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Two transportation modes have been used to solve the “last kilometer” delivery problem of perishable products in China. One
mode involves the use of refrigerated vehicles, and the other involves transportation with nonrefrigerated vehicles but with
thermal insulation packaging and phase-change refrigerants. In this paper, we studied the distribution of fresh products using
nonrefrigerated vehicles under the community group purchase model. A new integrated model that can simultaneously select
insulation packaging methods and vehicle paths was developed. We designed a heuristic algorithm based on genetic algorithm to
solve larger-scale problems. We found that nonrefrigerated vehicle delivery was better than refrigerated vehicle delivery when
neither the cost of the phase-change refrigerant nor the cost of packaging accounts for more than 50% of the total cost. There was
an optimal balance between insulation packaging cost and shipping cost. The combination of thin and light packaging materials
and high-eﬃciency cold storage materials could achieve the goals of ensuring the quality of fresh products and reducing
transportation costs simultaneously.

1. Introduction
As a new mode of social e-commerce, community group
purchases are developing rapidly with the help of social
software and other social traﬃc portals. Most users use
community group purchase to buy perishable products such
as vegetables and fruits. Temperature is the most important
environmental factor aﬀecting products’ deterioration rate
and postharvest life for these products, with higher temperatures providing an environment for bacterial growth
and resulting in a shortened shelf life. To ensure the delivery
quality and freshness of fresh agricultural products, ensuring
complete cold chain transportation is key.
At present, two transportation modes are usually used to
solve the “last kilometer” delivery problem. One mode involves the use of refrigerated vehicles to transport fresh
agricultural products, and the other involves transportation
with conventional nonrefrigerated vehicles but with thermal
insulation packaging and phase-change refrigerants. There
are high operating costs for the use of refrigerated vehicles.
Besides, nonrefrigerated vehicles can cost less than

refrigerated vehicles, and logistics companies have more
choices in selecting diﬀerent vehicle types. This allows
greater ﬂexibility in delivery, for example, the mixing of
perishable products with other categories. Therefore, this
transportation model is more appropriate than the refrigerated vehicle mode for ﬁlling the various and small product
orders demanded by individual consumers.
Thermal insulation packaging plays an important role
when we consider the nonrefrigerated vehicle transportation
mode. The complex interaction between package selection
and vehicle route optimization is reﬂected in the following
two aspects. On the one hand, the phase transition temperature of the refrigerant determines the temperature
boundary of product delivery in transit. The maximum
allowable delivery temperature is codetermined by the initial
quality, delivery time, and ﬁnal quality requirement.
Therefore, we focus on the quality of the phase-change
refrigerant, which guarantees that the phase transition
temperature is lower than the maximum allowable delivery
temperature. On the other hand, the insulation packaging
material determines the thermal resistance, which in turn
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determines the insulation duration. At the same time, the
insulation duration is also aﬀected by vehicle routing. In
summary, coordination between packaging selection and
vehicle routing optimization is important.
Most published research on collaborative optimization
has focused on common research topics such as the locationrouting problem (LRP), production routing problem (PRP),
production-distribution problem (PDP), and inventory
routing problem (IRP). However, studies in this ﬁeld on
joint optimization of packaging systems and vehicle route
planning are lacking because many package-dependent costs
are frequently overlooked in logistics activities.
Compared with the existing works, our main contributions of this study are summarized as follows. This work
studied the distribution of fresh agricultural products from a
new perspective. It integrated the multitype thermal insulation packaging selection problem of nonrefrigerated vehicles into the vehicle routing problem (VRP). Another main
contribution was that this paper designed a heuristic algorithm that can quickly solve large-scale problems. On the
basis of the above research, this paper analyzed the beneﬁts
of this nonrefrigerated vehicle mode but with thermal
insulation packaging and phase-change refrigerants. We
aimed to reduce the logistics cost while guaranteeing the
delivery quality of fresh food. This paper provides a theoretical basis for the incorporation of multiple packaging
selection into the VRP.
The remainder of this paper is organized as follows:
Section 2 introduces the related research review. Section 3
introduces the descriptions and assumptions of the problem
and establishes relevant models and design algorithms.
Section 4 presents some examples to verify the model and
algorithm. Meanwhile, we analyze the interaction eﬀect
among the main parameters. Finally, we summarize the
major conclusions of our study and provide several suggestions for further research.

