until the algorithm reaches the termination condition and generates the result.

Verify the efficiency of the algorithm
Taguchi method parameter setting
The algorithm is very sensitive to the setting of parameters, and different parameter values can determine the 
effectiveness of the algorithm. Therefore, we need to determine the reasonable parameter values before running 
the algorithm. HWOA contains two main parameters, which are population number N and the maximum num-
ber of iterations Gmax. In this study, the experimental method of Taguchi design is used to optimize the param-
eters to determine their values. The target value of Taguchi method is divided into three groups: ‘the smaller 
the better’, ‘the larger the better’ and ‘nominally the best’. The objective function of this study is to minimize the 
cost, select the type of ‘the smaller the better’, and the corresponding signal-to-noise (SN) ratio is shown in (36).

In the formula, n is the number of executions of the algorithm at each parameter level, and Ft is the response 
value, that is, the objective function value of the t-times experiment. The N and Gmax are set to four levels respec-
tively. The four levels of N are: 100, 200, 300, 400. The four levels of iterations are 100, 300, 500, 700. The two can 
form a total of 16 combinations L16  (42). Under each parameter combination, HWOA uses the standard LRP 
example 50–5–1a proposed by Prins et al.49 to run independently for 10 times, and the calculated experimental 
values are analyzed by Taguchi design. The analysis results are shown in Table 2, and the corresponding mean 
and SN ratio are shown in Figs. 10 and 11.

It can be seen from Fig. 10 that when N is 300 and Gmax is 300, the SN ratio is the largest. Similarly, in 
Fig. 11, when the N is 300 and Gmax is 300, the date means is the smallest. Therefore, according to the Taguchi 
experimental analysis, N is set to 300, and Gmax is 300.

(36)S/N = −10× log10

(

n
∑

t=1

F2t /n

)

Fig. 8.  Three neighbourhood operation example processes.
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Instances verification
To test the performance of HWOA to solve the LRP, this study utilized the standard LRP instances proposed by 
Prins et al.49 to conduct simulation experiments. Eight test datasets are selected from them, and the parameters 
are set according to the original dataset. At the same time, the algorithm is compared with WOA and GA. In this 
study, MATLAB R2022a under Windows 11 system is used to code the HWOA and the experiment of related 
instances.

Fig. 9.  Hybrid whale algorithm flowchart.
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In this study, N and Gmax of the three algorithms are set to 300, and the coding methods of the three 
algorithms adopt the coding rules proposed in this study. The parameters of GA are set as follows: the selec-
tion probability is 0.8, the crossover probability is 0.5, and the mutation probability is 0.1. Because the original 
WOA cannot solve the discrete problem, the search strategy of this study is adopted. In the same computing 
environment, the comparison results of the optimal values of the three algorithms after 10 times of each group 
of instances are shown in Table 3.

As shown in Table 3, when solving small-scale instances, all three algorithms can find the optimal solution. 
WOA takes the least time, followed by GA, and finally HWOA. When solving medium-scale examples, WOA 
has the fastest calculation time, but the accuracy of the calculation results is the worst. The accuracy of GA 
calculation results is better than that of WOA, but the calculation time is the slowest. The proposed HWOA 
achieved the highest accuracy, and the calculation time is better than that of GA and worse than that of WOA. 
It can be seen that the WOA algorithm is highly competitive in solving small-scale examples using the change 

Table 2.  Taguchi design analysis results.

N Gmax SN ratio Date means Standard deviation Logarithmic standard deviation

100 100 − 100.922 110,890 8735.26 9.07512

100 300 − 100.154 101,652 5605.92 8.63158

100 500 − 100.349 103,782 8644.71 9.0647

100 700 − 100.333 103,729 6428.44 8.76849

200 100 − 100.288 103,277 4641.37 8.44276

200 300 − 100.273 103,103 4490.18 8.40965

200 500 − 100.465 105,136 9239.8 9.13128

200 700 − 100.246 102,713 6037.76 8.70579

300 100 − 100.552 106,427 5549.04 8.62138

300 300 − 99.997 99,795 6247.43 8.73992

300 500 − 100.191 101,950 7866.53 8.97037

300 700 − 100.166 101,655 7826.16 8.96523

400 100 − 100.515 105,951 6153.11 8.72471

400 300 − 100.276 102,957 7925.18 8.9778

400 500 − 100.206 102,074 8566.05 9.05556

400 700 − 100.009 100,062 3111.17 8.04275

Fig. 10.  SN ratio interaction diagram.
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rules in this study. However, as the size of the example increases, the accuracy of WOA decreases. Considering 
the accuracy of the calculation results, the calculation time of HWOA is within an acceptable range. Therefore, 
HWOA is suitable for solving medium-scale LRP.

