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Abstract: How to evaluate the carbon emission efficiency of multimodal transport is an important
issue of public concern, and this article attempts to solve it with a network data envelopment analysis
(DEA) model. DEA is a method to evaluate the efficiency of homogeneous decision-making units
(DMUs). First, this article studies the efficiency decomposition and efficiency aggregation of the
general network structure for DEA model. In efficiency decomposition, the relationship between
system efficiency and division efficiency is discussed; whereas in efficiency aggregation, the division
tendency brought about by the definition of weights is analyzed. Then, a reasonable and single
compromise solution to division efficiency scores is investigated while the system efficiency remains
optimal. Finally, a two-stage network DEA model of rail-water intermodal transport is established
with carbon dioxide (CO,) emissions as an undesirable output. Based on this model, the rail-water
intermodal transport efficiencies of 14 ports in China in 2015 are evaluated by the methods of
efficiency decomposition, efficiency aggregation, and non-cooperation. The results show that Rizhao
Port, Tangshan Port, Nanjing Port, and Zhuhai Port have set an example to other ports. Qinhuangdao
Port, Ningbo-Zhoushan Port, Guangzhou Port, and Beiliang Port need to improve the efficiency of
railway transportation. Beibu Gulf port, Zhanjiang Port, Dalian Port, Lianyungang Port, Yantai Port,
and Yichang Port should optimize their intermodal system. In addition, Yantai Port and Yichang
Port urgently need to improve the port efficiency in low-carbon operation. The network DEA model
constructed in this article can be further applied to the efficiency evaluation of multi-link supply
chains, and the empirical results can provide a reference for the efficiency evaluation of ports in China.

Keywords: network DEA; carbon dioxide; rail-water intermodal transport; undesirable output

1. Introduction

In addition to global warming, glacier melting, and sea level rise, the greenhouse effect
has caused extreme weather disasters such as floods, droughts and hurricanes and thus
become the focus of the world’s attention. Among all the gases leading to the greenhouse
effect, CO, accounts for the largest proportion and is the primary source of the greenhouse
effect [1]. The transportation sector is one of the major sectors of fossil fuel consumption
and a major source of greenhouse gases like CO,. Global transport emitted 8222 Mt of CO,
in 2019, making it the world’s second-largest source of carbon emissions after electricity
and heat producers, according to data from the International Energy Agency. Therefore,
reasonable planning of the transportation sector and active transformation to a low-carbon
development mode are of great significance to global CO, emission reduction [2].

In China, roads, railways, waterways, and other modes of transportation all have a
considerable scale, but these modes are unbalanced in proportion. Low-carbon transport
modes such as railways and waterways are underutilized [3]. Compared with a single
method of transportation, multimodal transport has the advantages of larger transporta-
tion capacity, higher operation efficiency, fewer exhaust emissions, and lower cost, and
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has become a preferred transportation method, especially in medium- and long-distance
transportation. Therefore, the development of multimodal transport can not only relieve
traffic pressure and optimize transport structure, but also further enhance the economic
and environmental benefits of transport [4,5]. Multimodal transport can convert carbon
costs into economic benefits. Transportation companies should therefore try to formulate
reasonable transportation plans under the premise of low-carbon economy and low-carbon
transportation, which will largely contribute to the reduction in fossil fuel consumption
and CO, emissions [6,7]. Multimodal transport has become an important means to achieve
sustainable economic and social development because of its inherent advantages. Rail-
water intermodal transport is a typical representative of multimodal transport. Thus, this
article will carry out a case study based on the rail-water intermodal transport in China.

To further improve operations and reduce transportation carbon emissions, it is im-
portant to identify specific divisions that lead to transportation inefficiencies by evaluating
the efficiency of rail-water intermodal transport. Most existing studies on the efficiency
evaluation of multimodal transport focus on land and air transportation, and few focus
on rail-water intermodal transport. Moreover, the existing studies mainly analyze the
overall situation of the multimodal transport system rather than the internal structure of
the system. The network DEA model can evaluate the relative effectiveness of comparable
units of the same type through linear programming, which has obvious advantages in
analyzing the internal structure and efficiency of the system [8,9]. At present, the DEA
is rarely used to study the internal structure of multimodal transport. Therefore, it is of
great theoretical and practical significance to adopt the network DEA model to evaluate
the efficiency of rail-water intermodal transport. This can expand the application of net-
work DEA. Moreover, it helps to identify inefficient divisions and links, so corresponding
improvement measures can be taken to further reduce CO, emissions [10].

The research aim of this article is to evaluate the efficiency of rail-water intermodal
transport using a novel network DEA model, identify inefficient divisions, and propose
corresponding improvement measures. In this article, a network DEA model with an
intermediate product and undesirable output is established. The process of rail-water
intermodal transport is divided into two production stages: railway and port. The CO,
emissions from port are regarded as undesirable output. The system and stage efficiency of
rail-water intermodal transport is calculated by the methods of efficiency decomposition,
efficiency aggregation, and non-cooperation.

The rest of this article is arranged as follows. Section 2 is the literature review. Section 3
presents the efficiency decomposition and aggregation in the network DEA model. Section 4
introduces the non-cooperative two-stage network DEA model. Section 5 is an empirical
study on the rail-water intermodal transport in China. Section 6 shows the conclusion and
directions of future research.

2. Literature Review
2.1. Development of the Network DEA Model

Fére and Grosskopf [11] first named the DEA model, considering the system’s internal
structure as the network DEA model. Many scholars have conducted research on network
DEA models with different structural types. For example, Castelli et al. [12] discussed the
decision unit with a two-stage structure, which is a basic model, and Tone and Tsutsui [13]
took a more in-depth study of the basic model and proposed a slacks-based network DEA
model to study intermediate products. Then, Fukuyama and Weber [14] extended the
slacks-based network DEA model by adding undesirable outputs.

The efficiency measurement method of the network DEA model mainly includes
multiplication and addition. Many scholars have studied the application and deficiency
of multiplication and addition. When the network system is a simple series structure
and there is no external input in the second stage, the solution of the multiplication
method is relatively simple. For example, Kao and Hwang [15] proposed a multiplicative
decomposition method for two-stage models, in which the system efficiency is the product
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of the two-stage efficiencies. However, when there is external input in the second stage, the
efficiency evaluation model obtained by the multiplication method is highly nonlinear and
the solution is difficult. To solve this nonlinear model, Chen and Zhu [16] studied second-
order cone programming and demonstrated that it could be used to solve all two-stage
nonlinear network DEA models under the multiplication method.

In addition to the multiplication method, the addition method is also commonly used.
Chen et al. [17] proposed an additive decomposition method for two-stage models, which
was extended to general network structures by Cook et al. [18]. In the addition method,
the system efficiency is a weighted average of the stage efficiencies. Among them, the
weight can represent the relative importance of the stage, and there are different methods
for selecting the weight. Chen et al. [17] and Cook et al. [18] used the ratio of stage input to
total input to represent the weight. Nevertheless, Despotis et al. [19] and Ang and Chen [20]
both demonstrated that the weight selection method proposed by Chen et al. [17] tends to
favor the importance of the second stage. For this problem, Michali et al. [21] proved that
the favor of stage in the two-stage model does not exist under variable returns to scale.

In the research on network DEA models in recent years, some scholars have pro-
posed new efficiency measurement methods and network structure forms. For example,
Wau et al. [22] proposed a heuristic algorithm for transforming a nonlinear model into a
parametric linear model under a non-cooperative framework, and they also proposed
a two-stage network structure with shared input resources. Chao et al. [23] used a dy-
namic network DEA model to study the efficiency of large-container-shipping companies.
Sotiros et al. [24] proposed the notion of dominance in division efficiency in network DEA
models. Lozano and Khezri [25] proposed a minimal improvement method for network
DEA in both the cooperative and the non-cooperative cases. The minimal improvement
method refers to determining the projection direction to minimize the relative distance to
the boundary. Lee [26] defined loss as total input minus total output, and dissected network
systems based on the concept of loss. These new contents provide more possibilities for
the research of network DEA models. Previous studies have analyzed common network
structures and efficiency measurement methods, which have laid the foundation for devel-
oping network DEA models. However, these studies mainly focused on general structures
and cannot be applied to specific industries and production scenarios. This article expands
the method of Kao [27], Michali et al. [21], and Koronakos et al. [28], expands the research
scope, and applies it to the carbon emissions of multimodal transport.