2. Related Works
In this section, we introduce previous research on community group purchases, thermal insulation packaging, and
distribution of perishable products.
2.1. Literature about Community Group Purchases.
Community group purchases are a new business model, and
research on them is scarce. Proper pricing mechanisms are
conducive to higher proﬁts under community group purchase models. Li et al. [1] developed two-stage pricing
mechanisms to evaluate the impact of competition and
waiting costs on the proﬁtability and eﬃciency of community-based group purchases.
The intention to participate in community group purchases has received some attention among researchers,
particularly in recent years. Li et al. [2] constructed a theoretical model and questionnaire on community group
purchase consumer participation behavior based on the
theory of stimulus-organism-response (SOR) and commitment trust theory.
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In addition, some researchers have addressed the distribution of perishable products in the context of CGPs. Liu
et al. [3] proposed a balanced scorecard to construct an index
system to evaluate and select suitable distribution modes
based on the analysis of community group purchase distribution of fresh agricultural products. Wang and Qiu [4]
improved the VRP model by incorporating the minimum
total cost, including ﬁxed costs, transportation costs, and
penalty costs, under the constraint function of the distribution time window for community group purchases. They
concluded that the suggested approach is computationally
very eﬃcient and provides a reference for decision-making
in fresh community group purchase enterprises.
2.2. Literature about Thermal Insulation Packaging and
Phase-Change Refrigerants. Thermal insulation packaging is
critical to maintaining low temperatures for the perishable
products. Lee and Yoo [5] discovered that the higher the
thermal insulation capacity of packaging was, the longer the
changes in the physical properties of frozen cooked rice were
delayed. Fang et al. [6] also indicated that the thermal
insulation eﬀect was inﬂuenced by packaging material. Li
et al. [7] presented that diﬀerent choices between more
expensive and less expensive packaging lead to diﬀerent
sales, cost, and waste levels, and these diﬀerent choices
require diﬀerent inventory control policies.
Simultaneously, the use of refrigerants during transportation by nonrefrigerated vehicles is another important
research topic. Oró et al. [8] found that frozen product
temperatures remained at lower values much longer when
phase-change materials were employed. Singh [9] presented
that the temperature control for perishable products during
shipping can be improved with the use of phase-change
materials. These studies can provide a theoretical basis for
the transport of perishable products with nonrefrigerated
vehicles.
2.3. Literature about Perishable Product Distribution.
Perishable products require complete cold chain transportation for the best retention of product value and appearance. At present, most research covers refrigerated
modes of perishable food product delivery. Amorim and
Almada-Lobo [10] proposed a model that decouples
minimization of distribution costs from maximization of
the freshness state of the delivered products. Hsu et al. [11]
considered the randomness of the perishable food delivery
process with time windows to obtain optimal delivery
routes, loads, ﬂeet dispatching, and departure times for the
delivery of perishable food products. Rabbani et al. [12]
established a VRP model that considered minimization of
transportation costs and a minimum freshness level to
improve proﬁt in the context of diﬀerent numbers of depots. They considered diﬀerent scenarios and described the
routing problem based on the traditional transportation
method.
However, this area of study lacks research on the use of
nonrefrigerated vehicles for transportation of fresh products. Many enterprises have started to use nonrefrigerated
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vehicles to transport fresh products because they allow
greater ﬂexibility in delivery. Byung and Young [13] presented a VRP that encompasses both refrigerated and
general vehicles for multicommodity perishable food
product delivery. This aim was to conﬁrm the performance
and availability of the refrigerated transport mode for
perishable food product delivery in comparison with the
general mode. However, the paper focused on speciﬁc vehicle routing, and packaging was not considered. Dieckmann et al. [14] designed new thermal insulation
packaging materials made from feathers for nonrefrigerated
vehicle transport. They concluded that feather materials have
the potential to replace the materials currently used for
delivery of perishable food products.
To the best of the authors’ knowledge, Li et al. [15]
oﬀered the only study analyzing multiple types of packaging
in the perishable food PRP. They pointed out that diﬀerent
packaging selections lead to diﬀerent product shelf lives and
inﬂuence the selling price. However, they used a pattern that
is not applicable to community group purchases, while
considering the complex relationships among quality of
phase-change refrigerants, the types of packaging, and vehicle routing.
The current paper provides a new research perspective
compared with the work of Shui and Li [16], which are the
most recent literature relevant to the topic of our interest.
The paper by Shui and Li [16] constructed a pricing model
for community group purchase and a distribution costoptimal model based on refrigerated vehicles. Meanwhile,
they proposed a collaborative optimization mechanism of
the pricing model and distribution model based on bilevel
programming theory. Refrigeration cost, fuel cost, and
ﬁxed cost were taken into consideration in the refrigerated
vehicle distribution model, while in this paper, we propose
a nonrefrigerated vehicle distribution model based on the
VRP problem, considering the choice of insulation packaging mode. In this model, the costs include ﬁxed cost, fuel,
packaging material, and coolant cost. In terms of algorithms, we extend initial work by designing a heuristic
algorithm based on a genetic algorithm to obtain the optimal solution and solve by MATLAB, while the model in
the other paper is solved by the exact algorithm and tested
by LINGO. In terms of conclusion, Shui and Li [16] found
that collaborative optimization mechanism of pricing and
distribution can improve the proﬁt level of community
group purchase, while we found the speciﬁc conditions
when nonrefrigerated vehicle distribution cost is lower
than refrigerated vehicles.
In this study, we focus on multitype packaging selection
in the context of transport of perishable produce in nonrefrigerated vehicles. To address the freshness issue, we
consider the maintenance of low temperatures with thermal
insulation packaging and phase-change refrigerants. Because
community group purchases can aggregate customer demand, we assume that the delivery service at each point uses
only one type of integrated packaging and establish a proﬁt
maximization model. In other contexts, the use of such a
model may lead to packaging cost larger than distribution
cost.
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3. Materials and Methods
3.1. Problem Description and Assumption. Reducing logistics
costs and optimizing distribution networks are essential for
community group purchase enterprises, and perishable
product quality continuously changes after the production
stage. Thermal insulation packaging and phase-change refrigerants are needed to maintain a certain temperature
when conventional nonrefrigerated vehicles are used to
deliver perishable food products. The choice of packaging
type and refrigerant quality inﬂuence the delivery quality of
perishable food products, which is related to customer
satisfaction. Therefore, insulation package selection is directly related to the proﬁt level of community group purchase enterprises. The problem that we focus on is that when
community group purchase enterprises receive orders, the
distribution center begins to choose the appropriate package
for each demand point to meet the insulation requirement
based on diﬀerent arrival times for each conventional
nonrefrigerated vehicle. Each vehicle services the demand
points in turn and delivers the perishable products to the
head of the community group.
The integration of multipackage selection into the VRP is
deﬁned on a complete digraph G � {N, A}. The set N of
nodes is comprised of the subset N � {i|i � 0, 1, 2, . . . , L},
which indicates that there are L demand nodes and one
distribution center “0.” Let A � (i, j) denote the set of arcs
that link all nodes from i to j. In this paper, we establish the
following assumptions:
(1) There is only one distribution center with diﬀerent
types of conventional nonrefrigerated vehicles.
(2) Because diﬀerent types of fresh agricultural products
have diﬀerent distribution requirements, this paper
considers only distribution of a single product.
(3) The location coordinates of the distribution center
and the demand nodes are known.
(4) Each order quantity of each demand node is known,
and each node can be visited once by one vehicle.
(5) There is no time limit on the service time of each
demand point.
(6) Only one packaging type can be chosen for each
demand point.
(7) The remaining perishable products must be sent to
the head of the community group before phase
change occurs in the refrigerant.
3.2. Objective Function and Constraints. We propose a
mathematical model integrating package selection into the
VRP, whereby a fresh community group purchase enterprise
chooses the type of thermal insulation packaging as well as
the optimal vehicle route to deliver the products to the
demand points. We ﬁrst derive formulations (6) and (9)
before establishing the model.
Formula (6) derivation process is as follows.
Fourier [17] discovered that there is a linear relationship
between the amount of thermal conductivity λ, the area of
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thermal conductivity A, the temperature diﬀerence between
the two sides of the wall ΔT, and the thickness of the wall δ.
Q � λA