Practical case application
Practical case introduction
Chenggu County, Hanzhong City, Shaanxi Province is the largest producer of citrus fruit in the northwest. At 
present, the citrus planting area is about 230,000 mu, the annual output is 320,000 tons, and the annual output 
value is exceeding 800 million yuan. However, the number and capacity of cold storages in local areas cannot 
meet the current citrus production. Therefore, this study takes the citrus planting belt in Chenggu County as 
the research object, and takes the village-level units with a total output of more than 150 tons as service points. 
A total of 35 service points were obtained, with a total demand of 8752.68 tons. There are 7 alternative cold stor-
age points available. The number of farmer service points is 1–35, and the number of alternative cold storage 
points is 36–42. The location information of farmer service points and alternative cold storage points is shown 
in Fig. 12, and the specific information of each point is shown in Table 4.

Combined with existing  literature1,50,51 and the actual situation of Chenggu County, the basic data of the 
model are set as follows: the construction costs of the origin-based cold storage are 150,000 yuan, the operation 
costs of the origin-based cold storage are 50 yuan/day, the maximum storage capacity of the origin-based cold 

Fig. 11.  Date means interaction diagram.

Table 3.  Experimental results of three algorithms.

Instance LB BKR

HWOA WOA GA

Result GapBKR Computing time/s Result GapBKR Computing time/s Result GapBKR Computing time/s

20-5-1a 54793.00 54,793 54,793 0% 32.67 54,793 0% 24.17 54,793 0% 30.57

20-5-1b 39104.00 39,104 39,104 0% 32.57 39,104 0% 24.98 39,104 0% 27.40

20-5-2a 48908.00 48,908 48,908 0% 36.59 48,908 0% 24.57 48,908 0% 28.91

20-5-2b 37542.00 37,542 37,542 0% 30.61 37,542 0% 26.25 37,542 0% 25.93

50-5-1a 87109.64 90,111 90,111 0% 70.91 90,872 0.845% 56.59 90,632 0.578% 79.91

50-5-1b 61595.22 63,242 63,242 0% 67.63 64,761 2.402% 57.02 64,761 2.402% 80.72

50-5-2a 86055.01 88,293 88,304 0.012% 77.34 90,447 2.440% 65.39 88,506 0.241% 87.01

50-5-2b 65787.75 67,340 67,374 0.050% 76.40 68,042 1.042% 64.11 67,782 0.656% 87.06
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storage is 40 t, the operation accounting period is 5 years, the annual operation time is 6 months, the maximum 
load of the refrigerated truck is 8t, and the driving speed is set to 50 km/h. The relevant data settings such as 
purchase costs, maintenance costs and transportation costs of refrigerated trucks are shown in Table 5. The unit 
price of fresh agricultural products is 1.2 yuan/kg. The hourly loss rates of fresh agricultural products during 
transportation and door opening are 0.2% and 0.3%, respectively. The ambient temperature is set at 20 °C, the 
temperature in the refrigerated truck carriage is 4 °C. The heat transfer coefficient of the carriage is 0.7, and the 
sunshine intensity is 0.1. The penalty costs earlier than the time window are 30 yuan/h, and the penalty costs 
later than the time window are 50 yuan/h.

Practical case results and analysis
In this study, a total of 35 farmer service points and 7 alternative cold storage points in Chenggu County citrus 
planting belt are selected as datasets for calculation. This is a medium-scale LRP, and the proposed HWOA has 
been verified several times. It has strong competitiveness in solving medium-scale LRP. Therefore, according to 
the above parameter values, the HWOA is used to solve the problem on MATLAB2022a. The algorithm sets the 
population size to 300 and the maximum number of iterations to 500. When the optimal value does not change 
for 200 consecutive generations or the population chromosomes are completely consistent, the calculation is 
completed and the results are generated.

The algorithm was run 30 times in the environment of Intel®Core™i5-13400F, and good results were obtained. 
Figure 13 presents the convergence of the optimal solution in 30 operations. It can be seen that the algorithm 
converges in about 100 generations and takes 102.0 s. Table 6 presents the optimal calculation scheme, and Fig. 14 
presents the location and vehicle routing of the optimal scheme. Combining the results presented in Table 6 and 
Fig. 14, it can be concluded that under the current parameter value, Chenggu County should build origin-based 
cold storage at alternative points No. 39 and No. 42, respectively. Moreover, cold storage No. 39 needs to serve 
26 farmers and invest on 5 refrigerated trucks; the No. 42 cold storage needs to serve 9 farmers and invest on 2 
refrigerated trucks. The total system costs of cold storage are 40964.199 million yuan.