2.2. Application of Network DEA in the Efficiency Evaluation of Transportation Carbon Emissions

Carbon emissions in the transportation sector are a crucial link in the world’s carbon re-
duction process. Using the network DEA model to evaluate the efficiency of transportation
carbon emissions can effectively identify the inefficient divisions within the transporta-
tion system, which is conducive to carbon emission reduction in the transportation sector.
Some scholars have studied the application of the network DEA model in the efficiency
evaluation of carbon emissions from transportation. In the aviation sector, Cui and Li [29]
evaluated the efficiency of 22 international airlines from 2008 to 2012 by using a network
DEA model including both an operational stage and a carbon reduction stage. Based on
efficiency evaluation, Cui [30] calculated the maximum expected output according to the
total reduced carbon emissions of 28 airlines. In the application process, there may be a
special case where the input or output is negative. For this special case, Cui and Jin [31]
adopted a new network DEA model that can handle negative data to measure the carbon
efficiency of 25 global airlines from 2008 to 2018.

In water transportation, the main players include ports, shipping companies, and
administrations. For the ports, Chang and Park [32] proposed a new DEA model for
measuring undesirable outputs such as carbon emissions and applied it to the ports of
South Korea. For the shipping companies, Chen et al. [33] used the network centralized
DEA model to analyze the route resource allocation of a Taiwanese shipping company.
For the administrations, Tovar and Wall [34] applied the DEA model to estimate the



J. Mar. Sci. Eng. 2022, 10, 1200

4 0f 21

environmental efficiencies of 28 Spanish port authorities in 2016, with CO, emissions as an
undesirable output.

In land transportation, for cargo transportation, Liu et al. [35] proposed a parallel
slack-based DEA model and used it to evaluate the overall efficiency of China’s land
transportation sector and the efficiency of railway and road transportation when CO,
emissions are considered. They found an obvious regional imbalance in the environmental
efficiency of land transport in China. For a more in-depth analysis, some scholars combine
the DEA model with other models. Liu et al. [36] combined the non-radial DEA model
with window analysis to measure the energy efficiency of the highway and railway sectors
in 30 provinces in China. They then used the Tobit regression model to analyze the
factors affecting energy environmental efficiency. In addition, for passenger transport,
Kang et al. [37] used a two-stage network DEA model to measure the efficiency of public
transport systems considering CO, emissions.

At present, the application of network DEA in the efficiency evaluation of transporta-
tion carbon emission is concentrated on a single mode of transport, and the evaluation of
multimodal transport is lacking. Compared with a single mode of transport, multimodal
transport has higher operation efficiency, larger transportation volume, and lower cost. It
can reduce fossil fuel consumption and thus CO, emissions. Evaluating the carbon emission
efficiency of multimodal transport is conducive to optimizing the transportation structure,
giving full play to the advantages of intermodal transport, and reducing transportation
carbon emissions.

2.3. Carbon Emissions in Multimodal Transport Research

Multimodal transport can improve economic and environmental benefits during trans-
portation and reduce CO; emissions. Thus, the carbon emission in multimodal transport
has attracted increasing attention from scholars. Some scholars mainly consider the impact
of cost. For example, Kim et al. [38] studied the relationship between transportation cost
and CO; emissions and proposed to balance the relationship. In transportation costs,
some scholars have conducted research on specific environmental costs. Stanley et al. [39]
introduced environmental costs into the freight dispatching system to form an integrated
network design model and verified the model with an actual railway freight network.
Qu et al. [40] considered the specific CO, emission cost and constructed a nonlinear pro-
gramming model for demand determination. In addition to costs and carbon emissions,
transportation time is an important factor in multimodal transport. Bauer et al. [41] and
Demir et al. [42] added the analysis of transportation time. Bauer et al. [41] analyzed the
relationship between CO, emissions, cost, and time; pointed out that a reasonable path can
reduce greenhouse gas emissions in the process of multimodal transport; and established
an optimization model under carbon emission constraints from the perspective of the
government and enterprises. Analyzing the relationship among cost, carbon emission,
and time is conducive to promoting their coordinated development, and modeling them
as an objective function can yield a more direct conclusion. Demir et al. [42] took the
minimum cost, time, and emission as the objective functions, considered the uncertainty of
travel time in a green multimodal transport service network, and then adopted a sample
approximation method to solve. In addition to transportation time, transportation distance
is also an important factor. Accorsi et al. [43] studied the site selection of outlets in the food
supply chain from the perspective of low-carbon economy and discussed the relationship
among carbon emission, cost, and the transportation distance of goods.

Some scholars have compared the carbon emissions of different modes of transporta-
tion. Both the choice of transport mode and the coordination of companies have a certain
impact on CO; emissions; Benjaafar et al. [44] pointed this out and combined low-carbon
issues with logistics operations, using a mathematical model to demonstrate the signifi-
cance of decision making in logistics operations for carbon reduction. Among all modes of
transport, road transport has the highest carbon emissions; Gerilla et al. [45] demonstrated
this with the example of CO, emissions from manufacturers to middlemen. To reduce
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road transport to reduce carbon emissions, Liao et al. [46] took carbon emissions as an
optimization objective and designed a transport mode selection model that can reduce road
transport. It is an effective means to replace road transport with other transport modes
such as shipping and railways. Chen et al. [47] focused on coastal shipping services, a
low-carbon alternative to road transport. As for the railways, Rodrigues et al. [48] demon-
strated that the use of railways instead of road transport could significantly reduce the total
carbon emissions from transport, then Rodrigues et al. [49] conducted an empirical analysis
using British container shipping as an example. Compared with single-road transport,
multimodal transport is more effective in reducing emissions. Mostert et al. [50] conducted
a comparative analysis of multimodal transport and road transport from both economic and
environmental aspects, reflecting the advantages of multimodal transport. Then, Heinold
and Meisel [51] conducted large-scale simulations of road transport and multimodal trans-
port and estimated emission rates, further demonstrating the emission reduction effect of
multimodal transport. Among different transport modes, road transport has the highest
carbon emissions, railway and shipping have lower emissions, and multimodal transport
has the most obvious emission reduction effect.

Currently, in the research on the carbon emission of multimodal transport, the network
DEA model is rarely used to evaluate the carbon emission efficiency. Multimodal transport
is a multi-link process, and the links can be regarded as multiple evaluation units. Therefore,
network DEA is suitable for evaluating the efficiency of multimodal transport.

In previous studies, some scholars applied the network DEA model to evaluate the
transportation sector’s carbon emission efficiency, but most focused on a single mode of
transportation. Few scholars have used the network DEA model in the research on the
carbon emission of multimodal transport. This article chooses the network DEA model to
evaluate the carbon emission efficiency of multimodal transport for these reasons: First,
DEA is widely used to measure the efficiency of decision-making units relative to the
production frontier. Its most significant advantage is that it is nonparametric, allowing
multiple inputs and outputs to be included in the production model. Second, compared
with other methods, network DEA considers the intermediate products and the relationship
between sub-divisions and provides more diagnostic information and a more detailed
analysis level for the system. The network DEA model’s efficiency evaluation results are
also considered more effective [13,52]. Third, the inefficient rail-water intermodal transport
system and the corresponding inefficient divisions can be found using the network DEA
model. The inefficient divisions are the resources for the whole system’s inefficiency, which
helps propose targeted improvement measures.

The possible innovations of this article are as follows. First, this article studies the
efficiency decomposition and efficiency aggregation of the general network structure for the
DEA model. In efficiency decomposition, the relationship between system efficiency and
division efficiency is discussed, whereas in efficiency aggregation, the division tendency
brought about by the definition of weights is analyzed. Second, a reasonable and single
compromise solution for the division efficiency score is investigated under the condition
that the system efficiency of the multi-stage network DEA model remains optimal. Third,
the CO; emission efficiency of rail-water intermodal transport is evaluated by using the
efficiency decomposition, efficiency aggregation, and non-cooperative methods of the
network DEA model.

3. Efficiency Decomposition and Aggregation in the Network DEA Model

The system’s internal structure contains intermediate products and the relationships
between sub-divisions, and the model considering the internal structure can provide more
diagnostic information and a more detailed analysis level. The efficiency evaluation results
are also considered to be more accurate. Ignoring the internal structure of the system can
lead to different and sometimes misleading results [13,52]. To evaluate the efficiency of a
rail-water intermodal transport system with and without considering the internal structure,
respectively, the methods of efficiency decomposition and efficiency aggregation were
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selected for the study. The efficiency decomposition measures the system efficiency from
the inputs supplied from outside and the outputs produced to outside, and then derives
the relationships between the system efficiency and the division efficiencies. The efficiency
aggregation defines the relationships first, and then measures the system and division
efficiencies based on these [27].

Consider the general structure for network systems composed of Q divisions in
Kao [27]. Denote X?] and ng as the ith input, i € {1,2,...,I}, supplied from outside, and
the sth final output, s € {1,2,...,S}, produced from the gth division, g = 1,..., Q, of the
jthDMU, j =1,..., n, respectively. Further, denote Zg’ as the gth intermediate product
produced by division a for division b to use, § € {1,2,...,G}. Denote v;, es, and wg as the
weights of variables and u, as the free variable under variable returns to scale. The specific
structure is shown in Figure 1.

