Zhang C, Hu Y, Lu W. Evaluating the Comprehensive Benefit of Public Transport Service — The Perspective of Three Stakeholders

Chungin ZHANG, Ph.D.!

E-mail: cqzhang@zstu.edu.cn

Yuting HU, Master!

E-mail: 2017g1203011(@mails.zstu.edu.cn

Weite LU, Ph.D.2

E-mail: wlu@rideconnection.org

!'School of Civil Engineering and Architecture
Zhejiang Sci-Tech University
No. 928, Second Avenue, Xiasha Higher Education Zone,
Hangzhou, 310018, China

2 Ride Connection
9955 NE Glisan St, Portland, OR, 97220, USA

Transport and Sustainable Development
Original Scientific Paper

Submitted: 7 Apr. 2021

Accepted: 6 Oct. 2021

EVALUATING THE COMPREHENSIVE BENEFIT
OF PUBLIC TRANSPORT SERVICE -
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ABSTRACT

Most studies investigate the benefit of public trans-
port service from either the perspective of the operators
or the public individually, failing to bind them together.
Furthermore, they have not considered the significance
of the government in quantifying the benefit. This pa-
per explores the comprehensive benefit of public trans-
port service from the perspectives of three stakeholders;
namely, the operators, the public, and government. We
develop a comprehensive benefit evaluation tool that is
able to quantify production efficiency, service effect, and
environmental effect, and test the effectiveness of the
tool through a case study in 36 central cities of China.
A network data envelopment analysis (NDEA) is used
to evaluate the efficiency of the production and service
sub-process, and comprehensive benefits. The results re-
veal the following: (1) during the period 2010-2017, the
production efficiency in 36 central cities showed a down-
ward trend; (2) the service effectiveness did not change
considerably from 2010 to 2013 but declined gradual-
ly during the period 2014-2017; (3) the comprehensive
benefits rarely changed during the period 2010-2013,
but gradually got worse in response to reductions in the
production efficiency and service effectiveness during the
period 2014-2017. This study offers a robust tool to mea-
sure the benefits of public transport in China for better
decision-making, in terms of transit operation and man-
agement.
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1. INTRODUCTION

As one of the urban infrastructure constructions,
public transport plays a very important role in urban
construction and is an important guarantee of eco-
nomic stability and economic development in cities
[1-3]. Prior development of urban public transport
is not only an essential requirement to relieve traffic
congestion, improve quality of public life, and in-
crease the basic public service standards provided
by the government. It is also a strategic selection
to construct an environmentally-friendly society [4,
5]. As one of quasi-public products, public trans-
port possesses both profitability and public welfare.
Scholars usually use the word “performance” when
evaluating public transport services. Wang et al. [6]
proposed that it is more appropriate to replace “per-
formance” with “benefit” in consideration of the
characteristics of public transport services. Public
transport involves three stakeholders (namely, the
operators, the public, and the government) [7]. Dif-
ferent stakeholders pursue or have concerns over
different benefits [5, 8]. For example, the opera-
tors consider cost and efficiency. They emphasise
pursuit of profitability and give prior concerns to
economic benefits. The public desires better pub-
lic services to meet their demands for daily com-
muting. Thus, they have increasing concerns over
social benefits. The government sectors focus on
safety and environmental issues of public transport,
improvement of service efficiency, and quality level
of public transport. They attach extra attention to
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the comprehensive benefits. Evaluation of public
transport benefits must consider both public welfare
and profitability. Existing literature evaluates eco-
nomic benefits (measured by efficiency) [9-13] or
social benefits (measured by passenger satisfaction)
[5, 14—-18] from the perspective of the operators or
the public individually, failing to bind them togeth-
er. However, public transport services involve three
stakeholders. Owing to such multi-objective and
multi-subject characteristics, the benefits of pub-
lic transport must undergo systematic evaluation
from the perspective of collaborative participation
of three stakeholders [19]. To address this problem,
this study constructed a comprehensive benefit es-
timation model of urban public transport from the
perspectives of the operators, the public, and the
government. The current status of benefits of public
transport services was disclosed. Research conclu-
sions are conducive to identify weak links against
the development of urban public transport, increase
resource allocation efficiency, promote sustainable
development, and serve for traffic-based construc-
tion of a powerful nation.