The origin-based cold storage capacity is directly related to the costs. The cold storage with a small storage 
capacity has small construction costs, and it can serve a small number of farmers. The cold storage with a large 
storage capacity has large construction costs, and it can serve a large number of farmers. Therefore, exploring 
the impact of cold storage capacity on the final result can provide a scientific basis for cold storage operators to 
make decisions.

The types and planting scales of fresh agricultural products in different regions vary. If the planting products 
are rare or the planting scale is small, the yield is small. On the contrary, if the planting products are more com-
mon or the planting scale is larger, the yield is larger. Moreover, even in the same area, the planting conditions 
and scales of different farmers are still different. Therefore, the refrigeration demand of farmers varies greatly, 
which has a direct impact on the final result.

In this study, the capacity of cold storage and the farmers’ refrigeration demands are utilized as variables; both 
of them are reduced by 50% and 25%, increased by 25% and 50%. Four sets of data are generated respectively, and 
the results are recalculated. Comparing the four new results with the original results, the influence of capacity 
and demand on the layout of origin-based cold storage and the vehicle routing of refrigerated trucks is analyzed.

(1) The influence of origin-based cold storage capacity.

Fig. 12.  Location distribution map of each point.
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Table 4.  Specific information for each point.

No Latitude Longitude Demand (t) Left time window (min) Right time window (min) service time (min)

1 107.27 33.18 0.9 520 777 10

2 107.26 33.16 1.0 580 882 10

3 107.25 33.17 2.9 661 876 10

4 107.24 33.17 1.1 646 1003 10

5 107.22 33.16 0.9 555 847 10

6 107.21 33.17 1.8 497 1001 10

7 107.27 33.27 1.0 610 948 10

8 107.26 33.27 1.7 624 992 10

9 107.25 33.22 1.8 588 917 10

10 107.25 33.25 1.5 519 1004 10

11 107.18 33.21 1.1 680 1001 10

12 107.18 33.19 1.1 488 793 10

13 107.16 33.21 1.2 684 831 10

14 107.15 33.19 1.3 605 868 10

15 107.19 33.21 0.9 511 806 10

16 107.19 33.23 1.3 622 808 10

17 107.16 33.25 2.6 536 971 10

18 107.15 33.23 0.9 665 1007 10

19 107.25 33.10 0.9 589 877 10

20 107.24 33.08 1.0 646 922 10

21 107.23 33.09 2.9 623 740 10

22 107.23 33.05 1.0 547 1014 10

23 107.21 33.08 1.3 498 720 10

24 107.19 33.07 0.9 582 908 10

25 107.33 33.24 1.0 718 783 10

26 107.33 33.20 0.9 529 797 10

27 107.32 33.22 0.9 650 747 10

28 107.31 33.25 1.1 519 899 10

29 107.29 33.23 1.8 559 774 10

30 107.29 33.22 0.9 591 805 10

31 107.28 33.23 1.0 565 761 10

32 107.27 33.24 2.1 498 889 10

33 107.31 33.11 1.4 601 763 10

34 107.29 33.1 2.2 627 790 10

35 107.27 33.08 2.3 553 932 10

36 107.17 33.23 0 480 1080 –

37 107.16 33.17 0 480 1080 –

38 107.24 33.15 0 480 1080 –

39 107.24 33.20 0 480 1080 –

40 107.3 33.26 0 480 1080 –

41 107.27 33.05 0 480 1080 –

42 107.27 33.12 0 480 1080 –

Table 5.  Refrigerated truck parameters.

Refrigerated truck parameters Value

Purchase costs 120,000 yuan

Maintenance costs 8000 yuan/year

Fuel costs per unit distance 1.2 yuan/km

Refrigeration costs per unit time 3 yuan/h

Exterior area of the carriage body 48.58  m2

Refrigerated trucks door area 5.29  m2
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Fig. 13.  Convergence curves of the HWOA.

Table 6.  The optimal calculation scheme for 30 times of case operation.