ΔT
.
δ

δ
R� .
λ

R

,

∀i ∈ N, b ∈ B.

(3)

In equation (3), TS is the environmental temperature, T0b
is the temperature of insulation packaging b before the
complete phase change of the refrigerant accumulator, and ti
is the time when the delivery service arrives at point i. It is
calculated by equation (4):
V

L

tj �   tki +
k�1 i�0

dij qi k
+ y ,
vij v0 ij

j ≥ 1.

(4)

In equation (4), tki is the time when vehicle k arrives at
customer node i, and tk0 denotes that vehicle k departs from
the distribution center. Here, dij is the distance between
customer node i and customer node j. vij is the average
speed from customer node i to customer node j. v0 denotes
the loading and unloading speed at customer node i. qi is the
demand at node i.
Q � 1000 ml.

(5)

Equation (5) denotes the amount of heat absorbed by a
refrigerant during phase change, m is the quality of the
refrigerant, and l is the phase-change latent heat of the
refrigerant. We can derive equation (6) when equation (3) is
equal to equation (5).
Qbi

�

3600Ts − T0b ti Abi
1000Lb Rb

,

ti � tj , ∀i ∈ N, b ∈ B.

(6)
Qbi

by
Equation (6) represents the quality of refrigerant
the refrigerant accumulator during a phase change to
maintain a low temperature during transit to customer node
i with packaging type b, Lb is the phase-change latent heat of
the refrigerant with packaging type b, and Rb is the thermal
resistances with packaging type b, while Abi denotes the total

(7)

∀i ∈ N, b ∈ B.

In equation (7), βb is the area of category qi packaging
covered by product per unit volume.
Formula (9) derivation process is as follows.
Arrhenius [18] proposed the Arrhenius equation (8),
which reﬂects the changes in the relationship between the
chemical reaction rate constant and temperature.
K � A · e(− Ea/rT) ,

(8)

Mk � M0 − Kt.

(2)

The temperature of the latent heat accumulator changes
little in the process of phase change, so the temperature in
the incubator can be regarded as approximately constant.
According to equations (1) and (2), we can obtain equation
(3), which is the heat transfer from the thermal insulation
packaging b in transit:
Q�

Abi � qi βb ,

(1)

In equation (1), λ is the heat conductivity coeﬃcient of
the material, which reﬂects the strength of the material’s
thermal conductivity; the greater the coeﬃcient of thermal
conductivity is, the better the thermal conductivity of the
material is. At the same time, the diﬀerent thermal resistances R correspond to diﬀerent conductivities λ for multiple
types of packaging. The relationship between the two is
shown as follows:

3600ti Ts − T0b 

package area of package b at customer node i, and it is
calculated by equation (7).

