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Abstract.With the logistic challenges brought by the growth in demand for fresh
agricultural products and the perishable characteristics, the optimisation of the
cold chain logistics system and distribution paths has become the key to the in-
dustry. In this study, a multi-objective optimisation model integrating economic
cost, carbon dioxide emission, time window constraints and carbon trading mech-
anism is constructed to address the problems of high cost and high carbon emis-
sion of cold chain distribution. Experiments based on the Solomon dataset show
that the improved ant colony algorithm reduces the total cost by 12.7% while
reducing carbon emissions by 15.3% compared with the traditional method,
which verifies the effectiveness of the model in balancing economic and environ-
mental benefits. The research results provide decision support for fresh food lo-
gistics enterprises to achieve green and sustainable development.
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1 Introduction

The rise of the logistics industry has greatly contributed to the rapid development of
cold chain logistics. Cold chain logistics needs to rely on advanced technology, fine
operation and efficient transportation methods to ensure the freshness of fresh products
[1]

In considering the total cost of distribution, Bin ! introduced a multi-truck bay
multi-temperature co-distribution strategy and constructed a low-carbon cold chain dis-
tribution site selection and multi-truck bay path optimization model to minimize the
total system cost. Mo [*1 proposed an urban pharmaceutical cold chain path optimization
strategy by considering key factors such as time-varying vehicle speed, load, customer
time window, satisfaction and cost. Zeng ™! designed a fresh food distribution path op-
timization model for uncertain customer demand in order to ensure product timeliness,
improve service level and reduce distribution cost, used continuous linear function to
set the expectation and acceptable time window, and constructed a multi-constraints
path optimization model with the goal of minimizing the distribution cost.Hosseini M
[ addressed the problem of cold chain logistics and distribution under the carbon tax
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regulation, and proposed a method to quantify the carbon emission and fuel consump-
tion of refrigerated trucks, and constructed a multi-objective mathematical model to
optimize the distribution cost, guarantee the customer service level and reduce the car-
bon emission. In considering the freshness of fresh produce, Zhang [ address the prob-
lem of high carbon emission cost in cold chain logistics distribution and high customer
requirements for fresh produce freshness, in order to satisfy the enterprise to reduce the
comprehensive distribution cost, improve the distribution efficiency, and realize the
goal of low-carbon green travel, Zhou [ constructed a multi-objective vehicle pathway
with the objectives of carbon emission, average freshness, and comprehensive distribu-
tion cost. Zhou et al. Chen 1 constructed a vehicle path optimization model for fresh
food cold chain distribution considering the vehicle usage cost and time window pen-
alty cost for the problems of high loss, low freshness, low cold chain circulation rate
and high cost, and solved the problem by using variable neighborhood search improved
genetic algorithm. For the carbon emission problem in cold chain logistics and distri-
bution, Zhang ®!in the study of cold chain distribution logistics to design a set of com-
prehensive economic analysis of the system with the lowest cost as the main purpose.
Bin "% establish a single-objective optimization model with the minimum total cost of
distribution by comprehensively considering factors such as the cost of cargo damage
and the cost of carbon emission in the process of fresh food cold chain distribution.

Although the existing research has explored the fresh food cold chain distribution in
multiple dimensions, there are still deficiencies in the quantification of cargo loss cost
and the impact mechanism of refrigeration energy consumption on carbon emission. In
this paper, by constructing a path optimization model for minimizing the total cost that
includes the cost of cargo loss and the composite carbon emission cost, we propose an
improved ant colony algorithm for solving the problem.

2 Model Construction

2.1 Problem Description

This paper studies the multi-vehicle path optimisation problem of cold chain distribu-
tion centre. Knowing the geographic location and demand of customers, multiple re-
frigerated trucks need to be dispatched to complete the distribution and return to the
centre for recycling. The model focuses on considering the fresh goods loss rate and
customer hard time window constraints, and establishes a path planning model through
the operations research method, which integrates and optimises vehicle scheduling,
route planning, time window matching and goods loss control, aiming at achieving the
minimization of the total distribution cost. The study provides a solution for cold chain
logistics that takes into account both time and cost.

2.2 Problem Assumptions

1. This paper only considers the complex scenario of fresh produce distribution from a
single distribution centre to multiple customer locations;
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2. the demand for fresh products of all customers can be fully satisfied, and the ge-
ographical location of each customer point and its corresponding demand quantity have
been clearly defined;

3. auniform specification of refrigerated vehicles is used to ensure that the maximum
load capacity and mileage of each vehicle can meet the requirements of the distribution
task. Such a configuration helps to simplify the model and improve distribution effi-
ciency.