The evaluation method of public transport ser-
vice can be divided into the parametric analysis
represented by stochastic frontier approach (SFA)
[9, 10, 20] and the non-parametric analysis repre-
sented by data envelopment analysis (DEA) [12, 13,
21-23]. The non-parametric analysis such as DEA
has been more widely applied in the benefit eval-
uation of public transport service for the strength
of avoiding subjective weight determination and
capturing the interplay between multiple inputs and
outputs [24]. Considering that the public transport
service system is not a “black box” but a network
production system that covers production and ser-
vice sub-process, the traditional DEA cannot ac-
curately calculate the benefits of decision-making
units which have network production systems [25].
Therefore, exploring a new evaluation method is
necessary. Different from traditional DEA, the net-
work data envelopment analysis (NDEA) involves
additional intermediate variables to further decom-
pose the operation process and to estimate efficien-
cies of sub-processes. This procedure is generally
known as “opening the black box™ [26, 27]. At pres-
ent, NDEA is widely used in the efficiency evalu-
ation of education, banking, and medical industry
[28-31]. Only a few scholars have discussed the
efficiency of public transport with NDEA [25, 32].

NDEA is developed on the basis of traditional
DEA [33]. The traditional DEA is highly appreciat-
ed in studies of public transport efficiency in recent
years. Furthermore, the evaluation of public trans-
port efficiency often uses public transport enterpris-
es or routes as the subject [34—36]. There are few
evaluations of macroscopic efficiency on a city lev-
el. Additionally, the efficiency of public transport
determines output indexes from the perspectives of
production efficiency and service effect [37]. Al-
though the production efficiency and service effect
can generally measure economic and social bene-
fits, the environmental effects have been attracting
increasing attention in recent years. For example,
the operators are changing to new alternative ener-
gy vehicles as a response to the national proposal
to reduce emission and save energy. However, the
benefit evaluation of public transport service based
on environmental resources remains absent.

In order to solve the problems that most existing
studies do not consider stakeholders from multi-
ple perspectives and ignore the impact of environ-
mental factors on benefit, employees, vehicles, and
route length were chosen as the input index system,
whereas indexes that represent services, society,
and environment were chosen as the output index
system. A comprehensive benefit evaluation index
system for public transport services was built to
quantify production efficiency, service effect, and
environmental effect. This is one of our contribu-
tions. Moreover, a comprehensive benefit evalu-
ation model was constructed based on the NDEA
model. This is the second contribution of this paper.
In this study, public transport systems in 36 central
cities of China in the period 2010-2017 were used
as the research objects in the empirical analysis.
Comprehensive benefits of these public transport
systems were estimated. This paper offers a robust
tool to measure the benefits of public transport in
China for better decision-making, in terms of transit
operation and management.

The paper is structured in five sections. The re-
mainder of this paper is structured as follows: Sec-
tion 2 describes the research methodology applied
in this study which includes the construction of the
NDEA model and selection of the evaluation index.
Section 3 elaborates an empirical analysis, which es-
timates the comprehensive benefits of public trans-
port services in 36 central cities of China. Section 4
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summarises the significant findings and an outlook
for future research. Section 2 and Section 3 are the
core content of this paper.

2. METHODOLOGY
2.1 Construction of the NDEA model

The DEA is a non-parametric objective evalua-
tion method introduced by Farrell [38] and exten-
sions by Charnes et al. [39] and Banker et al. [40],
which can be used to evaluate and rank the efficien-
cy of multi-input and multi-output decision-making
units (DMUs). Traditional DEA is extensively used
to the efficiency evaluation of public transport [12,
13, 21-23, 41]. The public transport system is not a
“black box” but a network production system cov-
ering the production and service sub-process. The
traditional DEA fails to calculate the efficiency of
DMU with network production systems. NDEA
is developed based on the traditional DEA and in-
volves additional intermediate variables to further
decompose the operation process and evaluate the
efficiencies of processes [26, 27]. Hence, NDEA
was applied to construct the comprehensive benefit
of public transport service.

