
Introduction

With the improvement in living standards, people 
now are more demanding regarding the freshness of 
cold chain foods, such as fresh food, which challenges 
the cold chain logistics distribution system. To maintain 
the freshness of the distribution foods, refrigerated 
vehicles should be constantly refrigerated, which 
generates refrigeration costs and carbon emissions. 
According to the literature [1, 2], traffic congestion 

and changes in distribution vehicle speed affect the 
quantity of carbon emissions generated by vehicles 
in cold-chain logistics. Some scholars have addressed 
transportation delays caused by traffic congestion 
by avoiding predictable traffic congestion through 
vehicle-route planning [3]. Vehicle ownership is 
currently increasing in several countries, and urban 
road construction planning is imperfect. Many large 
cities are facing increasingly serious traffic congestion, 
which increases transportation time during cold-chain 
logistics distribution, thus affecting carbon emissions 
and distribution costs. Therefore, it is vital to avoid 
traffic congestion in the distribution process to optimize 
economic and environmental benefits.
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The vehicle routing problem (VRP) has been 
thoroughly studied by many research groups. Today, 
in the context of green logistics, some research 
considers carbon emissions in the VRP. Gong et al. 
[4] developed a mathematical model of multivehicle 
coallocation by considering carbon emissions and time 
windows. Franceschetti et al. [5] constructed a time-
dependent VRP to minimize driver wages and carbon 
emission costs. The carbon emission problem has been 
a hot research topic, and many groups have designed 
carbon emission calculation models to study carbon 
emissions as a function of carbon taxation or carbon 
limitation policies. First, Wang et al. [6] used a linear 
function calculation method for unit fuel consumption 
to find carbon emissions. Hu et al. [7] first used the 
cycle evaluation method and input-output method to 
calculate the range of carbon emissions in each stage 
of cold chain logistics and established a mathematical 
model to optimize the carbon footprint. Tao et al. [8] 
quantitatively analyzed the carbon tax mechanism 
and used the carbon tax cost as a decision variable for 
improved quantum bacterial foraging. Li [9] proposed 
a mathematical model to calculate the cost of carbon 
emissions and applied it to optimize the cold chain 
logistics distribution path. Liu et al. [10] proposed a 
collaborative distribution VRP problem under the carbon 
tax policy. Wang et al. [11] constructed the lowest-cost 
green VRP model, compared how carbon taxes affect 
distribution costs and carbon emissions, and derived the 
environmental and economic range of carbon taxes to 
maximize economic benefits.

The transportation process in the VRP inevitably 
involves traffic congestion. Chen et al. [12] explored 
how traffic congestion affects cold chain logistics in 
former warehouses and used the traffic congestion index 
to quantify the degree of traffic congestion. Qi et al. 
[13] used the traffic congestion index provided by Baidu 
Map to describe the actual traffic situation, divided it 
into multiple time periods to calculate the transportation 
time method, and applied it to the emergency cold 
chain. Liu et al. [3] designed a computational model 
of vehicle speed as a function of time and proposed a 
method to avoid traffic congestion and temporary traffic 
congestion. Zhao et al. [14] considered the effects of 
time-varying traffic volume and road type to construct a 
model to optimize electric vehicle routing. Poonthalir et 
al. [15] proposed a computational model to explain how 
variable speed affects fuel consumption and verified it 
by showing that variable speed in logistics transportation 
consumes less fuel than constant speed.

Traffic congestion is often encountered in urban 
road transport. Zhang et al. [16] proposed a new 
time-dependent electric vehicle path problem with  
a congestion charge. If a vehicle enters the peak period, 
it is required to pay a fixed congestion charge for 
contributing to the problem. In an urban environment, 
not only does the travel time change but the travel path 
also changes from one customer to another. In fact, 
different paths may be used at different times of the day. 

To solve this problem, one approach is to directly use 
the road network and consider the travel time (or travel 
speed) for each road segment. Gmira et al. [17] proposed 
a solution to the time-dependent vehicle path problem 
that involves a time window, where the travel speed is 
associated with the road segments in the road network. 
The effective management of last-mile deliveries is one 
of the main challenges for online retailers and logistic 
companies. The main goal is to provide personalized 
delivery services that meet speed, flexibility, and 
control requirements and reduce environmental impact. 
Crowd-sourced shipping is an emerging strategy that 
optimizes the last-mile distribution process. The main 
idea is to deliver packages to customers with the help 
of nonprofessional couriers (called temporary drivers). 
Pugliese et al. [18] addressed the problem of occasional 
drivers, time window constraints, and vehicle routing for 
multiple deliveries. Avoiding traffic-congested roadways 
is a hot research problem nowadays. Hu et al. [19] studied 
the VRP with difficult time windows and demand 
and travel time uncertainty. To solve this problem, we 
developed a robust optimization model based on a new 
path-dependent uncertainty set. Ge et al. [20] studied 
how vehicle path optimization affects carbon emissions 
as a function of traffic congestion and introduced 
vehicle-waiting congestion-avoidance strategies. Yan 
et al. [21] consider two scenarios of recurrent traffic 
congestion and episodic traffic congestion as well as 
repetitive and nonrepetitive congestion in a dynamic 
urban network VRP with real-time traffic information. 
Kok  et al. [22] propose four traffic congestion-avoidance 
strategies. Liu et al. [23] introduced the waiting traffic 
congestion avoidance strategy to address the VRP and 
applied it to show that the waiting strategy avoids traffic 
congestion, shortens vehicle travel time, and reduces 
vehicle carbon emissions.