(9)

In equation (8), A refers to the prefactor or rate constant.
Here, Ea denotes activation energy. r represents the gas
constant. T denotes the thermodynamic temperature.
Equation (9) represents that the initial quality M0 varies
linearly with time t. Combining formulas (8) and (9), we can
deduce formula (10) to ensure the maximum temperature
limits Ti of fresh agricultural delivery quality.
Ti �

Ea
− 273.15,
R ln Ati / M0 − Mk 

∀i ∈ N, i ≥ 1.
(10)

On the above basis, the model is as follows:
L

V

L

L

BN

V

Max p  qi zi −    ckij ykij −  sb −  fk Ok .
i�1

k�1 i�0 j�1

b�1

(11)

k�1

Formula (11) is the objective function, which aims to
maximize proﬁt, considering the total cost including
transportation costs, the ﬁxed cost of dispatching vehicles,
and thermal insulation packaging and phase-change refrigerant costs. p is the given price of a single product. The
binary variable Zi is equal to 1 when community node i is
delivered, and binary variable ykij is equal to 1 when vehicle k
visits node j immediately after node i. Binary variable Ok is
equal to 1 when vehicle k is used. sb represents the total
packaging and refrigerant costs, which is calculated by
equation (12). ckij denotes the fuel cost of transportation from
i to j by vehicle k, and it is calculated by equation (13). fk
denotes the ﬁxed cost of vehicle k.
sb � c1b + c2b ,

b ∈ B,

ckij � ak0 × bk0 + ck0 .wki dij f,

(12)

(13)

∀i, j ∈ N, j ≠ 0, k ∈ K.
In equation (12), let c1b denote the packaging cost of using
package b, which is the relative packing area and is calculated
by equation (14). c2b denotes the refrigerant costs of using
package b, which is relative to the quality of the refrigerant
and is calculated by equation (15). In equation (13), ckij is
relative to wki , which is the weight of vehicle k leaving
customer i, and wki is shown in equation (16), where ak0 , bk0 ,
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and ck0 are conversion parameters for vehicle k and f
represents the unit fuel rate.

ui − uj + Lykij ≤ L − 1,

ui , uj ≥ 0, i, j ∈ N, i ≠ j, j ≥ 2,
(21)

L

c1b

�

 qi βb zi Ubi gb ,
i�1

∀i ∈ N, b ∈ B.

(14)

In equation (14), βb denotes the conversion parameter
between the area of b and unit product quality. The binary
variable Ubi is equal to 1 if packaging type b is used in
customer node i. gb denotes the per unit area cost of
packaging type b.
L

∀i ∈ N, b ∈ B.

(15)

i�1

L

∀k ∈ K.

(16)

i�1 j�1

In equation (16), wk denotes the weight of vehicle k, and
binary variable xki is equal to 1 when vehicle k visits customer
node i.
Constraints (17) to (21) are used to represent the routing
ﬂow. Constraint (17) ensures that there is only one delivery
service for each demand node. Constraint (18) indicates that
each route starts and ends at the same demand node.
Constraints (19) to (20) are used to ensure that if a vehicle is
used, it must depart from and end up at the depot. Constraint (21) is designed to eliminate the subloop. Constraint
(22) ensures that no route has total community demand
exceeding the capacity of vehicle k. Constraint (23) is used to
represent the relationship between xij and yki . Constraint
(24) aims to ensure that only one type of packaging can be
selected for each demand node. Constraint (25) represents
the relationship between Qbi and Ubi that ensure that the
value of quality of refrigerant is reasonable. Constraint (26)
provides the maximum boundary of the product temperature when the delivery service arrives at demand node i.
Constraint (27) aims to ensure that the temperature of the
thermal insulation cannot exceed the temperature limits for
delivery.
V

zi −  xki � 0,

∀i ∈ N, i ≥ 1,

(17)

k�1
L

ykip − ykpj � 0,
i�0

∀k ∈ K, p ∈

(18)

j�0

N, ykij

� 0, ∀i, j ∈ N, i � j, k ∈ K,

L

Ok −  yk0p � 0,

∀k ∈ K,

(19)

∀k ∈ K,

(20)

p�1
L

Ok −  ykp0 � 0,
p�1

L

L

(22)

L

k
k
 qi xi �   qj yij ,

∀k ∈ K,

(23)

i�0 j�1

i�1

 Ubi � Zi ,

∀i ∈ N, i ≥ 1,

Qbi ≤ Big · Ubi ,

L

k
wki � wk +  qi xki � wk +   qi yij ,

L

∀k ∈ K,

i�1 j�1

(24)

b�1

In equation (15), hb denotes the unit cost of the
refrigerant.

i�1

L

BN

c2b �  Qbi Ubi hb ,

L

L

  qi ykij ≤ Gk Ok ,

Ti �

∀i ∈ N, i ≥ 1, b ∈ B,

Ea
− 273.15,
R ln Ati / M0 − Mk 

(25)
∀i ∈ N, i ≥ 1,
(26)

Ti ≥ T0b Zi ,

i ∈ N, i ≥ 1, b ∈ B.