In our case study, each public transport service
system in 36 central cities of China is treated as a
DMU. Let us say there are N public transport ser-
vice systems. The jth DMU (j=1,2,...,N) uses input
indexes x; to produce intermediate output indexes
z, and final output indexes y,.. We also assume that
X =(x; )ERMXN Z=(z, )ERLXN and Y =(y, )ERSXN
non negatlve The NDEA of the pubhc transport
service in the production and service sub-process
can be described as follows:

max(0}+63)

N

Z/I}jx[/S(l-G,l-)x[/, i=1,2,...,m

Zlojz(;/ Zoy 0=1,2,...,L

(1

st Z/lajzo,_zo,, 0=12,....L

i

Z Ay = (1+603)yy, r=1,2,...,s

A,,91,92>0 j=12,..,N

where 6 denotes the directional distance functional
value. 0} and (93. denote the directional distance func-
tional values of the production and service sub-pro-
cess DMU, respectively. The weight coefficient is

/1].. A1 and A% are positive intensity variables related
to the production and service sub-process, respec-
tively.

The NDEA is constructed under the hypothesis
that the scale benefit is constant. Rows 1 and 2 of
the NDEA are constraints proposed for the pro-
duction sub-process. From the input perspective, it
requires decreasing the number of inputs under the
premise that the output is constant. The first rows
of the NDEA imply that the inputs of virtual units
are not higher than DM Uj The second row requires
that the outputs of virtual unit are no lower than
DMUj. Rows 3 and 4 of the model are constraints
against the consumption process. For the output, it
requires increasing the number of outputs upon con-
stant inputs. After gaining the optimal solution of
the NDEA, the values of the production and service
sub-process can be calculated.

Efficiency of production sub-process is:

Ei=(1+6})" ()
Effectiveness of service sub-process is:
E2=(1+6%)" 3)

The comprehensive benefit of the operation pro-
cess is:

=VEIE: =/(1+0))" (1+6%)"

Some possible situations may occur:

1) 9/1. or 93. is 0. In other words, Ej1 or Ei is 1, indicat-
ing that the DM Uj is weak DEA efficient in the
first or second process.

2) Both 6” and 02 are 0. In other words, both £} land
E are 1 1ndlcat1ng that the DMU is NDEA ef-
ﬁ01ent

“4)

2.2 Construction of evaluation index

The public transport service system is a network
production system covering the production and
service sub-process. According to the time series
of the operation process of public transport, many
preparations are undertaken in the early operation,
such as purchase of vehicles, design of a route net-
work, organising job affairs of relevant workers,
etc. Business activities can be started as long as
they are carried out after sufficient preparations.
Public transport provides commuting services. Ob-
viously, different affairs exist for different operation
stages of public transport. All of these staged affairs
are generated progressively and are irreversible.
Hence, the operation process of public transport is
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Figure 1 — Model framework of the operation process of public transport

divided into production and service sub-process.

The production sub-process covers all preparations

for subsequent business activities, while the service

sub-process mainly covers transportation business-

es (See Figure I).

We should not ignore the fact that the DEA
scores are highly sensitive to the selection of input
and output variables [42]. The selection of evalua-
tion indexes has an important impact on the eval-
uation results. However, to date, no uniform stan-
dard on selection of evaluation indexes exists. We
determine input and output indexes according to the
following three principles in this study:

a) The comprehensive benefit of public transport
service must be systematically measured as
much as possible.

b) Input and output indexes must be diversified and
operable.

c) Strong linear relations must be avoided in the
same type of indexes.

Evaluation indexes were chosen according to
the above principles. Initial input variables, inter-
mediate variables, and final output variables were
determined.

Initial input variables. Generally, the cost in-
dexes are selected as the input indexes, which are
formed by fundamental production elements, such
as capitals, energy consumption and labour forces
[41, 43-45]. Given that the indexes such as main
business cost are unavailable and costs mainly
consist of labour forces and machinery equipment,
initial inputs were determined as the number of
employees (x,), number of standard vehicles (x,),
and route length (x,) in this study. x, and x, are the
most direct input resources in the operation process
of public transport, representing labour forces and
fixed assets of bus companies. x, reflects the opera-
tion scope of public transport and refers to the mile
sum of all routes of the operators.