In summary, although various studies have used 
congestion-avoidance methods and case validation to 
address the VRP, the following shortcomings remain in 
congestion-avoidance applications: (1) Traffic congestion 
avoidance methods are mostly dynamic-change path 
studies, whereas, in reality, when no better path exists, 
the relevant question to study is how to avoid the traffic 
congestion sections on the current road and at the 
current point in time. (2) Previous studies [18] have 
applied the waiting congestion avoidance strategy to the 
VRP to reduce carbon emissions and distribution costs, 
but since cold-chain logistics distribution generates 
refrigeration costs and carbon emissions when vehicles 
are waiting, the application of the waiting strategy to the 
cold chain VRP needs to be studied. (3) How driving 
speed affects carbon emissions should also be further 
studied as a function of congestion-avoidance strategies. 
Therefore, we consider how congestion-avoidance 
strategies involving vehicle waiting and reduced speed 
affect carbon emission and distribution cost in the cold 
chain VRP. In addition, we investigate how driving 
speed affects carbon emission in the case of the reduced-
speed congestion-avoidance strategy.
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Problem Description

Research Hypotheses

We study the single-distribution-center problem, 
where the location, service time, time window, and 
demand quantity are known for each demand point. 
A single vehicle serves each demand point once. 
 The distribution center is fully stocked with cold-chain 
goods. The vehicle starts at the distribution center.  
The assumptions used herein are as follows:

(1) The same mode refrigerated vehicle is used in 
all cases, the vehicle is not overloaded, and the driving 
distance does not exceed the maximum range of the 
vehicle.

(2) Severe traffic congestion occurs only between 
demand points.

(3) There is severe traffic congestion and waiting 
stops are made without considering the surrounding 
parking environment. 

(4) The refrigerated vehicles do not consume fuel 
during the waiting phase when they are not being 
driven. However, the refrigeration equipment remains in 
working condition, which consumes energy.

(5) Driving on heavily congested roads generates 
significant carbon emissions due to stop-and-start 
driving. 

Decision-making problem: If confronted with serious 
traffic congestion while driving, how can you reduce the 
carbon emissions generated by the vehicle? How can 
you reduce the total cost of cold chain logistics? How 
does driving speed affect carbon emissions in cold-
chain logistics?

Symbol Description

M = {1, 2, ..., m} is the collection of the number of 
electric vehicles used. N = {0, 1, 2, ..., n} is a distribution 
center with a collection of customer points. W = {0, 
1, ..., w} is a collection of charging stations. Z = {1, 2, 
..., z} is the set of transport product types. P11, P21 are 
the fixed costs per unit of ordinary electric vehicle and 
electric refrigerated vehicle, respectively. P12, P22 are the 
transportation costs per unit time for ordinary electric 
vehicles and electric refrigerated vehicles, respectively. 
P3 is the price per unit of electricity consumed. P4 is the 
charging price per unit of time. Ph is the unit price of 
product category h. P5 is the price per unit of product 
quality. Q, D are the maximum load and maximum 
driving distance of the electric vehicle, respectively.  
b is the maximum number of holding tanks per vehicle. 
aik, [Bi, Ei] are the arrival time of vehicle k at node i, 
and the time window of node i, respectively. xij

k is the 
0 – 1 variable, when the electric vehicle k is transported 
in i, j  section, xij

k = 1, otherwise xij
k = 0. yj

k is a 
0 – 1 variable, electric vehicle k if it delivers for 
customer point j, yj

k = 1, otherwise yj
k i = 0. zi

k is a 0 – 1 
variable, zi

k = 1 when Electric Vehicles k is charged at 
charging station i, otherwise zi

k = 0.