Related costs/million yuan Open cold storage number Vehicle number Vehicle routing

Location costs 390,000 39 1 39–10–8–7–32–31–39

Transportation costs 1121481.1 2 39–1–26–27–25–28–29–30–39

Damage costs 930.0 3 39–6–5–4–2–3–39

Refrigeration costs 2575625.3 4 39–17–18–13–14–12–39

Penalty costs 11383.5 5 39–9–16–11–15–39

Total system costs 4096419.9 42 1 42–20–22–24–23–21–42

2 42–33–34–35–19–42

Fig. 14.  Optimal scheme diagram.
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Table 7 presents the impacts of four sets of data on cold storage capacity on various costs, and Fig. 15 presents 
the impacts on cold storage location and vehicle routing results. When the storage capacity is reduced by 50%, 
the construction costs and operation costs of a single cold storage are reduced by 50%. Moreover, the second row 
of Table 7 presents the costs of origin-based cold storage in each region, and Fig. 15a presents the LRP result. 
Furthermore, it is necessary to build three cold storages to meet the farmers’ needs. With the increased number 
of cold storages, the related transportation costs from the farmers’ service points to the cold storage reduced, and 
the total costs of building this cold storage are also less than the total costs of building the original cold storage; 
hence, the total costs are significantly reduced.

When the storage capacity is reduced by 25%, the construction and operation costs of a single cold storage 
are reduced by 25%. The third row of Table 7 presents the costs of origin-based cold storage in each part, and 
Fig. 15b presents the LRP results. In addition, it is necessary to build two cold storages to meet the farmers’ needs. 
Moreover, the number of cold storages remains the same; however, the service relationship has improved, and 
there is no significant difference in the related transportation costs. Because the total costs of building this cold 
storage are less than the total costs of building the original cold storage, the total costs are reduced.

When the storage capacity increases by 25% and 50%, the construction and operation costs of a single cold 
storage increase by 25% and 50%. The fifth and sixth rows of Table 7 present the costs of origin-based cold storage 

Table 7.  The impact of changes in cold storage capacity on various costs.

Ratio of change Total system costs Location costs Transportation costs Damage costs Refrigeration costs Penalty costs

Reduced by 50% 3997665.2 29.2500 1121316.2 929.7 2571535.8 11383.5

Reduced by 25% 3999389.7 29,2500 1121546.1 930.1 2573054.9 11358.5

original 4096419.9 390,000 1121481.1 930.0 2575625.3 11383.5

Increased by 25% 3952367.3 243,750 1121769.9 930.6 2574533.4 11383.5

Increased by 50% 4001117.3 292,500 1121769.9 930.6 2574533.4 11383.5

Fig. 15.  The impact of changes in cold storage capacity on the location and vehicle routing results of the cold 
storage.
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in each part. Figure 15c,d present the LRP results. In both cases, one cold storage can be built to meet the farm-
ers’ needs, and the location and vehicle routing results of the cold storage remain the same. As the number of 
cold storages decreased, the related transportation costs increased, and the costs of building a single cold storage 
increased; however, the number of cold storages decreased. The costs of building a cold storage with a large stor-
age capacity are less than the costs of building two original storage cold storages; the increasing transportation 
costs are less than the costs of reducing the number of cold storages, and the total costs are still reduced.

In summary, it is the best scheme to build one cold storage with a storage capacity of 50t in Chenggu County 
because the total system costs are still low. With the change of storage capacity, the final results accordingly 
change. Therefore, the scale and quantity of origin-based cold storage can be considered according to the local 
actual situation, and the construction scheme with the lowest costs can be sought.

(2) The impact of farmers’ refrigeration demand.

Table 8 presents the impact of the four sets of data on farmers’ demand on various costs, and Fig. 16 presents 
the impact on cold storage location and vehicle routing results. The second and third rows of Table 8 present 
the costs of LRP in each stage when the demand is reduced by 50% and 25%, and Fig. 16a,b presents the LRP 
results. Moreover, the construction of one cold storage can meet the farmers’ needs. As the number of cold stor-
ages decreases, the number of refrigerated trucks decreases, the number of farmers served by one refrigerated 
truck increases, and the service relationship changes. The costs are reduced compared with the original, and the 
smaller the farmers’ demands, the smaller the total costs.

The fifth and sixth rows of Table 8 present the costs of cold storage LRP in each stage when the demand 
increases by 25% and 50%. Figure 16c,d present the LRP results. The construction of two cold storages can meet 
the farmers’ needs. Moreover, the number of cold storages remains the same, and the number of refrigerated 
trucks has increased. Except for the location costs (C1), which remain the same owing to the same number of 
cold storages, the other costs have increased than those of the original; thus, the total costs have increased. The 
larger the demand, the greater the number of vehicles, and the higher the total cost.