(27)

3.3. Algorithm Design. The VRP problem has been proven to
be an NP-hard problem, with many constraints and a
complex objective function. There are two common methods
for solving this problem: heuristic methods and exact
procedures. Exact procedures always have a limited range of
applications in practice, so heuristic algorithms are most
often used to solve routing problems. In the heuristic algorithm, the best-known result for VRPs has been obtained
using Tabu search or simulated annealing. Genetic algorithms (GAs) have seen widespread application to various
combinatorial optimization problems, such as certain types
of VRPs. The heuristic algorithm base on GA is adopted in
this paper because this paper considers the choice of
packaging mode in traditional VRP.
The distribution schedule in our problem has to satisfy
both the temperature constraints and load-capacity constraints for vehicles arriving at the demand nodes. However, it
is diﬃcult to construct a method of solving the above two
constraints simultaneously. In this paper, we use a heuristic
algorithm based on the genetic algorithm to obtain the solution to this problem. First, we use the natural numbers for
encoding. For each of these chromosomes, we can calculate
the corresponding delivery time and temperature requirement, and through decoding, we can obtain the vehicle selection. Furthermore, we choose diﬀerent packaging types
under the constraints of fresh product delivery time, initial
quality, and requirements. Based on the packaging selected as
above, we can calculate the quality of the refrigerant and the
refrigerant and packaging costs. Finally, in these populations,
we choose the individuals with the lowest cost—including
ﬁxed cost, packaging cost, and transportation cost—to carry
out crossover, mutation, and selection until the optimal solution is found. The speciﬁc ﬂowchart is shown in Figure 1.
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The detailed contents of the heuristic algorithm base on
GA are as follows.
3.3.1. Chromosome Structure. The solution to our problem
includes vehicle route planning, vehicle type selection, and
packaging selection. Therefore, we use natural numbers to
encode the decision variables in the model, which represents
the service order of demand nodes. The vehicle starts from
the depot and provides delivery service for demand nodes
when the total weight of the perishable goods at these
distribution points is within the capacity limit of the vehicle.
If this weight exceeds the capacity limit of the vehicle, the
vehicle returns to the depot, and the next vehicle starts to
distribute from point j until all demand points are serviced.
To derive the highest proﬁt in this process, we choose to
forgo provision of delivery services when the distribution
cost is higher than the cost of abandoning the delivery. This
option is coded as “0.” To express the relationship between
route and vehicle choice, we use the structure of the
chromosome shown in Figure 2 and the chromosome shown
in Figure 2(b). Figure 2(a) shows the delivery schedule.
3.3.2. Initial Population Generation. Choosing an appropriate population size helps obtain the optimal calculation
speed and most accurate solution. Therefore, this paper uses
random rules to generate a set of initial populations with a
size of 50.
3.3.3. Fitness Function. The ﬁtness function is a standard for
measuring individuals in the population. In this model,
those individuals that satisfy the constraints and the objective function are retained, and others are eliminated. The
goal of this paper is to maximize the proﬁt of community
group purchase enterprises. To help solve this problem, this
paper uses the negative value of the objective function as the
ﬁtness function. Therefore, the ﬁtness function of this paper
is as follows:
f1′ � −maxobjective function.

(28)

3.3.4. Crossover. Crossover plays an important role in GA.
The principle of the crossover operator is to simulate the
process of chromosome repair and gene recombination in
biological genetic evolution. It enables the algorithm to
obtain a larger gene space, as is shown in Figure 2. We
randomly select the gene values of 3 genes in parent 1 and
copy them to the same gene of the oﬀspring. Then, the genes
in parent 2 with the same gene value as the selected gene
from parent 1 are removed. Finally, the formation oﬀspring
are obtained by combining parent 1 and parent 2 (see
Figure 3).
3.3.5. Mutation. To obtain a global solution, we destroy part
of the route so that the individuals in the new group have
diversity. We randomly select genes on two loci from the

parent and then swap the genes on these two loci to obtain
the oﬀspring (see Figure 4).

4. Results and Discussion
In this section, this paper assumes that a strawberry planting
enterprise in Kunming sells on a community group purchase
website. At the same time, the community group purchase
enterprise provides delivery services for communities. To
investigate the relationship between these objectives, we
carry out numerical experiments on randomly generated
instances to evaluate the performance of the established
model. All experiments are conducted on a computer with
an Intel Core i5 2.5 GHz processor and 8 GB of memory.
In the ﬁrst part, we ﬁrst detail the parameter settings and
base instance generation by taking reality into account.
Then, accurate algorithm by LINGO and heuristic algorithm
based on GA by MATLAB are used to solve these generated
instances and compare running times in the next part. In
part three, we compare two modes of transportation: refrigerated vehicles and nonrefrigerated vehicles. Parts four
and ﬁve are devoted to examining the impact of packaging
parameters on the overarching goal and exploring how to
further reduce distribution costs.
4.1. Parameter Settings and Base Instance Generation
4.1.1. Vehicle-Related Parameter Setting. In the practical
application at hand, the vehicle type is often diﬀerent for
refrigerated vehicles and nonrefrigerated vehicles. This leads
to diﬀerent load and dead-weight values for the vehicle and
diﬀerent coeﬃcients of calculating fuel costs. The relevant
parameter settings are shown in Tables 1 and 2. The same
parameters independent of vehicle type are set as follows:
Ts � 22, V0 � 600 , f � 0.7, and p � 60.
4.1.2. Package-Related Parameter Setting. At present, the
thermal insulation packages used in the market are mostly
divided into four diﬀerent types: cartons, foam cartons,
combined carton-and-foam packaging, and composite
cartons. Generally, cartons are the cheapest and have the
lowest insulation eﬀect, and the combined carton-and-foam
packaging type is expensive but has the best insulation eﬀect.
The packaging types b are set to {1, 2, 3, 4}. The value of the
unit packaging cost gb , the packaging thermal resistance Rb ,
and the temperature inside the packaging T0b correspond to
the packaging type b. Table 3 presents the detailed parameter
generation for the packaging.
4.1.3. Base Instance Generation. A base instance is generated
based on an investigation of a real enterprise setup. It includes a distribution center, 6 distribution points, and 3
diﬀerent types of nonrefrigerated vehicles to meet diﬀerent
distribution requirements. We can obtain a great deal of
information from the Internet. This information includes
the location of the community, which can calculate the
distance dij from node i to node j. The vehicle speed vij is
randomly generated from U[30, 80].
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Figure 1: Flowchart of the heuristic algorithm based on the genetic algorithm.
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Figure 2: Delivery schedule and chromosome structure. (a) Delivery schedule. (b) Chromosome structure.
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Table 2: Parameter setting for refrigerated vehicles.
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Parameter
k
f
G
a0
b0
c0
w