Segment Time Calculation and Traffic 
Congestion Strategy

Speed Periods and Methods 
to Calculate Travel Time

A study of driving in a mixed state of congested and 
fluid traffic [5], the speed is divided into three phases: 
the average speed v1 during congestion, the average 
speed v2 during the fluid period, and the average speed 
during the transition between the two periods. The time 
of day is divided into T = {[i1, j1], [i2, j2], [i3, j3], [i4, j4]} 
morning peak, smooth travel time, evening peak, and 
smooth travel time, respectively. The velocity changes 
between adjacent time periods, as shown in Fig. 1.  
To calculate the illustration, let the distance of the 
vehicle on the travel arc in each time period be d and 
the departure time be h. The following is an example of 
the first three time periods used to calculate the travel 
time th:

When   

2
h

dt
v

=
                                (1)

When 

2 1
2

2 1

( )h
v vdt i h

v v
−

= + −
                   (2)

When 

1
h

dt
v

=
                                 (3)

When 

2 1
2

2 2

( )h
v vdt j h

v v
−

= − −
                  (4)

Equation (1) calculates the time the vehicle spends 
at the congestion speed in the morning and evening 
rush-hour periods but not in transition periods. Equation 
(2) calculates the time the vehicle spends in the 
transition between general congestion and fluid traffic.  
Equation (3) calculates the time the vehicle spends in 
fluid traffic. Finally, equation (4) calculates the time 
the vehicle spends in the transition from fluid traffic to 
congestion.

Fig. 2 shows the vehicle travel time as a function 
of time. The above method is also used to calculate 
travel time when a reduced-speed congestion-avoidance 
strategy during severe congestion.
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Methods to Avoid Congested Traffic

Road traffic conditions are divided into three types: 
fluid, general congestion, and severe congestion. In 
the first two cases, speeds are steady (no acceleration), 
whereas severe congested causes frequent stop-and-start 
driving, thereby producing more carbon emissions. Two 
congestion avoidance methods are used to avoid driving 
on heavily congested roadways. Figure 3 shows the 
driving process on road section (i,j).

When the vehicle is driving on the road, according 
to the Map software knows in real time the congestion 
state of the road ahead. If severe congestion lies ahead, 
the estimated time from the current location to the 
congestion point is T1, and the estimated time to spend 
in congestion is T2. If T1>T2, the vehicle can continue 
normally. If T1<T2, a traffic-congestion-avoidance 
strategy is adopted.

(1) Waiting strategies
The waiting time is T2 − T1. When the vehicle 

is stopped (i.e., zero speed) and the engine off, the 

refrigerated compartment continues to function. After 
the waiting time, the vehicle is driven at normal speed.

(2) Early reduction of driving speed 
The speed is reduced to ensure that no serious 

congestion is encountered upon arriving at the original 
congestion point (i.e., vru = T1vij/T2), the travel time from 
the front congestion point to the original congestion 
point is T2.

Let vij be the normal speed of the vehicle on the 
roadway, vru be the reduced speed, tij

t be the average 
speed over the entire travel time from i to j, tij

w be the 
vehicle waiting time from i to j, tru be the reduced-speed 
travel time while traveling from i to j, tij be the total time 
of the vehicle on road segment (i,j), Dij be the distance 
of road segment (i,j), and Dru be the distance between 
the current position and the congestion point.

The following procedure calculates the vehicle time 
on road segment (i,j) using the congestion-avoidance 
method:

Step 1. If severe congestion is expected on the road 
ahead, go to Step 2; otherwise, go to Step 4.1.

Step 2. If the current position is in the congested 
zone of time T1 = Dru/vij≥T2, then continue to drive 
normally to the original congestion point. If there is no 
severe congestion, do not apply congestion avoidance 
strategies. Go to Step 4.1. Otherwise, if T1>T2 go to 
Step 3.

Step 3: T1<T2, if the vehicle continues at the current 
speed, it will encounter severe congestion, so apply the 
vehicle-waiting (reduced-speed) congestion-avoidance 
strategy. Go to Step 3.1 (3.2). 

Waiting Strategy
     

Step 3.1: Waiting strategy. Vehicle waits at the 
current position with the engine off. The vehicle does 
not consume energy, but the refrigerated compartment 
continues to consume energy. Waiting time tij

w = T2 – T1, 
normal-speed travel time is tij

t = Dij/vij. Go to Step 4.2.
Step 3.2: Speed-reduction strategy. Vehicle travels 

from its current location to the original congestion point 
at a reduced speed (i.e., less than the average speed). 
The reduced travel speed is vru = Dru/T, the reduced-
speed travel time is tru = T2, and the normal-speed travel 
time is tij

t = (Dij – Dru)/vij. Go to Step 4.3.
Step 4. Calculate the normal speed travel time, the 

waiting/deceleration time, and the total vehicle usage 
time after the vehicle travels through sections (i,j).

Step 4.1. Vehicle does not wait or reduce speed. The 
total vehicle time on road section (i,j) is the normal-
speed travel time tij = tij

t = Dij/vij.
Step 4.2. The waiting time is tij

w = T2 – T1, the normal-
speed travel time is tij

t = Dij/vij, and the total vehicle time  
is tij = tij

w + tij
t.