To sum up, with the change of farmers’ demands, only the change in cold storage location and vehicle routing 
can minimize the total minimum costs. When optimizing the LRP of cold storage in the region, it is necessary to 
predict the production and sales of local fresh agricultural products to make rational use of the layout of origin-
based cold storage and improve the utilization rate of cold storage.

Conclusion
“The first kilometer” of the cold chain is the challenging and critical part of the upstream transportation of fresh 
agricultural products, as well as the key to ensuring the final product quality. In this study, considering the loss 
of fresh agricultural products during transportation to the origin-based cold storage after picking, the LRP of the 
cold storage of fresh agricultural products are studied. With the goal of minimizing the total system costs, the 
LRP model of the cold storage of fresh agricultural products is constructed, and HWOA is designed to solve the 
problem. The designed algorithm realizes the improvement of WOA, which is a better algorithm to solve such 
problems. Good results are obtained in different instances. In practical case, the location layout of origin-based 
cold storage for fresh agricultural products and the route planning for refrigerated trucks have been successfully 
implemented. Afterward, this study explores the impact of changes in cold storage capacity and farmers’ cold 
storage demand on the total system costs and the location and vehicle routing results of cold storage. It provides 
theoretical references for cold storage operators in location selection and vehicle routing for serving farmers.

The results show that: (1) The algorithm designed in this study achieves the improvement of WOA. The results 
of different instances show that HWOA is suitable for solving medium-scale LRP and has good performance. (2) 
The change of cold storage capacity has an important influence on the results. With the increase of the proportion 
of cold storage capacity change from 0.5 to 1.5, the system total costs can be increased by 0.086%. After calcula-
tion, it is the best scheme to build a cold storage with a storage capacity of 50t in Chenggu County of Hanzhong 
City, and the system total costs are the lowest. (3) With the increase of farmers’ demands for refrigeration, the 
number of cold storage and vehicles increases, and the total costs increase. As the proportion of farmers’ demands 
for refrigeration increases from 0.5 to 1.5, the system total costs can increase by 34.034%.

Through the calculation and analysis, the following management implications are obtained: (1) When plan-
ning the origin-based cold storage, the demand for storage capacity should be accurately evaluated to avoid 
overinvestment or insufficient storage capacity. Considering the impact of changes in cold storage capacity on 
the total costs, it is recommended to establish a flexible storage capacity adjustment mechanism to adjust the 

Table 8.  The impact of changes in demand on various costs.

Ratio of change Total system costs Location costs Transportation costs Damage costs Refrigeration costs Penalty costs

Reduced by 50% 3418104.5 195,000 641268.7 464.8 2571222.5 10148.5

Reduced by 25% 3580403.6 195,000 801502.9 697.5 2572769.7 10433.4

Original 4096419.9 390,000 1121481.1 930.0 2575625.3 11,383.5

Increased by 25% 4259028.7 390,000 1281753.9 1163.2 2574428.1 11683.5

Increased by 50% 4581418.5 390,000 1601965.1 1396.4 2575823.5 12233.5
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storage capacity in a timely manner according to market changes and seasonal demand. (2) Strengthen the pre-
diction of farmers’ cold storage demand, and use historical data and market analysis to predict future demand 
changes and to achieve efficient resource allocation in advance. In addition, it is recommended to develop coping 
strategies in advance, such as the establishment of standby cold storage, a flexible vehicle scheduling system, and 
so forth, to cope with demand fluctuations. (3) Improve the efficiency of cold storage and vehicle use through 
technological upgrading and management innovation, and ensure that the cost is reduced as much as possible 
while meeting the demand. Farmers are encouraged to provide feedback to better understand changes in demand 
and improve services.

However, this study also has some limitations. First, the model assumes that the scale and capacity of the 
origin-based cold storage are fixed, and the scale of the origin-based cold storage is not optimized. Second, the 
model assumes that the farmers’ demand is fixed, and does not consider farmers’ uncertain demand in an actual 
situation. Third, the algorithm may encounter computational efficiency problems when dealing with large-scale 
data. Fourth, this study mainly focuses on the construction of theoretical models and algorithm optimization, 
and the replicability in practical applications must be further verified. Given the above limitations, we propose 
the following suggestions: First, future research can consider optimizing the scale of origin-based cold storage 
as a decision variable to more accurately determine the most suitable cold storage scale in the region. Second, 
considering the uncertain demand, the LRP model of fresh agricultural product cold storage with uncertain 
demand is constructed. Third, more efficient algorithms or parallel computing techniques can be explored to 
improve the ability to process large-scale data. Fourth, it is recommended to implement and test the model in 
actual cases to evaluate its performance in the real environment, and to adjust and optimize it based on feedback.