@ (b)
z1e
Xt ie{12..n
X4 Q 1q q1
l lx Zg l z]
1 714 740 v Zgzq:| EQ 7% Zg 1Zgb Z;Z
5 R R > a=1“g
— 1 [T < q [T e — : q A
- Jat D Y@ r J ge(12,..,6) L :
Qq qQ
vl l lyq Zg l Zg
Yd se{1,2 }
AR

Figure 1. (a) The general structure of the network system. (b) The gth division in the system.

3.1. Efficiency Decomposition

The input-oriented efficiency decomposition model for measuring the system efficiency
under variable returns to scale can be formulated as:

Z,?:l (25:1 esz(Hruq)
Ty Ly oiX),
Zs 1 69Y +):g 1 Wg ():b 1 g])+u‘7
s.t. Eq] = T = o
21 1UX +): 1w8(za:1 Zg])
uqfreein51gnq—1 L,Qj=1,...,n

v;,es, Wg > 0

EP* = max

)

The objective function EJ of the model (1) is the ratio of the final output to the
outside input. Each constraint represents the division efficiency E,j, respectively. Note
that the multipliers v, ¢, and w of X, Y, and Z are the same in all divisions, and the
same intermediate product Z has the same multiplier w no matter whether it plays the
role of an input or output. Because all the intermediate inputs are equal to all the in-

. b
termediate outputs, ZQZI [E 1 wg(za 1 g])} = 222:1 [ZG 1wg(zQ z1 )} The con-
£ (X5 e +u,,)

Q I
Zq:l Z:i:l Ul 1]
efficiency constraint.

< 1 is redundant because it can be derived from the division

straint

Definition 1. DMU, is considered to be system-efficient if and only if EP* = 1.

Kao [27] discussed the relationship between system efficiency and division efficiency in three
special network structures; this article will discuss the relationship between system efficiency

and division efficiency in the general network structure. Because Z {Z _1Wg (ZQ Z ”q)} =



J. Mar. Sci. Eng. 2022, 10, 1200

7 of 21

b
£2 [E5 wg(Df, Z8)], for the DMU: |2 By 0], — £ (B2 1 e¥d + 1y ) | =
b -
T2 (Bl oixX] + T8 wg (B2, 7)) — (T8 e¥d + 1) — B, wy(T5, Z8)] . Divide
both sides of this formula by 222:1 Zle vin.qo at the same time and the relationship between
system efficiency and division efficiency can be obtained as follows:

(1-EP) = X2, (1 - Eq)P;
Tl 0XL+LS, wg (TS, Zgd) 2)
ZqQ:I i viX?a

where Pé =

The three network systems mentioned in Kao [27] also meet Formula (2).

3.2. Efficiency Aggregation

In efficiency decomposition, the system efficiency is the ratio of the final output to
the outside input. In efficiency aggregation, system efficiency is defined as a function of
division efficiencies. For the additive form, the system efficiency is defined as a weighted
average of the division efficiencies, E{;‘ = 22211 PyEq0, where P, > 0, with ZqQ:l P, =1
Kao [27] defined the weight associated with a division as the proportion of the aggregate

i ”iX?o+2§:1 wg (XY Zg)

£, [El oix 55 w22, 2]

Ang and Chen [20] and Despotis et al. [19] showed that, under constant returns to
scale, this definition of the weights results in a non-increasing relationship between them,
ie, P > P, for some network systems. This results in giving higher priority to the
first division.

Due to this problem, this article will study the weighting relationship under variable
returns to scale. The system efficiency is:

input of this division in that of all divisions, that is, P; =

EA = 233:1 PyEqo
0 Ty 0iX) XS, wg ():,?:1 z;g) y £S5y eYh+r8 wg ():bQ:1 zg§)+uq
B Zﬁ:l ZqQ:1 [21'1:1 0 X+ g Wy (ZHQ:1 Z§z>] Tl oiX]+Eg wg (Z?ﬂ Z§Z> @)
S [E el rS wy(Ti, Z{0)+ug]
B ):22:1 [Zil=1 UiX?o+Z§=1 wg( z?:l Z:HZZ)]

The efficiency aggregation model is as follows:

£ B8 eVd 458wy (B, Z0)+uq)
):;2:1 [):5:1 v X}, ‘*‘25:1 wg (L2, Zgg)]
st By = B BT B @
Yia UiXij+):8:1 we (Y, Zg;])
ug freeinsigng=1,...,Qj=1,...,n
Vi, €5, Wg > 0

& = max

Applying the Charnes-Cooper transformation [53], the model (4) can be transformed
into a linear one and solved.

Definition 2. DMU, is considered to be system-efficient if and only if EA* = 1.
According to the inequality constraint of the model (4), the following formula can
be obtained:
Q

I G 5 G Q
q aq q gb
Y oiXi+ Y we(} Z) = Y eYi+ ) we(Y Zgi) +ug ®)
i=1 g=1 a=1 s=1 g=1 b=1
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Consider any two divisions, i.e., g1 and g3, using Formula (5), and the following
inequality can be obtained:

P a1 P q2
_ Tia UiX?jl +Z§:1 wg (S Z;}“ ) T Uin‘qu +Z§:1 wg (L Z;?Z)
O [T e we (B2, ZgM)] IS [ e TS g (B, 7]
_ Tl oXf g we (D 2N - oiX PR we (N Zg) (6)

a
£2 Bl oiXIHES we(T8, Zgh)]
S q G q1b I q G aq
> Yo 1 stSjl +ZS:1 wg (Zhgzl Zg} )Jruq] Y1 UiXI'jz 72g:1 zug(Z[ZQ:] Zgjz)

L1 [T o I g (T, 2 )

=H

In inequality (6), for convenience, use H to represent the last fraction. The denominator
of H is positive, and the sign of the numerator depends on the values of the optimal weights
and the scalar u,. Therefore, the sign of H is different for the different DMUs. That means
that there is no non-increasing relationship between weights, and the definition of the
weights will not give higher priority to any division under variable returns to scale.

In efficiency aggregation, the system efficiency is a weighted average of division
efficiencies, and Kao [27] defined the weight as a proportion. Under constant returns to
scale, this definition will give higher priority to some divisions for some network systems.
However, under variable returns to scale, this definition will not lead to any tendency in
the production process [21]. As such, the empirical study is carried out under variable
returns to scale.

3.3. A Single Compromise Solution for the Division Efficiency Score

In a network structure, through the evaluation of system efficiency and division
efficiency, inefficient divisions that affect the system efficiency can be identified, and
targeted improvement suggestions can be put forward. However, the division efficiency
scores may not be unique when the system efficiency is optimal. The non-uniqueness of
division efficiency is not conducive to the identification of inefficient divisions, so it is
necessary to find a way to obtain a reasonable compromise solution for division efficiency.
Koronakos et al. [28] proposed a compromise programming method to obtain a reasonable
compromise division efficiency. This article adopts the weighted min-max method to
make the compromise division efficiency as close as possible to the highest efficiency score
that the division can achieve and as far away from the lowest efficiency score as possible.
Koronakos et al. [28] analyzed 2 and 3 divisions, and we now consider multiple divisions.
The following section takes the efficiency decomposition of a multi-division series structure
as an example to study.

Consider a series network structure with Q divisions, as shown in Figure 2. Denote X;;
as the ith outside input in the first division, i € {1,2,...,I}, of the jth DMU, j =1,..., n,
respectively, and YS]- as the sth final output in the Qth division, s € {1,2,...,S}. Further,
denote Zg j as the gth intermediate product produced by the gth division for the g 4 1th
division to use, ¢ € {1,2,...,G}. Denote v;, e5, and wg as the weights of the variables and
v}, €, and wy as the corresponding weights after Charnes-Cooper transformation.

X; Zi z; ZIN Z Z ¥
—» 1 > 2 - — > q |—>------ —— Q —>

Figure 2. A series network structure.

Using the efficiency decomposition model for measuring the system efficiency (model 1),
the optimal system efficiency Ej can be obtained. By maximizing the efficiency of a division
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under the condition of keeping the system efficiency optimal, the highest efficiency score
E;O of the division can be obtained. When g’ = 2, ..., Q — 1, the specific model is as follows:

ZG wq Zq
EY = max = 1[7 -
):g 1Wg Z
ZG ) 1 1
s.t. E1] g g 8 <1
¥¢ , wlz!
E, = —S—<3 1q—2...Q—1
G 1yl = s
9 Yoo Wg Zy (7)
) =1 es Y
Egj= 2 / <1
G Q-1,0-1 —
RS AL
j=1,...,n
Z<*l esYso E*
Yio1viXio 0
Oj, €5, Wq >0

When g/ = 1, the objective function is E;, = max L

Z 1 1 io
ZS esYso -
W. The constraints remain the same.
g=1Wg g0

Using the Charnes-Cooper transformation, the linear form of model (7) is as follows:

. When 4/ = Q, the

objective function is E/,, = max

EJr = max ZG 1wg'7 Zq
st ZG,l w;q 71Zq0 =1
Yo ;lzéj Y, 0iX;j <0
Yo, ;‘"Zg] zg:1 wy! 1z;’,]1 <0g=2,...,0-1
Yoq ey — L5 1ng 'z <o

j=1...