Step 4.3. The average speed is reduced to vru = Dru/T2,
the reduced-speed travel time is tru = T2, the normal-
speed travel time is tij

t = (Dij – Dru)/vij, and the total 
vehicle time is tij = tij

d + tij
t.

Fig. 1. Vehicle speed as a function of time.

Fig. 2. Vehicle travel as a function of time.
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Mathematical Models

Vehicle Carbon Emission Calculation

The carbon emissions generated in the transportation 
process are modeled by MEET, so the carbon emission 
rate (kg/km) generated by driving on the road section 
(i,j) is

1 / 1000ijk ij ijkC e G ϕ= × ×
                (5)

Of which

3(110 0.000375 8702 / )ij ije v v= + +
          (6)

2exp[(10.0059 0.0775 11.936) ]ij ij ij ijG v v w= − +
 (7)

30.27 1 0.0614 0.0011 0.00235 1.33 /ijk ijk ij ijk ij ijk ijk ijkv v v vϕ λ λ λ λ λ= + + − − −
30.27 1 0.0614 0.0011 0.00235 1.33 /ijk ijk ij ijk ij ijk ijk ijkv v v vϕ λ λ λ λ λ= + + − − −

               (8)

where: The symbol e is the carbon emission rate 
(g/km) without considering road slope or load, Gij is 
the road-slope factor, wij is the road slope (%) of road 
section (i,j), φijk is the vehicle load factor, and λijk is the 
real-time load ratio of vehicle k on road section (i,j).

The carbon emissions (kg) from refrigeration during 
distribution are calculated by using a published method 
[24]:

2
1

k
ij ij ij ijkC Eu q g t=

                         (9)

Cijk
2 is the carbon emissions from refrigeration, 

u1 is the fuel consumption per unit time of vehicle 
refrigeration, qij is the cargo capacity on road section 
(i,j), and tijk is the total driving time of vehicle k over 
road section (i,j).

Cost Models

(1) Fixed costs and transportation costs are

1 1 2
1 0 0

m n n
k

ijk ij
k i j

C K P P t x
= = =

= × + ∑∑∑
          (10)

K is the number of vehicles used, m is the number of 
vehicles available k = 1, 2, …, m, P1 is the fixed cost per 
unit vehicle, P2 is the transportation cost per unit time, 
tijk is the travel time of vehicle k over section (i,j), and 
xij

k∈{0,1} is a binary variable referring to vehicle k in 
section (i,j).

Costs of damaged goods are

2 3 1 3 2
1 0 0 1 1

+P
m n n n m

k k
ij ijk j j j jk

k i j j k
C P x t q y q tα α

= = = = =

= ∑∑∑ ∑∑
 (11) 

where P3 is the price per unit quantity of the cold 
chain product, qj is the demand for the product 
at customer point j, α1 is the rate of cargo loss 
during transportation, α2 is the rate of cargo loss 
during unloading, yj

k∈{0,1} is a binary variable; 
yj

k = 1 if vehicle k is delivering to customer point j; 
otherwise, yj

k = 0, and tjk is the service time when vehicle 
k is unloading at customer point j.

(3) Refrigeration cost
The refrigeration cost is divided into refrigerant costs 

arising from transportation and unloading. The heat 
load in the model is calculated by using the empirical 
formula Q1 = RSΔT (i.e., the heat load generated by 
heat exchange inside and outside the refrigerated 
compartment) [25], where R is the heat conduction 
coefficient of the carriage, S is the average surface area 
of the carriage, and ΔT is the temperature difference 
between the interior and exterior of the carriage, in 
addition to the heat load generated by the heat leakage of 
the carriage body, Q2 = βQ1, where β is the heat leakage 
coefficient, which is usually in the range 0.1–0.3.

The cooling cost incurred by the vehicle during 
transport is

( )31 4 1 2
1 0 0

m n n
k
ij ijk

k i j
C P x Q Q t

= = =

= +∑∑∑
         (12)

and the cooling cost incurred during unloading is

32 4 3
1 1

m n
k
j jk

k j
C P y Q t

= =

= ∑∑
                 (13)

so the cooling costs for the entire distribution are

( )3 4 1 2 4 3
1 0 0 1 1

m n n m n
k k
ij ijk j jk

k i j k j
C P x Q Q t P y Q t

= = = = =

= + +∑∑∑ ∑∑
 

 (14)

where P4 is the cost per unit refrigerant, in addition 
to the heat load Q3 = μVΔT generated by opening the 
door during the unloading process, with µ being the 
frequency of door opening, and V is the volume of the 
refrigerated compartment.