This study provides an innovative solution for the LRP of cold storage of fresh agricultural products, and 
provides a valuable reference for relevant enterprises and management departments. Future research should 
continue to deepen the exploration in this field to promote the continuous optimization and development of 
fresh agricultural product cold chain.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article.

Fig. 16.  The impact of changes in demand on the location and vehicle routing results of the cold storage.



23

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21078  | https://doi.org/10.1038/s41598-024-72170-z

www.nature.com/scientificreports/

Received: 7 May 2024; Accepted: 4 September 2024

References
 1. Ma, Z. & Wang, Y. Optimal locations of pre-cooling facilities considering the first-mile loss of fresh agri-products. Chin. J. Manag. 

Sci. 32, 1–11 (2022).
 2. Liang, X., Han, J., Ruan, J. & Bian, Y. Study on the location of origin-based cold storage considering the satisfaction of farmers 

under the fresh E-commerce. Chin. J. Manag. Sci. 1–12. https:// doi. org/ 10. 16381/j. cnki. issn1 003- 207x. 2022. 1260 (2022).
 3. Duan, Y., Hu, B., Ri, S., Wang, L. & Zhou, M. A hybrid multi-criteria decision-making model for waste facilities location consider-

ing system resilience. Comput. Ind. Eng. 193, 110326–110326 (2024).
 4. Salawudeen, T. A., Meadows, A. O., Yahaya, B. & Mu’azu, B. M. A novel solid waste instance creation for an optimized capacitated 

vehicle routing model using discrete smell agent optimization algorithm. Syst Soft Comput. 6, 200099 (2024).
 5. Niu, Y., Xu, C., Liao, S., Zhang, S. & Xiao, J. Multi-objective location-routing optimization based on machine learning for green 

municipal waste management. Waste Manag. 181, 157–167 (2024).
 6. Chunrong, N. & Katarzyna, D. Research on optimization of agricultural products cold chain logistics distribution system based 

on low carbon perspective. Int. J. Inf. Syst. Supply Chain Manag. 17(1), 1–14 (2024).
 7. Liu, C. & Hou, P. Dynamic modelling of cold chain logistics services under budget constraints for the delivery of fresh products 

in an urban area. Appl. Math. Model. 125(PA), 809–835 (2024).
 8. Zhu, H., Liu, C., Wu, G. & Gao, Y. Cold chain logistics network design for fresh agricultural products with government subsidy. 

Sustainability 15(13), 10021 (2023).
 9. Tao, C. Research on the problems and countermeasures of Jiangsu agricultural products cold chain logistics service network sink-

ing to the countryside. Jiangsu Agric. Sci. 52(01), 248–255 (2024).
 10. Zhang, X. & Ding, Y. Research on origin paradox and its development of agricultural cold chain logistics in China. Agric. Econ. 

Manag. 04, 71–80 (2022).
 11. Xie, R. Discussion on the development of ‘the first kilometer’ of fresh agricultural products cold chain logistics in China. Bus. 

Econ. Res. 2022(02), 114–117 (2022).
 12. Wu, J., He, J., Lin, Y. & Bie, Y. Co-evolutionary location-routing model of medical isolation areas for major public health emergen-

cies considering the uncertainty of future traffic environment. Transp. Res. Rec. 2677(3), 1408–1423 (2022).
 13. Wang, C., Peng, Z. & Xu, W. Robust bi-level optimization for maritime emergency materials distribution in uncertain decision-

making environments. Mathematics 11(19), 4140 (2023).
 14. He, X. & Wang, Q. A location-routing model for free-floating shared bike collection considering manual gathering and truck 

transportation. Socio‑Econ. Plan. Sci. 88, 101667 (2023).
 15. Du, J., Wang, X., Wu, X., Zhou, F. & Zhou, L. Multi-objective optimization for two-echelon joint delivery location routing problem 

considering carbon emission under online shopping. Transp. Lett. 15(8), 907–925 (2023).
 16. Zhou, Y., Liu, C. & Xu, Q. Time-dependent green location-routing problem under carbon cap-and-trade policy. Transp. Res. Rec. 