®)

Eq 2i5=1 % ¥s0 Yso — Ex

Z111 - ©
vle wgzo

Similarly, the lowest efficiency score Eqﬁo of each division can be obtained while
keeping the system efficiency optimal. When ¢’ = 2,...,Q — 1, the specific model is
as follows: o

E,, = min 2§ Vg Z4,
s.t. ZG,l wg! 71qu71 =1
z *121 — Y/ 10X <0

We L)
G 171 *q—1 q 1 _
Zg ng] Zglwg Z TOql—Z .,0-1 ©)
Yo ey — L5 w *Q 287 <0
]_1
Zsleyso_E*
Z111
vle ngO

When g’ = 1 or Q, the model is similar to the highest efficiency. Thus, when the system
efficiency is kept optimal, the highest efficiency score E;” and the lowest efficiency score
Eq_ of each division are obtained, 4 = 1,2,..., Q. Note that the division efficiency score is
unique when E; and E; are equal. Then, the weighted min-max method is used to obtain
a reasonable compromise division efficiency. The specific model is as follows:
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. ZG 0 ZS eLy.
+ 171 + 1 + s=1Cs Iso
ml?’l{mﬂx |:A1 (Elﬂ_z ; ZgO) )Lz (E M)/ /\ (EQD W)] }
s.t. Z —17; Xw =1
G
Yo Wy Zy; — zl 10iXi; <0
G *q 74 *‘7 15q-1
Zgzlwgzg] Z 1 gG Z QTOqu—Z ..,Q-1 (10)
*
Zsz Z " wg Z o <0
] =1,.
Zs 1esYsu _ E*
):1 19 1
vz el wg >0
In model (10), the weight A; = g=1,2,...,Q. By introducing an auxiliary

E; Ep’

variable §, the model (10) can be equwalently transformed into the following model:
mind

st A QEIZ -5,

*q -4
A <E+ _ s Ze
*xq—1 —1

AN VIR /)

*1 1
8 Zgo

)<
)S g=2,...,Q-1

+ Z:, esYso
rolEl — o) <4
Z 1zJXm—l
11
ZG ;lzé] 21121 leijSO ( )
G * G *q—1—,q9—1
zgzlwg"zg] z 1wg" z"j ?Oqlzz,...,Q—l
Yo ey — L5 1w§Q‘ 28 <0
]fl
Es ]EYSO_E*
Z:111
vl el wg>0

The model can be solved by bisection search, that is, searching the value of § in
[0, 1] [54]. Assuming that the optimal solution of model (11) is (A’ e, A*) the system

Z’

efficiency and the single compromise division efficiency are as follows:

Loi8¥ _ ps
Zl 1GA;X
A*l 1
I e )
© Z:z lﬁ;X

G A*q q
A Lo 577, _s
" Eey 7 R

PR

o oT,oT
Ty 0522

EA‘oi

(12)
Q-1

EQO =

E1,, Ego and Eg, are reasonable and single compromise solutions for the division
efficiency scores while the system efficiency remains optimal.

4. Non-Cooperative Two-Stage Network DEA Model

Efficiency decomposition and efficiency aggregation are two methods of measuring
system efficiency. This section considers a two-stage system with undesirable output
(see Figure 3). Denote Xl.lj as the ith outside input in the first stage, i € {1,2,...,I},

of the jth DMU, j = 1,..., n, respectively, and X2 j as the dth outside input in the sec-
ond stage, d € {1,2,...,D}. Then, denote Yslj as the sth final output in the second stage,
se€{1,2,...,5} and ij as the /th undesirable output in the second stage, I € {1,2,...,L}.
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Further, denote Z; as the gth intermediate product produced by the first stage for the
second stage to use, ¢ € {1,2,...,G}. Denote v;, kg, e5, m; and wyg as the weights of the vari-
ables, u1 and u5 as the free Var1ables under variable returns to scale, and v K, ek, ml, wg, u’l
and 1}, as the corresponding weights and free variables after Charnes—Cooper transformation.

X%d=1,..,D
— 1 > 2 —
xLi=1,..,1 Zg9=1,..,G l Yis=1,..,S
Y4l=1,..,L

Figure 3. A two-stage system with undesirable output.

This article treats undesirable outputs as normal inputs. This is a common practice
for dealing with undesirable outputs, and the model aims to decrease normal inputs and
undesired outputs [21,55,56]. The efficiency decomposition model under variable returns
to scale can be formulated as:

):5 ]eq +u1+uz
2 L 2
Zl é Yi u+zd:1 kdXdoJ'_ZI:l leIo
Yy WoZyi+uy
g=1"8 ‘3] S 1
Z, 10X
T esY5]+M2 (13)
G D 2 L 2 —
Yooy WeZoi Y gy ka XgiH—y mi Y
vi/ kd/ eS/ mll wg 2 O
j=1,...,nuq,uy free in sign.

EP* = max

s.t.

Zq 1 esY +u1+u2
Zl —10i ]+Zd:1 kd ]+Z]:1 lelzj
Applying the Charnes-Cooper transformation, the model (13) can be transformed into a
linear one:

Similar to model (1), the constraint < 1 is redundant.

ED* = max ¥5_ e’Yslo +uj 4 uj
s.t. ng 1w§Zg] z 1UX +uj <0
Yoq ey — Tgq weZgj — Y- 5 kX3 — T myY +u5 <0 (14)
Yl 0i X0+ i kX3, + Zl L myYp = 1
v}, k), eg,ml,w >0
j=1,...,nuj,u} free in sign.

The efficiency aggregation model can be formulated as:

Zg ]nggg+u1+Zs 16sYs +u2
Y viX}, +):g 1 g Zgo+ Yy kaXG, +E1g my Y,
Eg 1ngg]+u1 <1
Z, 10X
Zs: esYs/+112
G D 7 5L 7 >
Lgo1 WeZgj+ Y gy ka X+ Xy MY
i, kd/ es,mp, wg 2 0
j=1,...,nuq,uy free in sign.

EA* = max

s.t.
(15)

Similarly, the model (15) can be transformed into a linear one by the Charnes—Cooper
transformation.
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In practice, the importance of the two stages in the system may not be the same,
and one stage may be a more important leader stage and the other a secondary follower
stage. For example, cargo handling is primary in the port production process and the port
collecting and distributing are secondary. This leader—-follower two-stage structure is called
the non-cooperative network DEA model [22]. In the non-cooperative network DEA model,
first calculate the optimal efficiency of the leader stage, then calculate the efficiency of
the follower stage when the efficiency of the leader stage remains optimal (adding it to
the constraints).

Assuming stage 1 as the leader, under variable returns to scale, the efficiency of stage

1 is as follows:
ZG WeZgo+11

E¥* = max ==L
o = MO N
Y1 WeZejtiy
st == <1 16
Zi:l UiXilj ( )
U, We > 0

j=1,...,nu; free in sign.
Using the Charnes-Cooper transformation, the linear form of model (16) is as follows:
Elx — G 7 /
1y = max Zg:1 Wy g0 + Uy
st Lgq WyZej — Yi—q UiX} +uj <0
£l o), — 1 @)
vl, wé >0
j=1,...,nuj free in sign.

The efficiency of stage 2 (follower) is calculated as follows:

Zle esYSlo +uy

EM = max
20 25:1 W Zgo+Lg—1 ka X3, + iy mi Y,
st Zi;;:l WeZgo+1y . El*
oL 17 —_—
G Zi:l vin'la lo
28:1 ngngF”l <1
T ox S (18)
i=1 "1%j

Zle esYslj+u2
Y1 WeZgi+ gy kdXﬁj*ﬂ“:l mYj —
Vi, kg, es,m;, wg > 0
j=1,...,nuq,uy free in sign.

where E{* is the optimal efficiency of stage 1. Similarly, model (18) can be transformed into
the linear form using the Charnes-Cooper transformation:

Eyy = max Y5 €Yl + i
st Y9 WyZgo — Eqy Lig 0/ X}, +uj =0
chzl Wy Zgi — Yl viXj+uy <0
Yo eéYslj - gG:1 weZgj — I kiixgj —Xi m;Y,% +uy <0 (19)
25:1 WeZgo + YR kX3 Y mYE =1
v, k’,eg,m;,wgz >0
j=1,...,nuj,ul free in sign.