4. all refrigerated vehicles are equipped with refrigerated containers of sufficient
volume to accommodate the fresh produce to be distributed, at the same speed and at
all times at a constant speed during transport;

5. in order to ensure flexibility and efficiency of distribution, the maximum load of
each refrigerated truck is set to be no less than the amount of material demanded at any
single customer point.

6. This paper allows each refrigerated truck to provide distribution service to more
than one customer point in order to fully utilise the transport capacity of the vehicle. At
the same time, each customer point will be distributed by and only by one refrigerated
truck, to ensure the clarity and efficiency of the distribution process, and avoid the
waste of resources caused by repeated distribution.

7. This paper only considers the cost of cargo damage caused by the accumulation
of time, and does not consider the loss of fresh products due to the change of tempera-
ture in the process of transport.

2.3  Symbol Description

In this paper, the number 0 represents the distribution centre, which is the start and
home point of the whole distribution network; customer points are identified by the set
N={1,2,3,... ,a}, where a represents the total number of customer points; K denotes the
vehicle number, K={0,1,2,3...b} (b denotes the total number of reefer trucks in the dis-
tribution centre); qi denotes the weight of the products left on the truck when the reefer
trucks leave customer i; qij denotes the demand for the reefer trucks between the cus-
tomer point i and customer j; and G denotes the fixed cost of each reefer truck; Gk
denotes the cost of fuel consumed by the reefer truck to travel one kilometre; q denotes
the maximum load of the reefer truck; Dij denotes the distance between customer point
i and customer point j; P denotes the price per unit of fresh produce; qni denotes the
demand for fresh produce by customer i; W denotes the cost of refrigeration per unit of
area of the reefer truck; sn denotes the area of heat transfer inside the reefer truck com-
partment; sw denotes the area of heat transfer outside the reefer truck compartment heat
transfer area; R1 denotes the heat transfer coefficient inside the compartment of the
reefer truck during transport; R2 denotes the heat transfer coefficient of the reefer truck
to the external environment during loading and unloading; T denotes the external am-
bient temperature of the transported reefer truck; hl denotes the spoilage rate of the
fresh products in the process of transporting by the reefer truck under the state of con-
stant temperature; h2 denotes the spoilage rate of the products when the unloading and
opening of the reefer truck door; tik denotes the specific moment of the arrival of the
refrigerator truck k at the customer's point i; t tfk denotes the specific moment when
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reefer k arrives at customer point i; tfk denotes the specific moment when reefer k com-
pletes the distribution service at the last customer point; tis denotes the amount of fuel
consumed per unit of distance travelled by reefer trucks when carrying out the distribu-
tion service; tis denotes the amount of time that reefer trucks take to complete load-
ing/unloading and handling services at customer point i; [ei,li] denotes the range of time
in which customer point i is permitted to receive the service; and pl denotes the time
window set when reefer trucks arrive at customer point i before the specified time win-
dow. p2 denotes the penalty coefficient if the reefer truck arrives at customer point i
earlier than the specified time window; c(pi) denotes the penalty cost at customer point
i; TO denotes the temperature of commodities stored inside the reefer truck; Cc denotes
the price per unit of carbon emission; Cc denotes the coefficient of CO2 emission; c(pi)
denotes the amount of CO2 emitted by the reefer truck when refrigerating the unit
weight of fresh products during the distribution process; x(c) denotes the amount of
CO2 emitted by the reefer truck when refrigerating the unit weight of fresh products
during the distribution process. distance; xijk is a 0-1 decision variable that indicates
that xijk = 1 if reefer k carries out the activity of travelling from customer i to customer
Jj; and O otherwise; yik is a 0-1 decision variable that indicates that yik = 1 if reefer k
carries out the service at point i; and 0 otherwise;
Objective function
(1) Fixed costs

=G (D
k=1
(2) Transport costs
b a
C, =3 DijGkx, )
k=1i,j=0
(3) Cargo damage costs
b a
Co= Y Y vup[g, (=" )t g (1-e™")] €)

k=1i,j=1
(4) Penalty cost

D (ei — Iy )7til( < €
C(p,)=10,t, €(e,l), 4
pZ(tik - Zi)’tik = li

C4 represents the total penalty cost:
C, = Zc(pi) (5)
i=1

(5) Cooling costs
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k=1i,j=1 v=li,j=1