Value
2
368
3500
1.369
0.061
0.014
4580

1
268
1485
0.012
0.061
0.014
2680

3
468
4380
1.749
0.061
0.014
4950

7

Table 3: Parameter settings for diﬀerent types of packages.
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Figure 4: Map of mutation operator.

Table 1: Parameter setting for nonrefrigerated vehicles.
Parameter
k
f
G
a0
b0
c0
w

1
218
1690
1.177
0.069
0.001
2250

Value
2
258
1615
1.177
0.069
0.001
2535

3
458
4185
1.177
0.110
0.000
3825

4.2. Contrast Analysis between Accurate Algorithm and
Heuristic Algorithm Based on GA. To show the eﬀect of
diﬀerent algorithm on the model operation, we generally use
LINGO to grogram the exact algorithm and use MATLAB to
grogram the heuristic algorithm based on GA. We increase
the distribution points from 6 to 10 and generate ﬁve data

Parameter
b
T0b
Rb
βb
hb
gb
Lb

Value
1
6.5
0.163
0.278
0.75
2.25
335

2
4.5
0.259
0.278
0.75
3.38
335

3
4
4.463
0.278
0.75
11.27
335

4
4.5
0.257
0.278
0.75
7.61
335

sets to compare the running times of the accurate algorithm
and heuristic algorithm based on GA. These comparison
results from accurate algorithm and heuristic algorithm
based on GA appear in Table 4.
Table 4 shows that there is a signiﬁcant diﬀerence in
running time between accurate algorithm and heuristic algorithm based on GA in the calculation of these instances. Due
to the NP-hard nature of our model, the solution run time for
accurate algorithm by LINGO has an exponential pattern;
therefore, accurate algorithm becomes unable to solve the
model when there are more than 9 distribution points. In
contrast, the running time in MATLAB is less than 2 seconds
in the above instance because the problem can be combined
with heuristic algorithm based on GA, which provides
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Table 4: Parameter settings of diﬀerent types of packages.
Data
Number of distribution points
6
7
8
9
10

Accurate algorithm
Time (s)
823
1603
10825
86400+
86400+

convenience in the use of intelligent optimization algorithms.
This indicates that it is possible to solve the problem with a
large number of distribution points with the heuristic algorithm based on GA by MATLAB software; the results for the
case with 10 distribution points are shown in Table 5.
Table 5 aggregates the results of the total proﬁt and
delivery route and the choice of packaging type. It can be
seen that the ﬁnal total proﬁt is 38343. Vehicle 2 is chosen to
provide delivery services for 10 community demand nodes.
The route of the vehicle is 2-9-10-7-4-5-6-1-3-8, and the
products delivered to all demand points are packed in
cartons.
4.3. Contrast Analysis between Refrigerated and Nonrefrigerated Vehicles. To determine under what circumstances nonrefrigerated thermal insulation packaging is
superior to refrigerated vehicles in terms of transporting
fresh agricultural products, we set up two cases for the two
types of vehicles. For refrigerated vehicles, we can obtain the
calculation model for transporting fresh products in refrigerated vehicles from Shui and Li. In practical applications
involving nonrefrigerated vehicles, we implicitly assume that
the unit packaging cost and refrigerant costs are dependent
on the purchase quantity and the manufacturer. We vary the
cost of unit packaging and refrigerant in the case of nonrefrigerated packaging. We set up the following cases: Case 1
is identical to the base case with the only diﬀerence being
that the unit packaging cost increases by 5%, and Case 2 is
identical to the base case with the only diﬀerence that the
unit packaging cost increases by 10%. Case 3 is identical to
the base case with the only diﬀerence that the unit refrigerant
cost increases by 5%. Case 4 is identical to the base case with
the only diﬀerence that the unit refrigerant cost increases by
10%. The calculated results are shown in Table 6, and the
contrast is shown in Figure 5.
We can observe from Figure 5 that the total proﬁts are
higher in Case 4, Case 1, and the base case than in Case 5.
Nonrefrigerated thermal insulation packaging is superior to
refrigerated vehicles under normal circumstances. Simultaneously, the opposite occurs when the unit packaging cost
or refrigerant cost is relatively high in small-scale instances.
To further investigate the relationship between these costs,
we present Figure 6, which shows the percentage of the total
cost of using an unrefrigerated vehicle according to Table 6.
It clearly reﬂects which costs are predominant in the total
cost.
We notice in Figure 6 that in Cases 1 and 3 and the base
case, the cost of using nonrefrigerated vehicles is lower than