Intermediate output variables. Benefit-type in-
dexes are chosen as output indexes. Most studies
apply supply indexes (e.g. vehicle-km and seat-km)
and indexes that reflect demands (e.g. passenger-km
and passenger) as the output indexes [20, 41, 46,
47]. Intermediate output variable is the output index
of the production sub-process and the input index of
the service sub-process. Considering that the inter-
mediate output variable serves as a connecting link
between the production and service sub-process, the
vehicle-km (z)) was set as the intermediate output
variable, which reflects the operation capability in
the production sub-process and the service supply
capacity in the service sub-process.

Final output variables. With comprehensive
considerations to the benefits of three stakeholders,
the final output variable of public transport services
was built to quantify production efficiency, service
effect, and environmental effect. One final output
index was determined from each perspective, name-
ly passenger flow (y,), road occupancy index (y,),
and CO, emission (y,). y, reflects the number of
served passengers in the operation process of public
transport and is a main statistical index to measure
public transport services. y, reflects road conditions
and represents the occupation of social resources.
The higher the numerical value of y,, the more so-
cial resources are occupied [48]. Environmental
variables generally focus on vehicle gas emission
of buses, and exhaust gases include CO,, CO, NOy,
and HC. Among them, CO, emission is far high-
er than the emissions of other gases. Consequent-
ly, CO, emission is the most representative envi-
ronmental index. Moreover, CO, is one of the six
greenhouse gases requiring reduction according to
regulations in the Kyoto Protocol and an important
content of strengthening energy saving, emission
reduction, and pollution control in China’s “Outline
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for Construction of Traffic Power”. Therefore, we
chose CO, emission to represent the environmental
variable in this study.

Five of the above seven input and output indexes,
such as x,, x,, x5, z,, and y,, can be acquired directly
from statistical data. y, and y, cannot be obtained
by direct investigation and must be calculated from
formulas.

The calculation formula of y, is as follows:

_ x2-Average mileage
2= Road area

)

where x> = Z( V;,-CCj), x, denotes the total num-

ber of standajrd vehicles; Vj denotes the number of
vehicles of the jth type; and CCj denotes the con-
version coefficient for the jth type of vehicles (see
Table 1). Average mileage denotes the average oper-
ating mileages of all types of vehicles classified by
Table 1. Road area denotes the area of urban road.

Table 1 — Conversion coefficients of various types of vehicles.

Categories Vehicle length range L Conver'sion
(meter) coefficient

! L<5 0.5

2 S<L<7 0.7

3 7<L<10 1.0

4 10<L<13 13

5 13<L<16 1.7

6 16<L<18 2.0

! L>18 25

8 Double vehicle 1.9

Note: The conversion coefficient taken from the China Transport
Statistical Yearbook.

Table 2 — Input-output indicators

The calculation formula of y, is as follows:

V3= ZMileage “Rate;- EF;

(6)

where Mileage denotes the operating mileages in-
cluding passenger mileages and empty mileages.
Rate, denotes the proportion of the number of bus-
es with jth emission standards to the total number
of buses. EF, denotes the emission factors of bus-
es with jth emission standards. j=1,2,3. The emis-
sion proportions of buses are determined according
to the number of standard vehicles in National II,
National III, National IV, and above emission stan-
dards. Emission factors of buses of National II, III,
IV, and above are 1082.5 g-km™!, 1129.7 g-km' and
1072.8 g-km’!, respectively.

Finally, an index system based on production ef-
ficiency, service effect, and environmental effect is
constructed to measure the comprehensive benefits
of public transport services, as specified in Zable 2.

3. EMPIRICAL ANALYSIS
3.1 Data description

Based on the operation cost data of public trans-
port service systems in 36 central cities of China
during the period 2010-2017, as well as China
Transport Statistical Yearbook [49], China City Sta-
tistical Yearbook [50], China City Construction Sta-
tistical Yearbook [51], and the official website of the
city statistics, measurement data of input and output
evaluation indexes of these public transport service
systems were acquired. The results are shown in
Table 3.

Input and output evaluation indexes

Description

Number of employees x,

The number of employees includes the number of temporary employees,
but excludes the number of workers in other industries subordinated to bus
companies, which represents the labour force variable.

Initial inputs Number of standard vehicles x,

The number of standard vehicles is calculated by different types of vehi-
cles based on conversion coefficients, which represents capital variable.

Route length x,

It reflects the operation scope of public transport and refers to the sum of
lengths of all routes.