2677(5), 1135–1150 (2023).
 17. Wu, J., Li, Q., Bie, Y. & Zhou, W. Location-routing optimization problem for electric vehicle charging stations in an uncertain 

transportation network: An adaptive co-evolutionary clustering algorithm. Energy 304, 132142–132142 (2024).
 18. Amin, A., Darweesh, S., Mohannad, K. & Mohammad, M. A two-stage stochastic location–routing problem for electric vehicles 

fast charging. Comput. Oper. Res. 158, 106286 (2023).
 19. Lin, K., Musa, N. S., Lee, Y. H. & Yap, J. H. Sustainable location-routing problem for medical waste management using electric 

vehicles. Sustain Cities Soc. 112, 105598–105598 (2024).
 20. Qian, K. A bi-objective location-routing problem for infectious waste reverse logistics during a pandemic. Front. Traffic Transp. 

Eng.. 4(1), 26–38 (2024).
 21. Peng, J. Effectiveness of mixed fuzzy time window multi-objective allocation in e-commerce logistics distribution path. Int. J. 

Comput. Intell. Syst. 16(1), 156 (2023).
 22. Wang, H., Ran, H. & Zhang, S. Location-routing optimization problem of country–township–village three-level green logistics 

network considering fuel-electric mixed fleets under carbon emission regulation. Comput. Ind. Eng. 194, 110343–110343 (2024).
 23. Zhang, X., Wang, Y. & Zhang, D. Location-routing optimization for two-echelon cold chain logistics of front warehouses based 

on a hybrid ant colony algorithm. Mathematics 12(12), 1851–1851 (2024).
 24. Ding, L. & Chen, H. Optimization of the layout of urban fresh cold chain distribution centers based on supply guarantee. Logist. 

Res. 2023(06), 25–33 (2023).
 25. Fu, X. & Tang, Q. Location-routing planning of cold chain logistics distribution center of fresh agricultural products. Technol. 

Econ. Areas Commun. 25(04), 11–19 (2023).
 26. Liu, Y., Wang, N. & Chen, C. Location-routing problem of cold chain logistics based on “arriving at cabinet” mode considering 

carbon emissions. Logistics Sci‑Tech. 46(07), 130–134+148 (2023).
 27. Wang, X., Wang, Y., Li, Y. & Lin, N. Collaborative scheduling of grading and pre-cooling vehicles for post-harvest fruits and 

vegetables: Model formulations and solution Algorithms. J. Syst. Manag. 33(01), 76–89 (2023).
 28. Zhang, Y., Shen, J. & Wang, L. Optimization of pre-cooling station location layout based on maximum coverage model and entropy 

weight method. Logist. Eng. Manag. 45(03), 21–24 (2023).
 29. Ge, X. & Zhang, Y. The optimization of collection transportation of fresh logistics based on proactive scheduling. Syst. Eng. 38(06), 

70–80 (2020).
 30. Li, Y. et al. The location-routing optimization model and algorithm of multi-type precooling facilities for agricultural products. 

Syst. Eng. Theory Pract. 42(11), 3016–3029 (2022).
 31. Ricardo, N. C. et al. Optimizing the location of vaccination sites to stop a zoonotic epidemic. Sci. Rep. 14(1), 15910 (2024).
 32. Quan, X., Pang, Y., Chen, J., Chu, X. & Lina, S. Open pollution routing problem of logistics distribution in medical union based 

on differential search algorithm. Sci. Rep. 12(1), 19472–19472 (2022).
 33. Yilin, T., Chetanya, R., Kitanidis, P. K. & Field, C. B. Routing algorithms as tools for integrating social distancing with emergency 

evacuation. Sci. Rep. 11(1), 19623–19623 (2021).
 34. Ali, N., Ali, Z.S. & Mahdi, B. Line-haul feeder location-routing problem: mathematical model and heuristic algorithm. Transport‑

metrica A Transport Science. 19(3), (2023).
 35. Massimiliano, C., Maria, D. P., Emanuele, P. & Giuseppe, S. Clustering and routing in waste management: A two-stage optimisation 

approach. EURO J. Transp. Logist. 12, 100114 (2023).
 36. Azam, A., Alireza, G., Behnam, M. & Babaee, E. T. The stochastic location-routing-inventory problem of perishable products with 

reneging and balking. J. Ambient Intell. Humaniz. Comput. 14(6), 6497–6516 (2021).
 37. Xu, X., Liu, W., Jiang, M. & Lin, Z. A multi-cycle and multi-echelon location-routing problem for integrated reverse logistics. Ind. 