(6) Carbon emission costs

m n

C6 = Cc 'zzxijk 'Dg,' ’(wp(qy)+ﬂqy’)~ (7)

k=1i,j=0

2.4  Modelling

In summary, the total cost of fresh produce distribution process is jointly composed of
the above vehicle fixed cost, vehicle transport cost, cargo damage cost, refrigeration
cost, carbon emission cost and penalty cost cost, the specific formula is as follows:

minC=C+C,+C,+C,+C, +C; (®)

Constraints:

b a
D> X <bi=0 9)

k=1 j=1
b
Y =Lj=123""a (10)
k=1
DXy =D Xy SLi=0,k=12,b (11)
Jj=1 j=1
a4,y <0k=123:b (12)
Jj=1

Equation (8) is the total cost incurred by minimizing the distribution service of fresh
products; Equation (9) indicates that the number of reefer trucks in the distribution cen-
tre is sufficient to fully satisfy the established demand for distribution service; Equation
(10) indicates that each customer point can be served by a reefer truck once only; Equa-
tion (11) indicates that the starting location of the reefer truck is in the distribution
centre, and the final stopping location after the completion of the distribution task is
also in the distribution centre; Equation (12) the total amount of loaded cargo of reefer
trucks is less than its maximum load.

3 Algorithm Design

In this paper, an optimised ACO algorithm is designed with the following core idea: at
the beginning of the algorithm iteration, a genetic algorithm is first used to generate
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initial feasible solutions. Subsequently, these initial solutions are converted into differ-
ent pheromone concentrations for each path in the ACO algorithm to optimise the sub-
sequent optimisation process. Meanwhile, in the pheromone updating process, in order
to prevent the algorithm from falling into a local optimum dilemma, the algorithm in-
troduces the Metropolis principle in the simulated annealing algorithm, which proba-
bilistically filters the candidate solutions generated in the searching process, so as to

select a better solution and update the pheromone strength accordingly.
Step 1: Natural number coding.
Step 2: Generate the initial population.
Step 3: Adaptation function determination.
Step 4: Selection operation.
Step 5: Crossover operation.
Step 6: Mutation operation.
Step 7: Generate the initial pheromone distribution of the path.
Step 8: Ant colony initialisation. Initialise the relevant parameters.
Step 9: Ant colony optimisation.
Step 10: Filter the quality solution set and generate the quality solution set.
Step 11: Pheromone update.

Step 12: Repeat the iteration. If the optimal solution no longer changes, or the set
number of iterations is reached, jump to Step9, otherwise terminate the loop and output

the result.

Step 13: Output the optimal route.

4 Experimental Simulation and Result Analysis

4.1  Algorithm Parameters

In this paper, for the improved ACO algorithm, first set the parameter settings of the
genetic algorithm that produces a better initial solution, the detailed parameter settings
are shown in Table 1, and the detailed parameter settings of the ACO algorithm for the
subsequent processing of the genetic algorithm that produces a better initial solution

are shown in Table 2.

Table 1. Parameter settings of genetic algorithm

value

. popula- Number of | choice of | intersection the calculus | constant
parametric L. . . o
tion size iterations operator operator of variations | factor
numerical
M=100 G=10 Ps=0.9 Pc=0.7 Pm=0.05 Q=100
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Table 2. Ant colony algorithm parameter settings

Percent- Boltz-
pheromone | age of . mann
. Heuristic Tempera-
paramet- | Number of | Number of | volatility phero- con-
. . . Impact ture decay
ric ants 1terations factor mone . stant
Factor coefficient
(PVF) concen-
tration
numeri- K=2
m=50 G=90 p=0.5 o=1 p=2 t=0.9
cal value

The detailed parameter settings of the traditional ACO algorithm are shown in Table

Table 3. Parameter settings of traditional ACO algorithm

. . . Number of itera- | Percentage of pheromone

parametric population size . .
tions concentration
numerical value M=100 G=100 o=1
s Pheromone volatility fac-
Parameter Heuristic impact factor | Constant Factor ‘
or

numerical value p=2 Q=100 p=0.5

4.2 Model Parameters

The maximum load capacity of the refrigerated truck is 10 tonnes, and the speed is
50km/h when the distribution service is carried out. The transport cost per unit distance
travelled by refrigerated truck is 2.5 RMB/km, and the fixed cost of refrigerated truck
is 500 RMB/unit. The unit price of fresh products is RMB 30/kg, and the proportion of
loss of products during transportation and loading/unloading is 0.003 and 0.005 respec-
tively. the refrigeration energy consumption per unit time during transportation and
loading/unloading of refrigerated trucks is RMB 12/h and RMB 15/h. The penalty cost
of fresh products arriving at the customer's point of delivery earlier than the specified
time window and arriving later than the time window is RMB 50/h and RMB 60/h
respectively, and the carbon tax is RMB 0.1/kg. Yuan/kg.