(4) Cost of carbon emissions
The cost of carbon emissions is mainly generated by 

the fuel consumption of the vehicle and vehicle cooling.
The cost of carbon emissions from fuel consumption 

while vehicle is on the road is

1
41 5

0 0 1

n n m
k

ijk ijk ijk ij
i j k

C P C v t x
= = =

= ∑∑∑
             (15)

The cost of carbon emissions from refrigeration is

2
42 5

0 0 1

n n m

ijk
i j k

C P C
= = =

= ∑∑∑
                  (16)
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The total cost of carbon emissions is

2 1
4 5

1 0 0
( )

m n n
k
ij ijk ijk ijk ijk

k i j
C P x C C v t

= = =

= +∑∑∑
    (17)

where P5 is the unit carbon tax price, Cijk
1 is the carbon 

emission rate generated by vehicle driving, and Cijk
2 is 

the carbon emissions generated by vehicle cooling.

Target Model

The cold chain VRP model to minimize total cost is

( )

1 2 3 4

1 2 3 1
1 0 0 1 0 0

3 2 4 1 2 4 3
1 1 1 0 0 1 1

5
0

min

         

            +P

            +  

m n n m n n
k k

ijk ij ij ijk j
k i j k i j

n m m n n m n
k k k
j j jk ij ijk j jk

j k k i j k j

n
k
ij

i j

C C C C C

K P P t x P x t q

y q t P x Q Q t P y Q t

P x

α

α

= = = = = =

= = = = = = =

=

= + + +

= × + +

+ + +

∑∑∑ ∑∑∑

∑∑ ∑∑∑ ∑∑

∑ 2 1

1 0
( )

m n

ijk ijk ijk ijk
k

C C v t
= =

+∑∑

( )

1 2 3 4

1 2 3 1
1 0 0 1 0 0

3 2 4 1 2 4 3
1 1 1 0 0 1 1

5
0

min

         

            +P

            +  

m n n m n n
k k

ijk ij ij ijk j
k i j k i j

n m m n n m n
k k k
j j jk ij ijk j jk

j k k i j k j

n
k
ij

i j

C C C C C

K P P t x P x t q

y q t P x Q Q t P y Q t

P x

α

α

= = = = = =

= = = = = = =

=

= + + +

= × + +

+ + +

∑∑∑ ∑∑∑

∑∑ ∑∑∑ ∑∑

∑ 2 1

1 0
( )

m n

ijk ijk ijk ijk
k

C C v t
= =

+∑∑
 

( )

1 2 3 4

1 2 3 1
1 0 0 1 0 0

3 2 4 1 2 4 3
1 1 1 0 0 1 1

5
0

min

         

            +P

            +  

m n n m n n
k k

ijk ij ij ijk j
k i j k i j

n m m n n m n
k k k
j j jk ij ijk j jk

j k k i j k j

n
k
ij

i j

C C C C C

K P P t x P x t q

y q t P x Q Q t P y Q t

P x

α

α

= = = = = =

= = = = = = =

=

= + + +

= × + +

+ + +

∑∑∑ ∑∑∑

∑∑ ∑∑∑ ∑∑

∑ 2 1

1 0
( )

m n

ijk ijk ijk ijk
k

C C v t
= =

+∑∑

( )

1 2 3 4

1 2 3 1
1 0 0 1 0 0

3 2 4 1 2 4 3
1 1 1 0 0 1 1

5
0

min

         

            +P

            +  

m n n m n n
k k

ijk ij ij ijk j
k i j k i j

n m m n n m n
k k k
j j jk ij ijk j jk

j k k i j k j

n
k
ij

i j

C C C C C

K P P t x P x t q

y q t P x Q Q t P y Q t

P x

α

α

= = = = = =

= = = = = = =

=

= + + +

= × + +

+ + +

∑∑∑ ∑∑∑

∑∑ ∑∑∑ ∑∑

∑ 2 1

1 0
( )

m n

ijk ijk ijk ijk
k

C C v t
= =

+∑∑
         (18) 

The model should satisfy the following constraints:

1 1
,   0

m n
k
ij

k i
x m i

= =

≤ =∑∑
                 (19)

1 1 1 1
,   0,   1, 2, ,

m n m n
k k
ij ji

k j k j
x x i k m

= = = =

= = =∑∑ ∑∑ L
 (20)

1
1,   1, 2, ,

m
k
i

k
y i n

=

= =∑ L
             (21)

1
,   i ,  1, 2, ,

n
k

i i
i

q y Q j k m
=

≤ ≠ =∑ L
         (22)

0 0
,   i ,  1, 2, ,

n n
k

ij ij
i j

d x D j k m
= =

≤ ≠ =∑∑ L
    (23)

ik ik ia q B+ ≥                            (24)

ik ik ia q E+ ≤                            (25)

w t
ijk ijk ijkt t t= +                            (26)

t
ijk ruk ijkt t t= +                           (27)

ijk ijk jkT t t= +                         (28)

(19) imposes that the number of refrigerated 
distribution vehicles be not less than the number of 
distribution routes. (20) imposes that the starting point 
of a vehicle to complete a distribution mission be a 
distribution center. (21) imposes that each demand point 
be served once and by only one vehicle (22) imposes that 
the total demand of customer points in each distribution 
route not exceed the maximum carrying capacity of the 
(23) imposes that the total distribution distance of each 
distribution route not exceed the maximum distribution 
range of the refrigerated (24) and (25) impose the time 
window constraint.(26) and (27) impose the relationship 
between the total time the vehicle is on the road section 
and the waiting time (speed-reduction time) and normal-
speed driving time. Finally, equation (28) imposes that 
the distribution process be continuous.