Definition 3. DMU, is stage-k-efficient if and only if E{ =1,k =1, 2.
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When stage 2 is the leader, the efficiency of stage 2 is:
S 1
_ Y, +un
E% = max Loy oY
20 Zéf:] Swgzgo +Lg o ka X3, Y7,
Yo esYlqu,
st =z <1 (20)
Yooy WeZoj Y gy Ka X5+ iy MY

kg, es,my, wg > 0
j=1,...,nuy free in sign.

The efficiency of stage 1 (follower) is calculated as follows:

Zgzl WeZgo+1q
S 1 Z:11=1 Z71'Xi10
st Yo_q6sYsotin — 2+
25:1 W Zgo+¥g-1 kaX3,+ L1y MY, 20
G
Zg:] ngngF”l 1 91
i viXilj B (21)
Zle esYslj+u2 <1
YO  weZo i+ YD kg X2AYE  mY2 —
g=1 Y848 T Ld=1"d ;T =1 "1 [
vi/kd/ eS/ mll wg 2 0
j=1,...,nuq,uy free in sign.

E%;* = max

Similar to the previous, models (20) and (21) can be solved in linear form by the
Charnes-Cooper transformation.

5. Empirical Study
5.1. Rail-Water Intermodal Transport in China

In recent years, China has vigorously promoted port rail-water intermodal transport,
such as the automatic transformation of terminals, the breaking of information barriers
for intermodal transport, and the upgrading of transfer equipment, which has further
improved the matching degree of vehicles, ships, and cargoes. Faced with the complex
and changeable external environment, local port groups have actively coordinated with
local governments and railway departments to ensure the stable operation of port rail-
water intermodal transport through the introduction of relevant policies [57,58]. Using
the DEA model to evaluate the efficiency of China’s rail-water intermodal transport can
identify specific divisions that lead to inefficiencies in transportation, further improve
operations, promote the development of multimodal transport, and reduce transport
carbon emissions [59].

5.2. Rail-Water Intermodal Transport Model Considering CO, Emission

A two-stage network DEA model of rail-water intermodal transport is constructed,
and the port CO, emission is regarded as an undesirable output, as shown in Figure 4.
Rail-water intermodal transport includes two parts: railway transportation and waterway
transportation. The two parts are connected and transshipped to complete the transporta-
tion together. Stage 1 of the network system is transporting goods by rail, and stage 2 is
loading and unloading goods in ports.

This article summarizes the relevant literature, as shown in Table 1. Based on this
literature, combined with the actual situation of this case and the availability of data, the
specific variables of the rail-water intermodal transport system have been determined.
The length of railways and railway labor are the inputs of stage 1. The railway—port
freight volumes are considered the intermediate products and refer to the volume of goods
transported by railway to the port. The berth quantity and port labor are the outside inputs
of stage 2. The port cargo throughput and carbon dioxide emissions are the desirable output
and undesirable output of stage 2, respectively. In the rail-water intermodal transport
system, the carbon emission mainly comes from the port. Compared with the port, the
carbon emission of the railway is very small and is not considered here.
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Berth Port
quantity labor

Length
f rail
m Railway — port
_ freight volumes
Railway Railways P Mrorccargo
v Port cargo
X throughput

emissions

l Carbon dioxide
(undesirable)

Figure 4. Two-stage network structure of rail-water intermodal transport.

Table 1. References for variable selection [21,60-65].

Literature System Variables Orientation Area
Inputs:
" Number of workers
. Consumption of energy
. Number of locomotives
m  Number of passenger carriages
Cantos et al., 1999 Railway " Number of freight cars Input-oriented Europe
= Number of kilometers of track
Outputs:
. Passenger-km
. Tonnes-km
Inputs:
. Railway route length
. Number of locomotives
Wanke and Kalam . . Number of freight wagons . .
Railway Input-oriented Asia
Azad, 2018 Outputs:

. Freight (thousand tonnes)

. Freight km

Inputs:

. Costs

. Length of Lines

. Total Wagons
Michali et al., 2021 Railway Outputs: Input-oriented Europe

. Freight MT-km

. Passengers M-km

. Lden > 55 dB

Inputs:
Number of berths
Number of cranes
Number of tugs
Stevedoring labor
Terminal area
Outputs:

s Throughput
m  Ship working rate (TEU/h)

Tongzon, 2001 Port Input-oriented Worldwide
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Table 1. Cont.

Literature

System Variables Orientation Area

Barros, 2003

Almawsheki and Shah,
2015

Saeedi et al., 2019

Inputs:

s Number of workers

m  Book value of the assets

Outputs:

Ships

Movement of freight Input-oriented Portugal
Gross gage

Break-bulk cargo

Containerized freight

Solid bulk

Liquid bulk

Inputs:

Port

Terminal area
Quay length
Quay crane

Yard equipment Input-oriented Middle-east
Maximum draft

Port

Outputs:
m  Throughput
Inputs:

Total terminal area
Length of tracks
No. of tracks

No. of cranes

No. of stackers

Outputs:

m  Value of intermodal freight
transport service

Multimodal
transport

Input-oriented Europe

This article evaluates the CO, emission efficiency of rail-water intermodal transport
systems in 14 Chinese ports in 2015. The 14 ports are members of the China Association
of Port Railway Branch (a branch of the China Ports & Harbours Association). The China
Ports & Harbours Association is the only national industry organization in the Chinese
port industry, and its members are all over the coastal and riverine regions of China. It
is typical and representative to study the 14 members of the China Association of Port
Railway Branch.

The data sources and specific values of variables are shown in Tables 2 and 3. Since
there is no official authoritative port carbon emission data, and only “China City CO,
Emissions Dataset (2012)” and “China City Greenhouse Gases Emissions Dataset (2015)”
have been published so far, the data of Emissions Dataset (2015) is used. Since 2015, there
has been no significant change in the data of many variables. Recently, much of the relevant
literature has also used the data of the 2010s. As such, the data for 2015 is still of reference
value. Note that the carbon emission in the Emissions Dataset (2015) is part of all, and is not
completely accurate. However, it has little impact on the whole, and the data can still reflect
the general situation of port emissions. Moreover, this study can provide an illustrative
case for the novel network DEA model and a practical idea for future related research.
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Table 2. Data sources.
Variable Data Sources
Length of railways China Ports Yearbook
Railway labor Annual Report
Ra'llway— China Ports Yearbook
port freight volumes
Berth quantity China Statistical Yearbook
Port labor Annual Report
Port cargo throughput China Statistical Yearbook
Carbon dioxide emissions China City Greenhouse Gases Emissions
Dataset (2015)
Table 3. Specific values of variables.
Railway Port Careo Carbon
Length of Railway —Port Freight Berth Port 8 Dioxide
2015 . . Throughput o
Railways (km) Labor Volumes Quantity Labor (10,000 Tons) Emissions
(10,000 Tons) 4 (10,000 Tons)
Qinhuangdao Port 170.00 1692 4328.00 72 11,993 25,309.00 23.90
Rizhao Port 158.00 1100 4400.00 53 5389 33,707.36 52.90
Beibu Gulf port 85.50 353 3229.00 256 3119 20,482.00 44.52
Zhanjiang Port 110.00 976 3038.00 174 6765 22,036.11 37.76
Tangshan Port 19.86 412 2780.00 97 2675 49,285.00 132.92
Dalian Port 124.85 830 2270.00 222 8235 41,482.00 136.28
Lianyungang Port 86.30 455 2733.00 77 8982 21,074.90 29.87
Ningbo-Zhoushan Port 54.50 521 2016.20 624 12,289 88,929.50 654.49
Yantai Port 24.50 335 1794.25 98 8995 25,163.00 142.18
Guangzhou Port 41.70 366 910.00 715 9970 52,095.67 35.01
Beiliang Port 51.00 101 432.10 11 819 1368.00 3.73
Yichang Port 21.00 154 335.10 579 3022 7776.00 18.44
Nanjing Port 15.00 823 161.65 346 2745 22,218.00 12.12
Zhuhai Port 17.69 73 289.00 147 2883 11,208.78 137.08
5.3. Results

In the above model, stage 1 measures the efficiency of railways in China’s rail-water
intermodal transport system, and stage 2 evaluates the efficiency of ports, taking into
account CO, emissions. The railway can concentrate the goods from the hinterland to the
port and transport them out by ships. The railway guarantees the smooth operation of the
port, which is conducive to improving the shipping capacity. In the rail-water intermodal
transport system of this article, the 14 selected railway companies are all subsidiaries of the
corresponding port enterprises. The port is the main transportation link, and the railway
is the subsidiary link. Therefore, it is assumed that stage 2 is the leader and stage 1 is the
follower. Under variable returns to scale, the efficiency of the system and the two stages is
evaluated using the efficiency decomposition, efficiency aggregation, and non-cooperative
methods described above. The specific calculation results are shown in Figure 5.