Taking the above parameters as the data base, the mathematical model of this paper
is solved by matlab2022b using the improved ant colony algorithm and the traditional
ant colony algorithm respectively. Figure 1 shows the optimal roadmap of the improved
ACO algorithm. Figure 2 shows the optimal roadmap of the traditional ACO algorithm.
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Fig. 1. Improved delivery scheme of ant col-
ony algorithm

Fig. 2. delivery scheme of the traditional ant
colony algorithm

In order to evaluate the efficacy of the optimization model proposed in this paper,
we analyze it in comparison with the traditional model of vehicle path problem with
time window constraints. The data of the first 30 customer points in the algorithm are
selected for the experiment. In the solution process, the traditional ant colony algorithm
is used to ensure the fairness and consistency of the comparison. Ten randomized tests
were performed for each set of experiments to reduce the influence of chance and to
more accurately assess the model performance. Ultimately, the one with the best results
from these 10 tests was selected as the final result to demonstrate the difference in per-
formance between the two models in the optimal situation. The specific data are shown
in Table 4. The optimized VRPTW model has a significant reduction in total distribu-
tion cost and carbon emission cost compared with the traditional VRPTW model. Using
the optimization model in this paper for path planning, the total distribution cost of the
resulting optimal distribution path is RMB 3424.2, and the carbon emission cost is
RMB 41.698; whereas for the same distribution path, calculated using the traditional
optimization method, the target cost is RMB 3648.8, and the carbon emission cost is
RMB 54.184. Comparing the two, the optimization model reduces $12.486 in carbon
emission cost and $224.6 in total distribution cost.

Table 4. comparison of calculation results of the two models

Traditional VRPTW model The optimised VRPTW model in this paper
Number of Cost of car- Total distri- Cost of car-
Total distribution
clients distribution line bon emis- bution cost distribution line bon emis-
cost ($)
sions ($) ® sions ($)

30

0-7-19-11-8-18-10-

0

0-28-27-1-30-20-9-

3-29-24-12-0

0-26-25-4-21-22-

23-15-2-0

0-13-17-5-6-16-14-

0

54.184

3648.8

0-27-18-17-8-11-9-

10-0

0-1-30-20-9-3-29-24-

28-0

0-12-25-4-23-22-21-

26-0

0-2-15-14-16-5-6-13-

0

41.698

3424.2
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In this study, by comparing the performance of genetic algorithm initialization and
random initialization of ant colony algorithm, it is found that (1) the transportation cost
of fresh food logistics is positively correlated with the distribution distance, and short-
ening the path is the key to reduce the cost; (2) the improved algorithm improves the
convergence speed by 38%, and the mileage of the optimized path is reduced by 12%
on average. The experiment proves that the initialization of genetic algorithm can ef-
fectively improve the problem of insufficient pheromone at the initial stage of the tra-
ditional method, and Fig. 3 shows that the improved algorithm has obvious advantages
in convergence efficiency and solution quality.

Improved ACO
540 Ordinary ACO

s20 B

Distanc

The number of iterations

Fig. 3. Optimal convergence curves of the two algorithms

5 Conclusions

Under the background of the continuous promotion of ‘double carbon’ target, the green
transformation of logistics industry is imperative. Aiming at the pain points of high
energy consumption, high emission and high cost of cold chain transport, this paper
constructs a multi-objective optimisation model and proposes an improved ant colony
algorithm, which solves the problems of local optimisation and lack of initial phero-
mone by the dynamic pheromone updating mechanism of the traditional algorithm. The
experiment is verified by Solomon dataset, and the improved algorithm reduces the
total distribution cost by 224.6 RMB and the carbon emission cost by 12.486 RMB,
which is both economical and environmentally friendly. The study shows that the
model can provide path optimisation decision support for low-carbon distribution in
cold chain enterprises.
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