Manag. Data Syst. 122(10), 2237–2260 (2022).
 38. Arsalan, R. & Meysam, H. A time-dependent green location-routing problem with variable speed of vehicles. OPSEARCH. 59(3), 

945–973 (2022).

https://doi.org/10.16381/j.cnki.issn1003-207x.2022.1260


24

Vol:.(1234567890)

Scientific Reports |        (2024) 14:21078  | https://doi.org/10.1038/s41598-024-72170-z

www.nature.com/scientificreports/

 39. Li, C., Mi, X. & Cui, X. Optimization of cold chain logistics distribution routing based on improved ant colony algorithm with 
hyperbolic tangent function. J. Highw. Transp. Res. Dev. 40(12), 236–244+258 (2023).

 40. Chen, Z., Yan, H., Zhang, X. & Zhang, Z. Vehicle routing optimization under b2b urban distribution mode based on improved 
ant colony algorithm. J. Highw. Transp. Res. Dev. 40(07), 231–238 (2023).

 41. Arzu, E. Y., İsmail, K. & Fulya, A. An exact algorithm for two-echelon location-routing problem with simultaneous pickup and 
delivery. Expert Syst. Appl. 231, 120598 (2023).

 42. Maximilian, L., Enrico, B. & Michael, S. A conceptually simple algorithm for the capacitated location-routing problem. EURO J. 
Comput. Optim. 11, 100063 (2023).

 43. Mirjalili, S. & Lewis, A. The whale optimization algorithm. Adv. Eng. Softw. 95, 51–67 (2016).
 44. Guo, H., Wang, J., Sun, J. & Mao, X. Multi-objective green vehicle scheduling problem considering time window and emission 

factors in ship block transportation. Sci. Rep. 14(1), 10796–10796 (2024).
 45. Pham, S. H. V., Nguyen, N. V. & Dang, N. T. N. Hybrid whale optimization algorithm for enhanced routing of limited capacity 

vehicles in supply chain management. Sci. Rep. 14(1), 793–793 (2024).
 46. Xiao, H., Peng, M., Wang, M., Zhang, B., Zhao, B. & Sun, H. Traffic sequence optimization method for trailer automated guided 

vehicle system. Comput. Integr. Manuf. Syst. 1–27. https:// doi. org/ 10. 13196/j. cims. 2023. 0265 (2023).
 47. Cai, Y. & Du, P. Path planning of unmanned ground vehicle based on balanced whale optimization algorithm. Control Decis. 36(11), 

2647–2655 (2021).
 48. Liang, D., Jiang, T. & Guo, Q. Location selection of electric vehicle charging facilities based on improved whale optimization 

algorithm. J. Shenyang Univ. (Nat. Sci.) 34(01), 24–29 (2022).
 49. Christian, P., Caroline, P. & Roberto, W. C. Solving the capacitated location-routing problem by a GRASP complemented by a 

learning process and a path relinking. 4OR Q. J. Belg. Fr. Ital. Oper. Res. Soc. 4(3), 221–238 (2006).
 50. Huang, J. & Zhang, W. Research on collaborative optimisation of urban agricultural product distribution centre location and rout-

ing based on improved adaptive large-scale neighbourhood search algorithm. Int. J. Wirel. Mobile Comput. 22(1), 9–22 (2022).
 51. Chen, J. & Qiu, R. Route optimization of multi-temperature refrigerated vehicles based on ArcGIS. J. Shanghai Marit. Univ. 40(1), 

8–13 (2019).

Acknowledgements
The Fundamental Research Funds for the Central Universities, CHD (300102213508), the Young Talents Promo-
tion Program of Shaanxi Association for Science and Technology (20230238).

Author contributions
X.Z. and J.L. wrote the main manuscript text. F.X. and J.F. prepared practical case data and content review.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ 
licen ses/ by- nc- nd/4. 0/.

© The Author(s) 2024

https://doi.org/10.13196/j.cims.2023.0265
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Research on origin-based cold storage location and routing optimization of fresh agricultural products based on hybrid whale algorithm
	Literature review
	Model development
	Problem description
	Model assumptions
	Model construction

	Algorithm design
	WOA
	Encircling prey
	Searching for prey
	Bubble-net attacking

	Hybrid whale optimization algorithm (HWOA)
	Chromosomes coding
	Initializing the population
	Improved search strategy
	Local search strategy
	Algorithm process

	Verify the efficiency of the algorithm
	Taguchi method parameter setting
	Instances verification


	Practical case application
	Practical case introduction
	Practical case results and analysis

	Conclusion
	References
	Acknowledgements