According to the calculation results and definitions 1, 2, and 3, the following conclu-
sions can be drawn. In the cases of efficiency decomposition and efficiency aggregation,
the system efficiency value is 1 or less than 1 at the same time, and the effectiveness of the
system is consistent. However, the system efficiency obtained by the efficiency decompo-
sition model is equal to or lower than that by the efficiency aggregation model because
the system efficiency of the efficiency decomposition model ignores the internal process
of the network system. It can be seen that the results of the efficiency aggregation model
considering the internal structure are more accurate and realistic. The system’s internal
structure contains intermediate products and the relationships between sub-divisions, and
the model considering the internal structure can provide more diagnostic information and
a more detailed analysis level. The efficiency evaluation results are also considered to
be more accurate. Ignoring the internal structure of the system can lead to different and
sometimes misleading results.
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Figure 5. Calculation results of system efficiency and stage efficiency.

The system efficiency values of Qinhuangdao Port, Rizhao Port, Tangshan Port,
Ningbo-Zhoushan Port, Guangzhou Port, Beiliang Port, Nanjing Port, and Zhuhai Port
are 1, indicating that they are efficient. By contrast, the system efficiency values of Beibu
Gulf port, Zhanjiang Port, Dalian Port, Lianyungang Port, Yantai Port, and Yichang Port
are smaller than 1, indicating that they are inefficient. This implies that the operation
and management of the entire multimodal transport system are at a low level, and the
cooperation between different modes of transport is not ideal. The main reasons are the low
operation efficiency and high cost of each logistics link, the lack of a unified multimodal
transport information platform, and the low level of logistics information services. In
addition, the lack of unified multimodal industry standards and regulations is also an
important reason for the inefficiency of the system.

As for Rizhao Port, Tangshan Port, Nanjing Port, and Zhuhai Port, the efficiency values
of the system and two stages are 1, indicating that they are efficient. As for Qinhuangdao
Port, Ningbo-Zhoushan Port, Guangzhou Port, and Beiliang Port, the efficiency values of
the system and stage 2 are 1 and efficient, yet the efficiency value of stage 1 is below 1 and
inefficient. These indicate that railways are under-resourced in railway lines and workers,
the management level of the railway transport is low, and the management department
does not pay enough attention to the railway stage. With stage 2 as the leader and stage
1 as the follower, for Yantai Port and Yichang Port, the efficiency of stage 2 is lower than
that of stage 1. This indicates that the port’s facilities and manpower input are insufficient
and the low-carbon operation performance is poor. The main reasons are that the energy
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structure of the port needs to be optimized, the utilization rate of electric energy needs to
be improved, and there is a lack of new technology and equipment. In addition, the weak
low-carbon awareness of employees is also an important reason for the poor performance
of operations.

5.4. Discussion

According to the calculation results, Qinhuangdao Port, Ningbo-Zhoushan Port,
Guangzhou Port, and Beiliang Port are only inefficient at the railway stage. To improve
the efficiency of railway transport, it is necessary to increase the number of railway special
lines and vehicles. In addition, the government should introduce encouraging policies to
improve the management level of railway transport.

Beibu Gulf port, Zhanjiang Port, Dalian Port, Lianyungang Port, Yantai Port, and
Yichang Port are smaller than 1 in system efficiency, which means they are inefficient.
Thus, they need to optimize the entire multimodal transport system from the following
aspects. First, it is necessary to optimize the operation mode of rail-water intermodal
transport, improve the operation efficiency of logistics links such as ports and railways, and
shorten railway transportation time to reduce transportation costs. Second, railways and
ports should jointly build a multimodal transport information platform, unify multimodal
transport standards, realize data interconnection and sharing, and enhance the logistics
information services throughout the rail-water intermodal transport. Third, industry
standards for multimodal transport should be introduced and relevant state departments
should formulate laws and regulations applicable to multimodal transport to improve the
standard specifications for different goods and operations and strengthen the coordination
between different modes of transport.

With the port as the leader, the port efficiency of Yantai Port and Yichang Port is lower
than the railway efficiency. This shows that they need to enhance the low-carbon operation
efficiency of the ports from the following aspects. First, it is necessary to optimize the energy
structure of ports, enhance the construction and upgrading of shore power, and promote
the electrification of mechanical equipment such as port vehicles and container-handling
equipment. Second, it is necessary to strengthen new technology research and equipment
upgrading, introduce the Internet of Things and energy-saving equipment into the port, re-
duce unreasonable work procedures and plans, and optimize management methods. Third,
the low-carbon awareness of personnel should be enhanced by introducing the low-carbon
concept into on-the-job training and strengthening environmental protection publicity.

Overall, Rizhao Port, Tangshan Port, Nanjing Port, and Zhuhai Port are efficient in
the whole system and both stages. Other ports should learn from them and take measures
from the aspects of energy structure, technological innovation, and management standards
to promote green and low-carbon development of multimodal transport.

6. Conclusions

This article constructs a specific network DEA model to evaluate the efficiency of rail-
water intermodal transport in China. The main contributions of this article are as follows.
First, in the general network structure, the efficiency decomposition, efficiency aggrega-
tion, and single compromise division efficiency are discussed. Second, the CO, emission
efficiency in rail-water intermodal transport is evaluated by the efficiency decomposition,
efficiency aggregation, and non-cooperative methods of network DEA.

First, this article studies the efficiency decomposition and efficiency aggregation of
general network structures. Specifically, in efficiency decomposition, the relationship be-
tween system efficiency and division efficiency is discussed. In efficiency aggregation,
the division tendency brought about by the definition of weights is discussed. Subse-
quently, a reasonable and single compromise solution for the division efficiency score is
discussed under the condition that the system efficiency remains optimal. Finally, this
article establishes a two-stage network DEA model for rail-water intermodal transport with
CO, emission as an undesirable output. Based on this model, the rail-water intermodal
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transport efficiency of 14 ports in China in 2015 is evaluated by the methods of efficiency
decomposition, efficiency aggregation, and non-cooperation. According to the calculation
results, Qinhuangdao Port, Ningbo-Zhoushan Port, Guangzhou Port, and Beiliang Port are
only inefficient at the railway stage, so it is necessary to improve the efficiency of railway
transportation. Moreover, the system efficiency of Beibu Gulf port, Zhanjiang Port, Dalian
Port, Lianyungang Port, Yantai Port, and Yichang Port is less than 1, which indicates that
they are inefficient and thus need to optimize the entire multimodal transport system. With
the port as the leader, the port efficiency of Yantai Port and Yichang Port is lower than the
railway efficiency. In this case, they are in urgent need of improvement of the low-carbon
operation efficiency of the port. In general, Rizhao Port, Tangshan Port, Nanjing Port,
and Zhuhai Port are efficient in the system and two stages, so other ports need to learn
from them.

In the future, further research can be carried out in the following aspects. First, a more
practical network DEA model considering more stages can be established, and the model
can be used to analyze the multimodal transport chains with multiple transshipment and
transport links. Second, the model can be applied to other efficiency evaluations of supply
chains. For example, the network DEA model could be used to evaluate the performance
of manufacturers and sellers or analyze the environmental performance of goods storage
and logistics. Third, the multi-period model can be used to analyze the dynamic trend
of multimodal transport efficiency. Multi-period network DEA can not only horizontally
compare the efficiency of different multimodal transport systems in the same time period,
but also vertically compare the efficiency of a multimodal transport system in different
time periods.

Author Contributions: Conceptualization, W.Z.; Data curation, ].G.; Formal analysis, W.Z.; Project
administration, X.W.; Resources, ].G.; Software, ].G.; Supervision, X.W.; Writing—original draft, W.Z.;
Writing—review and editing, X.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by: The National Social Science Foundation of China
(18ZDA052); The Natural Science Foundation of China (91546117, 72031005, 71904117).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data has been shown in the text.

Acknowledgments: The authors would like to thank the editors and reviewers for their valuable
comments, which helped to improve the quality of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, JW,; Cao, Y.C.; Zhu, Y.Q.; Xu, C.; Wang, L.X. System dynamic analysis of greenhouse effect based on carbon cycle and
prediction of carbon emissions. Appl. Ecol. Environ. Res. 2019, 17, 5067-5080. [CrossRef]

2. Smith, J.B.; Byrd, R.C. Estimated air emissions savings from partially removing and reefing the jacket of a large California oil and
gas platform. Ocean Coast. Manag. 2021, 211, 105741. [CrossRef]

3. Chen,]; Xiong, W.,; Xu, L.; Di, Z. Evolutionary game analysis on supply side of the implement shore-to-ship electricity. Ocean
Coast. Manag. 2021, 215, 105926. [CrossRef]

4. Lv, B, Yang, B,; Zhu, X; Li, J. Operational optimization of transit consolidation in multimodal transport. Comput. Ind. Eng. 2019,
129, 454-464. [CrossRef]

5. Mallapaty, S. How China could be carbon neutral by mid-century. Nature 2020, 586, 482—483. [CrossRef]

6.  Gossling, S.; Meyer-Habighorst, C.; Humpe, A. A global review of marine air pollution policies, their scope and effectiveness.
Ocean Coast. Manag. 2021, 212, 105824. [CrossRef]

7. Yin, C; Ke, Y.; Chen, J.; Liu, M. Interrelations between sea hub ports and inland hinterlands: Perspectives of multimodal freight
transport organization and low carbon emissions. Ocean Coast. Manag. 2021, 214, 105919. [CrossRef]

8. Hahn, J.-S.; Kho, S.-Y.; Choi, K.; Kim, D.-K. Sustainability Evaluation of Rapid Routes for Buses with a Network DEA Model. Int.