The corresponding mathematical model to minimize 
carbon emissions is

2 1

1 0 0
min ( )

m n n
k
ij ijk ijk ijk ijk

k i j
x C C v t

= = =

+∑∑∑
        (29)

with constraints (19)–(28).

Algorithm Research

The VRP is an NP-hard problem, and VRP with time 
windows considering traffic congestion and congestion-
avoidance strategies is even more complicated. This 
problem is difficult to solve accurately and efficiently. 
Ant colony algorithms are heuristic algorithms with 
the advantages of positive information feedback and 
distributed computation and can solve various complex 
combinatorial optimization problems. Therefore, an 
improved ant colony algorithm is used to solve the 
VRP. The algorithm is ameliorated as follows: (1) Given 
that vehicles have different speeds at different driving 
times, the calculation of the acceleration at different 
times and the calculation of travel time are embedded 
in the algorithm. (2) The congestion-avoidance method 
introduced above is integrated into the ant colony 
algorithm. (3) To prevent the ant colony algorithm 
from falling into a local optimum and to enhance the 
global nature of the ant colony algorithm search, we 
introduce the adaptive pheromone heuristic factor and 
the expectation heuristic factor.

The specific steps of the improved ant colony 
algorithm are as follows:

Step 1. The start parameters and variables are set 
to divide the time of day when the vehicle works into 
four time periods: morning and evening peak, between 
morning and evening peak, and after evening peak.

Step 2. Construct feasible solutions (i.e., construct 
the paths of all ants).

Step 2.1. Select ant by ant and customer by customer.
Step 2.2. The method for calculating travel time on 

road sections for different time periods combined with 

...

...

...

...
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traffic congestion avoidance methods is used. Calculate 
the travel time and waiting time of vehicles on the road 
section.

Step 2.3. Design the state transfer probability of each 
ant m from i to j with a combination of deterministic 
and stochastic choices:

[ ] [ ] [ ] [ ]{ } 0arg  max ,

,
is is sk sk

m
ij

w G if
j

P else

α β λ χτ ϑ ζ ζ ≤= 
  (30)

s∈allowedm, 0<ζ<1 is a random number, and 0<ζ0<1 is a 
control variable:

[ ] [ ] [ ]( )
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mm
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else
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βα λ χ
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                ∈  =   
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 (31)

where allowedm is the set of nodes allowed to be visited 
by the ant next, τij is the information heuristic factor α, 
β, λ, and χ are the importance of each heuristic factor, ϑij 
is the visibility heuristic factor, wjk is the vehicle waiting 
time factor, and Gjk is the width of the customer point 
time window.

Step 2.4. Determine whether the selected path 
satisfies the time and load constraints.

Step 3. The objective function is calculated, and the 
path with the best objective value for each generation is 
compared for storage.

Step 4. The global pheromone is updated using the 
update formula of the standard ant colony algorithm, 
and the pheromone intensity is solved using the ant 
perimeter model.

Step 5. The end condition of the algorithm is that 
the iterations reach a predefined maximum number of 
iterations, and the result is output.

Example Analysis

Example Data and Parameter Settings

 No standard experimental data on the cold-chain 
VRP problem of congestion avoidance are available, 
so the data of demand point coordinates, time window, 
service time, and demand quantity dimensions in c101 
and r101 arithmetic cases are selected from the Solomon 
database for the experiment. The data that meet the test 
requirements are set.

In accordance with the city’s morning and evening 
peak traffic, the morning and evening peak time periods 
are set to 7:00-9:00 and 17:00-20:00, respectively. The 
morning and evening peak normal driving state is 
general congestion, and the speed is taken as 25 km/h 
according to the city traffic rules. The other time periods 
are considered to have fluid traffic, with a speed range of 
30-60 km/h. The first two calculations assume 45 km/h. 

To compare the effectiveness of different congestion-
avoidance strategies, multiple severe congestion 
situations were set in the above two time periods. The 
severe congestion time is set to [10, 25] min, the speed 
is below 10 km/h, and more carbon emissions are 
generated due to the start-and-stop driving.

The ant colony algorithm was coded on a computer 
processor operating at 2.20 GHz, with 4 GB of memory, 
and running MATLAN (R2018b). Table 1 lists the 
parameters of the model.