Heuristic algorithm based on GA
Time (s)
0.126
0.132
1.286
0.525
1.043

that of using refrigerated vehicles. Neither the cost of the
phase-change refrigerant nor the cost of packaging accounts
for more than 50% of the total cost in these cases. A trade-oﬀ
exists between the packaging cost and the refrigerant cost in
the total cost. This consideration could make nonrefrigerated thermal insulation packaging superior to refrigerated vehicles in terms of transporting fresh agricultural
products.
4.4. Trade-Oﬀ Cost between Packaging, Refrigerant, and
Transportation. In this section, we analyze the impact of the
trade-oﬀ between total proﬁt and packaging parameters in
the last-mile delivery problem. Two common situations arise
when we consider the choice of packaging mode in reality. In
the ﬁrst situation, the distribution center selects the least
expensive packaging to reduce the packaging cost. In the
second situation, the distribution center chooses the best but
more expensive packaging. To test the impact of these two
situations on the total proﬁt when nonrefrigerated vehicles
with thermal insulation packaging are used to transport
fresh produce, we set up seven scenarios involving a series of
gradual conversions from the ﬁrst situation to the second
situation. By changing the thickness of the packaging, which
increases 5 mm to 35 mm at intervals of 5 mm, we further
change the packaging thermal resistance. Based on realistic
factors, packaging with the same speciﬁcations has diﬀerent
unit packaging costs under diﬀerent thicknesses. The relevant parameter settings are shown in Table 7.
From Figures 7 and 8, we have the following observations: (1) The cost of the phase-change refrigerant decreases
gradually with increasing packaging thickness. (2) The
packaging cost decreases at ﬁrst and then continuously
increases when the packaging thickness increases. (3)
Transportation costs vary with the thickness of the packaging, and an overall downward trend is present. (4) Total
proﬁt increases at ﬁrst and then starts to obviously decrease,
and the proﬁt reaches the optimal level when each packaging
thickness is 10 mm. The above observations can be explained
by the following: (1) There is an inverse relationship between
the thickness of the packaging and the refrigerant quality,
which is lower with thicker packaging. (2) The choice of
providing multiple insulation methods with the same
thickness is beneﬁcial to businesses in terms of increased
proﬁts. (3) The choice among multiple packaging modes
aﬀects the choice of vehicle routing for distribution. Because
the insulation eﬀect increases with increasing thickness,
there are more options when we consider the insulation
eﬀect in planning vehicle routing under this change. The
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Table 5: The heuristic algorithm based on GA by MATLAB calculation results.

Time:
Total proﬁt
Candidate
Delivery route
zi
b
Qbi

1
1
1
15.58

2
1
16.24

3
1
5.22

4
1
1.46

0.137 seconds
38343
2
2-9-10-7-4-5-6-1-3-8
5
6
1
1
6.52
6.023

3
7
1
4.32

8
1
15.48

9
1
5.48

10
1
4.82

Table 6: Calculation results for each case.

Proﬁt
Fixed cost
Packaging cost
Refrigerant cost
Fuel cost

Instance of nonrefrigerated vehicle
Case 1
Case 2
Case 3
Case 4
52542.1
24916.6
25217.7
25041.8
Percentage of the total cost of using an unrefrigerated vehicle
Base case (%)
Case 1 (%)
Case 2 (%)
Case 3 (%)
16.47
14.95
12.23
14.61
21.00
37.91
51.24
18.68
37.53
26.24
18.92
44.47
25
20.91
17.84
22.25
Base case
25373.6

Instance of refrigerated vehicle
25172.11
Case 4 (%)
13.15
16.81
50.02
20.02

25500

Profit

25400
25300
25200
25100
25000
24900
24800
24700
24600

Base case

Case 1

Case 2
Instances

Case 3

Case 4

Instance of nonrefrigerated vehicle
Instance of refrigerated vehilce

Figure 5: Comparison of nonrefrigerated and refrigerated vehicle cases.

distribution route with a lower distribution cost is selected to
reduce the transportation cost after we consider the trade-oﬀ
between the insulation eﬀect and the distribution sequence.
(4) We ﬁnd that there is a trade-oﬀ between the objective
value and the packaging thickness. On the one hand, this
may be because packaging that is too thin is not conducive to
maintaining the required distribution temperature, resulting
in the need for more phase-change refrigerants to maintain
it. This may result in an increase in the total cost of the
insulation packaging. On the other hand, higher-priced,
thicker packaging more often has a better thermal insulation
eﬀect, leading to a reduction in the required refrigerant
quality. However, this may lead to an increase in the total
packaging cost if the utility of increasing the thickness of
packaging exceeds the utility of reducing the phase-change
refrigerants. Therefore, the packaging for fresh food

distribution should not be too thick or too thin; this choice is
determined jointly by the cost of phase-change refrigerants
and packaging and the latent heat of phase change of the
refrigerants. In summary, the overall result shows that
packaging thickness signiﬁcantly impacts total proﬁt, and
the option to choose from multiple packaging modes is
beneﬁcial in terms of optimizing the distribution cost with
nonrefrigerated vehicles.
4.5. Selection of Insulation Packaging Parameters. To further
explore the impact of parameters on the multiple packaging
choices, we generate a new class of cases including 3 scenarios. The ﬁrst scenario is identical to the base case with the
only diﬀerence being that the thickness of the selected
packaging is set to 15 mm from 10 mm. The second scenario
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2000
1800
1600
1400
18.92%