J. Sustain. Transp. 2017, 5, 659—-669. [CrossRef]


http://doi.org/10.15666/aeer/1702_50675080
http://doi.org/10.1016/j.ocecoaman.2021.105741
http://doi.org/10.1016/j.ocecoaman.2021.105926
http://doi.org/10.1016/j.cie.2019.02.001
http://doi.org/10.1038/d41586-020-02927-9
http://doi.org/10.1016/j.ocecoaman.2021.105824
http://doi.org/10.1016/j.ocecoaman.2021.105919
http://doi.org/10.1080/15568318.2017.1302022

J. Mar. Sci. Eng. 2022, 10, 1200 20 of 21

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wu, X.; Chen, Y.; Zhao, P,; Guo, J.; Ma, Z. Study of haze emission efficiency based on new co-opetition data envelopment analysis.
Expert Syst. 2020, 37, €12466. [CrossRef]

Song, Y.; Zhang, M.; Shan, C. Research on the decoupling trend and mitigation potential of CO2 emissions from China’s transport
sector. Energy 2019, 183, 837-843. [CrossRef]

Fare, R.; Grosskopf, S. Network DEA. Socio-Econ. Plan. Sci. 2000, 34, 35-49. [CrossRef]

Castelli, L.; Pesenti, R.; Ukovich, W. DEA-like models for the efficiency evaluation of hierarchically structured DMUs. Eur. J. Oper.
Res. 2004, 154, 465-476. [CrossRef]

Tone, K.; Tsutsui, M. Network DEA: A slacks-based measure approach. Eur. J. Oper. Res. 2009, 197, 243-252. [CrossRef]
Fukuyama, H.; Weber, W.L. A slacks-based inefficiency measure for a two-stage system with bad outputs. Omega 2010, 38,
398-409. [CrossRef]

Kao, C.; Hwang, S.-N. Efficiency decomposition in two-stage data envelopment analysis: An application to non-life insurance
companies in Taiwan. Eur. J. Oper. Res. 2008, 185, 418-429. [CrossRef]

Chen, K.; Zhu, J. Second order cone programming approach to two-stage network data envelopment analysis. Eur. . Oper. Res.
2017, 262, 231-238. [CrossRef]

Chen, Y.; Cook, W.D.; Li, N.; Zhu, J. Additive efficiency decomposition in two-stage DEA. Eur. ]. Oper. Res. 2009, 196, 1170-1176.
[CrossRef]

Cook, W.D.; Zhu, |.; Bi, G.; Yang, F. Network DEA: Additive efficiency decomposition. Eur. J. Oper. Res. 2010, 207, 1122-1129.
[CrossRef]

Despotis, D.K.; Koronakos, G.; Sotiros, D.G. Composition versus decomposition in two-stage network DEA: A reverse approach.
J. Prod. Anal. 2016, 45, 71-87. [CrossRef]

Ang, S.; Chen, C.-M. Pitfalls of decomposition weights in the additive multi-stage DEA model. Omega 2016, 58, 139-153.
[CrossRef]

Michali, M.; Emrouznejad, A.; Dehnokhalaji, A.; Clegg, B. Noise-pollution efficiency analysis of European railways: A network
DEA model. Transp. Res. Part D Transp. Environ. 2021, 98, 102980. [CrossRef]

Wu, J.; Zhu, Q,; Ji, X.; Chu, J.; Liang, L. Two-stage network processes with shared resources and resources recovered from
undesirable outputs. Eur. ]. Oper. Res. 2016, 251, 182-197. [CrossRef]

Chao, S.-L.; Yu, M.-M.; Hsieh, W.-F. Evaluating the efficiency of major container shipping companies: A framework of dynamic
network DEA with shared inputs. Transp. Res. Part A Policy Pract. 2018, 117, 44-57. [CrossRef]

Sotiros, D.; Koronakos, G.; Despotis, D.K. Dominance at the divisional efficiencies level in network DEA: The case of two-stage
processes. Omega 2019, 85, 144-155. [CrossRef]

Lozano, S.; Khezri, S. Network DEA smallest improvement approach. Omega 2021, 98, 102140. [CrossRef]

Lee, H.S. Efficiency decomposition of the network DEA in variable returns to scale: An additive dissection in losses. Omega 2021,
100, 102212. [CrossRef]

Kao, C. Efficiency decomposition and aggregation in network data envelopment analysis. Eur. . Oper. Res. 2016, 255, 778-786.
[CrossRef]

Koronakos, G.; Sotiros, D.; Despotis, D.K.; Kritikos, M.N. Fair efficiency decomposition in network DEA: A compromise
programming approach. Socio-Econ. Plan. Sci. 2022, 79, 101100. [CrossRef]

Cui, Q.; Li, Y. Airline energy efficiency measures considering carbon abatement: A new strategic framework. Transp. Res. Part D
Transp. Environ. 2016, 49, 246-258. [CrossRef]

Cui, Q. Investigating the airlines emission reduction through carbon trading under CNG2020 strategy via a Network Weak
Disposability DEA. Energy 2019, 180, 763-771. [CrossRef]

Cui, Q.; Jin, Z.-Y. Airline environmental efficiency measures considering negative data: An application of a modified network
Modified Slacks-based measure model. Energy 2020, 207, 118221. [CrossRef]

Chang, Y.-T.; Park, H. Measuring foregone output under industry emission reduction target in the transportation sector. Transp.
Res. Part D Transp. Environ. 2016, 49, 138-153. [CrossRef]

Chen, M.-C.; Yu, M.-M.; Ho, Y.-T. Using network centralized data envelopment analysis for shipping line resource allocation. Int.
J. Environ. Sci. Technol. 2018, 15, 1777-1792. [CrossRef]

Tovar, B.; Wall, A. Environmental efficiency for a cross-section of Spanish port authorities. Transp. Res. Part D Transp. Environ.
2019, 75, 170-178. [CrossRef]

Liu, H.; Zhang, Y.; Zhu, Q.; Chu, J. Environmental efficiency of land transportation in China: A parallel slack-based measure for
regional and temporal analysis. . Clean. Prod. 2017, 142, 867-876. [CrossRef]

Liu, Z.; Qin, C.-X.; Zhang, Y.-J. The energy-environment efficiency of road and railway sectors in China: Evidence from the
provincial level. Ecol. Indic. 2016, 69, 559-570. [CrossRef]

Kang, C.-C.; Feng, C.-M,; Liao, B.-R.; Khan, H.A. Accounting for air pollution emissions and transport policy in the measurement
of the efficiency and effectiveness of bus transits. Transp. Lett. 2020, 12, 349-361. [CrossRef]

Kim, N.S.; Janic, M.; van Wee, B. Trade-off between carbon dioxide emissions and logistics costs based on multi-objective
optimization. Transp. Res. Rec. 2009, 2139, 107-116. [CrossRef]

Stanley, ].K.; Hensher, D.A.; Loader, C. Road transport and climate change: Stepping off the greenhouse gas. Transp. Res. Part A
Policy Pract. 2011, 45, 1020-1030. [CrossRef]


http://doi.org/10.1111/exsy.12466
http://doi.org/10.1016/j.energy.2019.07.011
http://doi.org/10.1016/S0038-0121(99)00012-9
http://doi.org/10.1016/S0377-2217(03)00182-6
http://doi.org/10.1016/j.ejor.2008.05.027
http://doi.org/10.1016/j.omega.2009.10.006
http://doi.org/10.1016/j.ejor.2006.11.041
http://doi.org/10.1016/j.ejor.2017.03.074
http://doi.org/10.1016/j.ejor.2008.05.011
http://doi.org/10.1016/j.ejor.2010.05.006
http://doi.org/10.1007/s11123-014-0415-x
http://doi.org/10.1016/j.omega.2015.05.008
http://doi.org/10.1016/j.trd.2021.102980
http://doi.org/10.1016/j.ejor.2015.10.049
http://doi.org/10.1016/j.tra.2018.08.002
http://doi.org/10.1016/j.omega.2018.06.007
http://doi.org/10.1016/j.omega.2019.102140
http://doi.org/10.1016/j.omega.2020.102212
http://doi.org/10.1016/j.ejor.2016.05.019
http://doi.org/10.1016/j.seps.2021.101100
http://doi.org/10.1016/j.trd.2016.10.003
http://doi.org/10.1016/j.energy.2019.05.159
http://doi.org/10.1016/j.energy.2020.118221
http://doi.org/10.1016/j.trd.2016.08.017
http://doi.org/10.1007/s13762-017-1552-3
http://doi.org/10.1016/j.trd.2019.08.024
http://doi.org/10.1016/j.jclepro.2016.09.048
http://doi.org/10.1016/j.ecolind.2016.05.016
http://doi.org/10.1080/19427867.2019.1592369
http://doi.org/10.3141/2139-13
http://doi.org/10.1016/j.tra.2009.04.005