Intermediate

output Vehicle-km z,,

It refers to the total annual operating mileages of service vehicles for busi-
nesses, including passenger mileages and deadhead mileages.

Passenger flow y,

It refers to the total number of served passengers during the reporting stage.

Final outputs Road occupancy index y,

It reflects the occupation of social resources.

CO, emission y,

It represents an environmental variable.
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Table 3 — Descriptive statistics of evaluation indexes

Statistical features

Input-output evaluation indexes

Max Min Mean SD
x, (persons) 88,115 1,192 17,823.91 17,268.43
Initial inputs x, (vehicles) 36,572 409 8,179.01 6,453.47
X, (km) 24,504 500 7,270.25 6,103.34
Intermediate output 2, (10,000 km) 138,540 2,190 39,156.51 31,098.98
¥, (10,000 passengers) 515,416 6,772 107,043.55 82,814.75
Final output , (standard vehicles/m?) 63,347.98 130.91 8,002.85 10,161.40
¥ (100 tons) 15,271.96 238.21 3,926.60 3,201.71

3.2 Results analysis

Input and output data of 36 central cities were
brought into the two-stage NDEA model. The
NDEA model was solved with Lingo 17.0 soft-
ware. Reciprocals of y, and y, were used because
the higher the expected values of output variables
are, the better. We analysed the production efficien-
cy of the production sub-process, the service effec-
tiveness of the service sub-process, and the compre-
hensive benefit of the operation process. Moreover,
a comparative analysis on region classification and
urban scale was carried out. Urban region was di-

Table 4 — Area classification of DMUs.

vided into Eastern, Central, and Western China (See
Table 4). According to the permanent resident pop-
ulation in urban areas in 2017, the 36 central cit-
ies were divided into super-sized cities, mega-sized
cities, large-sized cities, medium-sized cities, and
small-sized cities (See Table 5).

Efficiency analysis of different sub-processes

According to the efficiency classification stan-
dard proposed by Zhang et al. [41] and Lao and Liu
[52], DMUs can be divided into three categories:
Efficient (E>1); Fairly efficient (0.6<E<1); Ineffi-
cient (E<(0.6). E denotes the efficiency score.

Urban sized

City name (The brackets are the DMUs label)

Eastern China

Shanghai(1), Nanjing(2), Hangzhou(3), Ningbo(4), Fuzhou(5), Xiamen(6), Jinan(7), Qingdao(8),
Beijing(9), Tianjin(10), Shijiazhuang(11), Shenyang(12), Dalian(13), Guangzhou(14), Shenzhen(15),

Haikou(16)

Central China

Taiyuan(17), Changchun(18), Harbin(19), Nanchang(20), Hefei(21), Zhengzhou(22), Changsha(23),

Wuhan(24)

Western China

Hohhot(25), Chengdu(26), Chongqing(27), Guiyang(28), Lhasa(29), Kunming(30), Xian (31),
Lanzhou(32), Yinchuan(33), Xining(34), Urumqi(35), Nanning(36)

Table 5 — Urban sized classification of DMUs.

Urban sized Population

City name (The brackets are the DMUs label)

Equal to or more than

Super-sized city ten million

Shanghai(1), Beijing(9), Shenzhen(15), Chongqing(27)

Between five million and

Mega-sized city ten million

Nanjing(2), Tianjin(10), Guangzhou(14), Wuhan(24), Chengdu(26)

Between one million and

Large-sized city five million

Hangzhou(3), Jinan(7), Shenyang(12), Dalian(13), Taiyuan(17), Changc-
hun(18), Harbin(19), Zhengzhou(22), Changsha(23), Kunming(30), Ning-
bo(4), Fuzhou(5), Xiamen(6), Qingdao(8), Shijiazhuang(11), Haikou(16),
Nanchang(20), Hefei(21), Hohhot(25), Guiyang(28), Xi’an(31), Lanzhou(32),
Yinchuan(33), Xining(34), Urumqi(35), Nanning(36)