Cost

1200
1000
800

26.24%
37.53%

600
400

50.02%

44.00%
52.02%

37.91%

52.02%

51.24%

52.02%

21.00%

52.02%
16.68%

52.02%
16.81%

200
0

Base case

Case 1
Case 2
Case 3
Cost comparison between refrigerated vehicle and nonrefrigerated vehicle

Case 4

Fixed cost
Packaging cost
Refrigerant cost
Fuel cost

Cost of nonrefrigerated vehicle
Cost of refrigerated

Fixed cost
Cooling cost
Fuel cost

Figure 6: Cost comparison of refrigerated and nonrefrigerated vehicles.
Table 7: Parameter setting for unit packaging cost and packaging thermal resistance.
Scenarios
1
2
3
4
5
6
7

b
gb
Rb
gb
Rb
gb
Rb
gb
Rb
gb
Rb
gb
Rb
gb
Rb

1
1.18
0.082
2.25
0.163
4.37
0.246
6.48
0.328
8.59
0.409
10.7
0.492
18.17
0.574

is identical to the base case with the only diﬀerence that
service quality requirements are set to 45 to 75. The third
scenario is identical to the base case with only the diﬀerence
that the latent heat of phase change is set to 335 to 200. The
results of the calculation are shown in Table 8.
We can observe from Table 8 that packaging type 3 is not
selected in any of the scenarios, which means that the
distribution center usually uses cheaper packaging instead of
using better, higher-priced packaging to save on distribution
costs. Essentially, in choosing packaging, the community
group purchase enterprise faces a trade-oﬀ between shelf life
and cost, and as long as the less expensive packaging with the

2
1.27
0.130
3.38
0.259
5.49
0.390
7.16
0.520
9.72
0.649
11.83
0.779
13.94
0.901

3
9.15
4.020
11.27
4.463
13.38
4.901
15.49
5.348
17.61
5.790
19.72
6.233
21.83
6.676

4
5.49
0.131
7.61
0.257
9.72
0.412
11.83
0.534
13.94
0.655
16.06
0.777
18.17
0.923

appropriate quality of phase-change refrigerant can ensure
delivery quality requirements, the enterprise does not choose
more expensive packaging that can extend shelf life of
perishable products.
However, the distribution center chooses better, higherpriced packaging to prevent the food products from
decaying when we have higher quality requirements or when
the latent heat of the phase-change refrigerant is lower in
scenario 1 and scenario 2. This conclusion has also been
drawn by Li [15]. We can also see that the packing mode
changes in scenario 1. The results indicate that the multiple
packaging and thickness options have a signiﬁcant impact
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25600
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25200
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Figure 7: Cost and proﬁt trends.
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540
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Data Availability

480
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Through parameter analysis, the following conclusions
are drawn. First, the large-scale cases are more suitable for
solution with the MATLAB software than with LINGO.
Second, the use of nonrefrigerated thermal insulation
packaging is superior to the use of refrigerated vehicles in
terms of transporting fresh agricultural products when
neither the cost of the phase-change refrigerant nor the cost
of packaging accounts for more than 50% of the total cost.
Third, the overall result shows that the option to use multiple
packaging thicknesses is beneﬁcial to improve the distribution cost of nonrefrigerated vehicles. Furthermore,
choosing better packaging is beneﬁcial in terms of reducing
transportation costs. Finally, distribution centers usually use
cheap packaging with high-quality refrigerants to ensure the
quality of fresh produce and a low total cost.
In regard to future research, we will further consider
multiproduct fresh food distribution in this way. In addition,
the choice of refrigerant type should be taken into account.
To further reduce the distribution cost, in the case of fewer
fresh orders, the joint distribution of ordinary packages and
fresh agricultural product packages by nonrefrigerated vehicles can be considered in the context of the community
group purchase model.

1

2

3

4
5
Scenarios 1 – 7

6

7

Transportation cost

Figure 8: Transportation cost trend.

The data used to support the ﬁndings of this study are
available from the corresponding author upon request.

Conflicts of Interest
The authors declare that there are no conﬂicts of interest
regarding the publication of this paper.

Acknowledgments
Table 8: Results of the calculation for each scenario.
Proﬁt
Base case
Scenario 1
Scenario 2
Scenario 3

25373.61
25480.18
25384.71
25252.47

Community distribution points
1
2
3
4
5
6
Selection of packing mode
1
1
1
1
1
1
1
1
2
2
1
1
2
2
2
2
2
4
1
2
2
2
2
4

on the ﬁnal result and can further improve distribution costs
and proﬁts.

5. Conclusion
This paper proposes a collaborative optimization mechanism for diﬀerent insulation package selections and cold
chain logistics distribution paths under the community
group purchase mode. For small-scale numerical examples,
LINGO software is used to solve the problem. On this basis,
a heuristic algorithm based on a genetic algorithm is proposed for large-scale numerical examples, and MATLAB is
used to solve and prove its eﬀectiveness.
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