J. Mar. Sci. Eng. 2022, 10, 1200 21 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

Qu, Y.; Bektas, T.; Bennell, J. Sustainability SI: Multimode Multicommodity Network Design Model for Intermodal Freight
Transportation with Transfer and Emission Costs. Netw. Spat. Econ. 2016, 16, 303-329. [CrossRef]

Bauer, J.; Bektas, T.; Crainic, T.G. Minimizing greenhouse gas emissions in intermodal freight transport: An application to rail
service design. J. Oper. Res. Soc. 2010, 61, 530-542. [CrossRef]

Demir, E.; Burgholzer, W.; Hrusovsky, M.; Arikan, E.; Jammernegg, W.; Van Woensel, T. A green intermodal service network
design problem with travel time uncertainty. Transp. Res. Part B Methodol. 2016, 93, 789-807. [CrossRef]

Accorsi, R.; Cholette, S.; Manzini, R.; Pini, C.; Penazzi, S. The land-network problem: Ecosystem carbon balance in planning
sustainable agro-food supply chains. J. Clean. Prod. 2016, 112, 158-171. [CrossRef]

Benjaafar, S.; Li, Y.; Daskin, M. Carbon Footprint and the Management of Supply Chains: Insights from Simple Models. [EEE
Trans. Autom. Sci. Eng. 2012, 10, 99-116. [CrossRef]

Gerilla, G.P,; Teknomo, K.; Hokao, K. Environmental assessment of international transportation of products. J. East. Asia Soc.
Transp. Stud. 2005, 6, 3167-3182.

Liao, C.-H.; Tseng, P-H.; Cullinane, K.; Lu, C.-S. The impact of an emerging port on the carbon dioxide emissions of inland
container transport: An empirical study of Taipei port. Energy Policy 2010, 38, 5251-5257. [CrossRef]

Chen, K,; Yang, Z.; Notteboom, T. The design of coastal shipping services subject to carbon emission reduction targets and state
subsidy levels. Transp. Res. Part E Logist. Transp. Rev. 2014, 61, 192-211. [CrossRef]

Rodrigues, V.S.; Beresford, A.; Pettit, S.; Bhattacharya, S.; Harris, I. Assessing the cost and CO,e impacts of rerouteing UK import
containers. Transp. Res. Part A Policy Pract. 2014, 61, 53-67. [CrossRef]

Rodrigues, V.S.; Pettit, S.; Harris, L.; Beresford, A.; Piecyk, M.; Yang, Z.; Ng, A. UK supply chain carbon mitigation strategies using
alternative ports and multimodal freight transport operations. Transp. Res. Part E Logist. Transp. Rev. 2015, 78, 40-56. [CrossRef]
Mostert, M.; Caris, A.; Limbourg, S. Road and intermodal transport performance: The impact of operational costs and air
pollution external costs. Res. Transp. Bus. Manag. 2017, 23, 75-85. [CrossRef]

Heinold, A.; Meisel, F. Emission rates of intermodal rail/road and road-only transportation in Europe: A comprehensive
simulation study. Transp. Res. Part D Transp. Environ. 2018, 65, 421-437. [CrossRef]

Lozano, S.; Gutiérrez, E. A slacks-based network DEA efficiency analysis of European airlines. Transp. Plan. Technol. 2014, 37,
623-637. [CrossRef]

Charnes, A.; Cooper, W.W. Programming with linear fractional functionals. Nav. Res. Logist. Q. 1962, 9, 181-186. [CrossRef]
Despotis, D.K.; Sotiros, D.; Koronakos, G. A network DEA approach for series multi-stage processes. Omega 2016, 61, 35—48.
[CrossRef]

Kuosmanen, T. Weak Disposability in Nonparametric Production Analysis with Undesirable Outputs. Am. J. Agric. Econ. 2005,
87,1077-1082. [CrossRef]

Fare, R.; Grosskopf, S. A Comment on Weak Disposability in Nonparametric Production Analysis. Am. J. Agric. Econ. 2009, 91,
535-538. [CrossRef]

Han, B.; Wan, M.; Zhou, Y.; Su, Y. Evaluation of Multimodal Transport in China Based on Hesitation Fuzzy Multiattribute
Decision-Making. Math. Probl. Eng. 2020, 2020, 1823068. [CrossRef]

Zhang, W,; Li, C.; Chen, J.; Wan, Z.; Shu, Y.; Song, L.; Xu, L.; Di, Z. Governance of global vessel-source marine oil spills:
Characteristics and refreshed strategies. Ocean Coast. Manag. 2021, 213, 105874. [CrossRef]

Su, J.; Rogers, M.M. The Role of Economic Variables and CO, Emissions in Examining the Efficiency of National Transportation
Systems. Int. |. Sustain. Transp. 2012, 6, 48-66. [CrossRef]

Cantos-Sanchez, P.; Pastor, ].M.; Serrano, L. Productivity, efficiency and technical change in the European railways: A non-
parametric approach. Transportation 1999, 26, 337-357. [CrossRef]

Wanke, P; Kalam Azad, M.A. Efficiency in Asian railways: A comparison between data envelopment analysis approaches. Transp.
Plan. Technol. 2018, 41, 573-599. [CrossRef]

Tongzon, J. Efficiency measurement of selected Australian and other international ports using data envelopment analysis. Transp.
Res. Part A Policy Pract. 2001, 35, 107-122. [CrossRef]

Barros, C.P. The measurement of efficiency of Portuguese sea port authorities with DEA. Int. J. Transp. Econ. 2003, 30, 335-354.
Almawsheki, E.S.; Shah, M.Z. Technical Efficiency Analysis of Container Terminals in the Middle Eastern Region. Asian J. Shipp.
Logist. 2015, 31, 477-486. [CrossRef]

Saeedi, H.; Behdani, B.; Wiegmans, B.; Zuidwijk, R. Assessing the technical efficiency of intermodal freight transport chains using
a modified network DEA approach. Transp. Res. Part E Logist. Transp. Rev. 2019, 126, 66-86. [CrossRef]


http://doi.org/10.1007/s11067-014-9227-9
http://doi.org/10.1057/jors.2009.102
http://doi.org/10.1016/j.trb.2015.09.007
http://doi.org/10.1016/j.jclepro.2015.06.082
http://doi.org/10.1109/TASE.2012.2203304
http://doi.org/10.1016/j.enpol.2010.05.018
http://doi.org/10.1016/j.tre.2013.11.004
http://doi.org/10.1016/j.tra.2013.12.002
http://doi.org/10.1016/j.tre.2014.12.013
http://doi.org/10.1016/j.rtbm.2017.02.004
http://doi.org/10.1016/j.trd.2018.09.003
http://doi.org/10.1080/03081060.2014.935569
http://doi.org/10.1002/nav.3800090303
http://doi.org/10.1016/j.omega.2015.07.005
http://doi.org/10.1111/j.1467-8276.2005.00788.x
http://doi.org/10.1111/j.1467-8276.2008.01237.x
http://doi.org/10.1155/2020/1823068
http://doi.org/10.1016/j.ocecoaman.2021.105874
http://doi.org/10.1080/15568318.2011.553985
http://doi.org/10.1023/A:1005127513206
http://doi.org/10.1080/03081060.2018.1488928
http://doi.org/10.1016/S0965-8564(99)00049-X
http://doi.org/10.1016/j.ajsl.2016.01.006
http://doi.org/10.1016/j.tre.2019.04.003

	Introduction 
	Literature Review 
	Development of the Network DEA Model 
	Application of Network DEA in the Efficiency Evaluation of Transportation Carbon Emissions 
	Carbon Emissions in Multimodal Transport Research 

	Efficiency Decomposition and Aggregation in the Network DEA Model 
	Efficiency Decomposition 
	Efficiency Aggregation 
	A Single Compromise Solution for the Division Efficiency Score 

	Non-Cooperative Two-Stage Network DEA Model 
	Empirical Study 
	Rail-Water Intermodal Transport in China 
	Rail-Water Intermodal Transport Model Considering CO2 Emission 
	Results 
	Discussion 

	Conclusions 
	References