Between 50 thousand

Medium-sized city and one million

Equal to or less than 50

Small-sized city thousand

Lhasa(29)
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From Figure 2, the production efficiency of the
production sub-process in most central cities fluc-
tuated slightly in eight years, and ranged between
0.6 and 0.7. This finding reveals that production
efficiency was fairly efficient, with slightly differ-
ent overall level. According to the longitudinal time
series, the cities with fluctuating efficiency of the
production sub-process focused on DMUs 1624,
which were in Central China. Nanchang (DMU 20)
maintained a relatively high production efficien-
cy, which was attributed to the high utilisation of
employees and the high operating mileages. The
production efficiency of Lanzhou (DMU 32) and
Shijiazhuang (DMU 11) dropped suddenly in 2013
and kept declining subsequently. This finding was

related to the sharp reduction of operating mileag-
es. In Haikou (DMU 16) efficiency dropped from 1
to 0.8 due to the reduction of employees and vehi-
cle-km in 2013 and 2014. According to the analysis
of cross-sectional data, the production efficiency of
the production sub-process in most cities was lower
than 0.7, indicating the low production efficiency of
the public transport service systems in most cities
during the eight years. Such low production effi-
ciency was caused by the universal low utilisation
of employees and low operating mileages.

Figure 3 shows that service effectiveness of the
service sub-process in most central cities large-
ly fluctuated in eight years, and the overall ser-
vice effectiveness was relatively low. This finding

1
0.9
0.8
0.7
0.6
0.5
0.4

Production efficency

0.3

0.2

0.1

0

7 9 11 13 15

W 2010 2011 [ 2012 @ 2013

17 19 31 33 35

Cities
B 2014 @ 2015

21 23 25 27 29

W 2016 @ 2017

Figure 2 — Production efficiency (The number stands for DMUs)

0.9
0.8
0.7
0.6

Service efficency

o

e e
=

W 2010 @ 2011 [ 2012 | 2013

19 31 33
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W 2014 @ 2015

21 23 25 27 29

W 2016 [ 2017

Figure 3 — Service effectiveness (The number stands for DMUs)
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Figure 4 — Comprehensive benefits (The number stands for DMUs)

reflected that most cities were in relatively ineffec-
tive and less efficient state. According to the longi-
tudinal time series, Lhasa (DMU 29) and Lanzhou
(DMU 32) were the most representative cities of the
fluctuation. Service effectiveness of Lhasa (DMU
29) was kept at a relatively high level during the
period 2010-2012, but suddenly dropped to around
0.6 in 2013. This phenomenon occurred because the
road occupancy index and CO, emission increased
with the increase in operating mileages, whereas
passenger capacity did not increase significantly.
The service effectiveness of Lanzhou (DMU 32) in-
creased continuously because the reduced operation
miles still supported the original passenger capacity.
The cross-sectional data analysis showed that ser-
vice effectiveness was generally lower than 0.6. The
service effectiveness of public transport remains to
be significantly improved.

Comprehensive benefits of public transport in
36 central cities during the period 2010-2017 are
shown in Figure 4. The overall efficiency of the 36
central cities has a relatively small range of change
and is in a relatively ineffective state. Only two
cities, Lhasa (DMU 29) and Lanzhou (DMU 32),
maintain a relatively high efficiency, close to 0.8.

The varying trends of public transport efficiency
are shown in Figure 5. The production efficiency E!
presented a downward trend over eight years due to
the low utilisation of service vehicles. Service ef-
fectiveness E? presented a smooth transition in the
first four years and then declined gradually in the
remaining four years, which was caused by the de-
creasing passenger capacity. Generally, the compre-
hensive benefits E? rarely changed during the period

0.75
0707 \x—k‘*.
0.65
&
5 0.60
3
&
Mo 0.55
0.50
0.45
040 Q X 5 o A
SR SR S SRR
Year
—a—F' —e—F? —A—F?

Figure 5 — Variation trends of E', E? and E? of public
transport in China

20102013, but gradually got worse in response to
the reductions of production efficiency and service
effectiveness during the period 2014-2017.

Efficiency analysis of different regions

Figure 6 shows that the production efficiency in
Central China is higher than in Eastern and Western
China. The production efficiency in Central China
substantially dropped in 2011, which was attributed
to the sharp reduction in operating mileages. Pro-
duction sub-process in Eastern and Western China
presented similar developments. Total inputs and
outputs during the production sub-process in Cen-
tral and Western China are half of those in Eastern
China. The production efficiency of the produc-
tion sub-process in Eastern, Central, and Western
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Figure 6 — Production efficiency and service effectiveness in different regions

China decreased continuously during the period
20102015, which was more related to the lower
growth rate of operating mileages than the growth
rate of input indexes. The efficiency value increased
slightly between 2016 and 2017 because the con-
tinuous growth of operating vehicles, total route
length, and vehicle-km have improved total effi-
ciency.