Experimental Results Analysis

Congestion-Avoidance Strategies to Lower 
Carbon Emissions

Data set c101 belongs to the centralized distribution 
arithmetic, whereas dataset r101 belongs to the random 
distribution arithmetic. To compare the variation 
between carbon emissions more significantly, the first 
30 sets of data in r101 were selected for the experiment. 
The improved ant colony algorithm was used to solve 
the cold-chain VRP with the goal of minimizing 
carbon emissions under different congestion-avoidance 
strategies. The first 30 data in r101 were selected for the 
experiment. Fig. 3 shows the distribution roadmap. The 
experimental results are shown in Table 2. NV is the 
number of vehicles used, TD is the total distance traveled 
by the vehicle (km), TT is the total vehicle travel time 
(min), TCC is the total CO2 emissions (kg), DCC is the 
carbon emissions generated by driving (kg), and RCC is 
the carbon emission generated by refrigeration (kg). 

The results listed in Table 2 lead to the following 
conclusions: 

(1) NV shows that, in the randomly distributed data, 
each route is more affected by time constraints, resulting 
in more vehicles being used. TD and TT show that the 
total distance traveled without congestion-avoidance 
strategies is shorter. However, the travel time is 
significantly longer, mainly due to excessive congestion.

(2) For DCC, DS and WS are significantly less than 
NS, which is mainly due to the lower driving speed and 
frequent starting and stopping during severe congestion, 
resulting in more CO2 production. The reduced-speed 
strategy generates more carbon emissions than the wait 

Table 1. Model parameter.

Parameters Parameter 
values Parameters Parameter 

values

P1 100 yuan/veh Q1 280

P2 1 yuan/min Q2 56

P3 1yuan/kg Q3 129

P4 15 yuan/h μ1 22.5 L/100 km

P5 0.2 yuan/kg E 2.63 kg/L

α1 0.012 α2 0.014
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strategy, although the total driving time is shorter. This 
is mainly because the wait strategy does not produce 
driving CO2 emissions when the engine is off while 
waiting without moving. Also, waiting avoids severe 
congestion, and the driving speed is not reduced in other 
phases, resulting in less CO2 production.

(3) RCC shows that refrigeration produces carbon 
emissions. For RCC, DS<WS<NS. Since cold chain 

goods must be kept fresh regardless of congestion 
or waiting, the refrigerated truck needs to be in the 
refrigeration state all the time, so the carbon emissions 
from refrigeration is mainly related to the total driving 
time.

(4) TTC shows that using the congestion-avoidance 
strategy reduces total carbon emissions, with the speed-
reduction strategy producing fewer emissions than the 
vehicle-waiting strategy. From this, we conclude that 
the vehicle-waiting strategy is more effective for the 
general VRP, whereas the speed-reduction strategy 
is recommended for the cold-chain VRP, as is further 
verified by the following experimental results. 

Impact of Congestion-Avoidance Strategies 
on Distribution Costs

The first 30 and 50 sets of data from the c101 
arithmetic cases with a centralized distribution were 
selected for the experiment. The improved ant colony 
algorithm was used to solve the cold chain VRP problem 
to minimize the total cost with different congestion 
strategies applied. Fig. 5 shows the optimal roadmap for 
the two groups of data with the reduced-speed strategy. 
The experimental results are shown in Table 3. TC is 
total cost, TG is fixed cost and transportation cost, TH 

R101 DS WS NS

NV 11 12 13

TD 947.42 930.17 925.57

TT 1184.27 1240.22 1322.24

TCC 1148.22 1150.02 1391.46

DCC 392.18 342.26 547.34

RCC 756.04 807.76 844.12

Table 2. Carbon emissions under different congestion-avoidance 
strategies. NV is the number of vehicles used, TD is the total 
distance traveled by the vehicle (km), TT is the total vehicle 
travel time (min), TCC is the total CO2 emissions (kg), DCC is 
the carbon emissions generated by driving (kg), and RCC is the 
carbon emission generated by refrigeration (kg).

Fig. 3. Vehicle driving process.

DS WS NS

C101 30 50 30 50 30 50

NV 3 7 3 6 3 7

TT 206.17 628.81 247.41 665.79 257.72 676.58

TC 985.69 2015.93 1041.75 1964.28 1064.87 2099.08

TG 506.17 1328.81 547.41 1265.79 557.72 1376.59

TH 33.97 39.05 34.46 39.48 34.59 39.62

TZ 399.35 526.14 411.73 537.24 414.81 540.48

TTC 46.18 121.93 48.13 121.75 57.73 142.39

TDC 19.86 41.65 16.55 36.74 24.83 56.01

TRC 26.32 80.28 31.58 85.01 32.90 86.38

Table 3. Results for different congestion avoidance strategies with total cost as the objective. TC is total cost, TG is fixed cost and 
transportation cost, TH is cargo damage cost, TZ qis refrigeration cost, TTC is total carbon emission cost, TDC is carbon emission cost 
generated by driving, and TRC is carbon emission cost generated by refrigeration.
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is cargo damage cost, TZ qis refrigeration cost, TTC is 
total carbon emission cost, TDC is carbon emission cost 
generated by driving, and TRC is carbon emission cost 
generated by refrigeration.

The results listed in Table 3 lead to the following 
conclusions: 

(1) The total cost and carbon emissions when using 
a congestion-avoidance strategy are significantly lower 
in the 30 and 50 sets of data in c101. This indicates that 
using a congestion avoidance strategy proposed in this 
paper when the congestion ahead is predicted in real-
time by the mapping software can save distribution costs 
for logistics companies and reduce carbon emissions.

(2) The TH cargo loss cost shows that, because the 
refrigerated truck always maintains the refrigeration 

state in the distribution process and the refrigeration 
is improved, the change in cargo loss cost with time is 
subtle, and the fraction of the total cost decreases.

(3) The reduced-speed congestion avoidance strategy 
generates more carbon emissions while driving and 
fewer for cooling compared with the vehicle-waiting 
strategy. The carbon-emission costs between the two 
data sets are similar. In the 30 sets of data in c101, the 
total carbon emission cost is slightly less when using 
the speed-reduction strategy. In the 50 sets of data 
in c101, the total cost of the vehicle-waiting strategy 
is slightly less. However, the total cost of the speed-
reduction strategy is significantly less for both data sets, 
mainly because the total driving time is significantly 
less for the speed-reduction strategy, resulting in lower 
transportation and refrigeration costs. Therefore, in 
the cold chain logistic distribution, the congestion 
avoidance strategy is chosen to reduce carbon emissions 
and achieve low-carbon logistics. To save distribution 
costs and maximize economic benefits, the reduced-
speed congestion avoidance strategy is thus chosen.

Impact of Congestion Speed on Carbon Emissions

In the above experiments, both the general 
congestion speed and the fluid speed are set to assumed 
values. The speed under general congestion is set to a 
constant value because the speed is lower during the 
morning and evening peak hours and is generally not 

Fig. 4. Roadmap for different congestion strategies 

Fig. 5. Optimal roadmap for two data sets.
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subject to subjective control. To study how average 
speed affects carbon emissions in the cold-chain VRP 
when using the reduced-speed congestion-avoidance 
strategy, the speeds of the fluid times were set to  
(30, 40, 45, 50, and 60) km/h. The experimental data are 
r101 arithmetic. The experimental results are shown in 
Table 4. Fig. 6 graphs the carbon emissions as a function 
of speed.

This is mainly due to more congestion because the 
speed is too fast in normal driving. Anticipating the 
congestion ahead allows the vehicle to reduce speed 
in a shorter distance, which will slightly extend the 
driving time and increase carbon emissions. Therefore, 
a reasonable speed is required to ensure that carbon 
emissions are minimized. In this model, the most 
effective speed for energy savings and emission 
reduction is 45 km/h.

Conclusions

Severe traffic congestion in the VRP can result 
in increased carbon emissions and travel times. To 
avoid congested roads, a vehicle-waiting congestion-
avoidance strategy and a speed-reduction congestion-
avoidance strategy are proposed and applied to the 

cold-chain VRP. The experimental results show that the 
congestion-avoidance strategy reduces transportation 
time and carbon emissions in the cold-chain VRP. 
The speed-reduction congestion-avoidance strategy 
is more suitable for the cold-chain VRP, whereas the 
vehicle-waiting congestion-avoidance strategy is more 
suitable for the general logistics VRP. The optimal 
driving speed is determined from the carbon emissions 
generated from the cold-chain logistics distribution as 
a function of vehicle speed. The results of this study 
show the practical significance of studying congestion 
avoidance in the cold-chain VRP, which can improve 
environmental and economic benefits. Combining real-
time variations of the vehicle path with congestion-
avoidance strategies in the VRP is a future research 
avenue worth exploring to mitigate traffic congestion. 
In the future, it will also be possible to study changes 
such as the power consumption of electric vehicles when 
adopting congestion avoidance strategies.
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Fig. 6. Trend of carbon emissions generated at different speeds.   

V 30 40 45 50 60

NV 12 11 11 12 11

TD 942.75 938.66 947.42 930.42 903.68

TT 1346.79 1235.07 1184.27 1192.85 1221.19

TCC 1305.78 1197.48 1148.22 1156.53 1184.01

DCC 445.99 409.07 392.18 395.02 404.40

RCC 859.79 788.47 756.04 761.51 779.61

Table 4. Carbon emissions for various speeds under the speed reduction strategy.
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