Service effectiveness in Western China was far
higher than in Eastern and Central China. This find-
ing can be interpreted by the good performances of
Western China in passenger capacity and road situ-
ations under the premise of low operation miles. By
contrast, Central China had an equivalent passenger
capacity as Western China, but it had a more seri-
ous road occupancy conditions and higher inputs to
route operation. The service scale of Eastern China
was twice that of Western China, but the passenger
capacity was insufficient. The service effectiveness
of Eastern China was slightly higher than that of
Central China given that the road occupancy situa-
tion was somewhat relieved.

Table 6 shows the comprehensive benefits of pub-
lic transport in Eastern, Central, and Western China.

In view of time series, comprehensive benefits
of Western China continued to decrease, while the
final comprehensive benefits of Eastern and Central

China were 0.499 and 0.533, respectively, after sev-
eral fluctuations. According to cross sectional data,
the average comprehensive benefits are the highest
in the western region, at 0.635; the middle region is
the second at 0.564; the eastern region is the last at
0.541. At the same time, since the SD of the western
cities is small, the fluctuation of the efficiency value
is relatively small.

Efficiency analysis of different city scales

Since Lhasa is the only small-sized city, it is not
representative. Therefore, we only analysed the ef-
ficiency of super-sized, mega-sized, and large-sized
cities. Production efficiency and service effective-
ness of different city sizes are shown in Figure 7.

In the production sub-process, super-sized cities
showed the lowest production efficiency, whereas
large-sized cities showed the highest, followed by
mega-sized cities. According to further analysis,
the production efficiency of large-sized cities was
relatively high, but it had considerable fluctuation.
This finding is due to the fact that utilisation of
service vehicles in large-sized cities was high, but
the total operation miles of new vehicles was de-
creasing. Production efficiencies of mega-sized and

Table 6 — Comprehensive benefits of the operation process in different regions

Years
Regions Mean | Max Min SD
2010 | 2011 2012 | 2013 | 2014 | 2015 | 2016 | 2017
Eastern China 0.563 | 0.557 | 0.556 | 0.564 | 0.551 | 0.532 | 0.510 | 0.499 | 0.541 | 0.564 | 0.499 | 0.025
Central China 0.568 | 0.589 | 0.586 | 0.586 | 0.574 | 0.544 | 0.533 | 0.533 | 0.564 | 0.589 | 0.533 | 0.024
Western China 0.659 | 0.657 | 0.652 | 0.638 | 0.634 | 0.623 | 0.624 | 0.592 | 0.635 | 0.659 | 0.592 | 0.022
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Figure 7 — Production efficiency and Service effectiveness in different city scales

super-sized cities were not low thanks to the support
of urban economy and demands for essential com-
muting purposes.

In the service sub-process, the efficiency ranking
of different scale cities is similar to the production
sub-process. Large-sized cities are the most rela-
tively efficient, mega-sized cities ranked second,
and super-sized cities ranked last. Moreover, the
efficiency change trends of large-sized cities and
mega-sized cities are very similar. According to
further analysis, the higher service effectiveness of
large-sized cities was attributed to the good road
conditions. Although operation scale in super-sized
and mega-sized cities was large, their contributions
to environmental and congestion controls were sig-
nificantly small, thus resulting in low service effec-
tiveness.

The comprehensive benefits of different sizes
of cities are shown in Table 7. Generally, large-sized
cities showed the highest comprehensive benefits of
public transport, mega-sized cities rank second, and
super-sized cities rank last, with average efficiency
values of 0.584, 0.551, and 0.525, respectively. The
fluctuation range of the efficiency ranges from small
to large, then large-sized cities, super-sized cities,
and mega-sized cities. Among super-sized cities,
Beijing, which only has standard efficiencies of pro-

duction and service sub-process, presented the high-
est comprehensive benefits of public transport, with
an efficiency value of 0.584. Among mega-sized
cities, Chengdu ranked first. Similar to Beijing, the
production efficiencies and service effectiveness in
Chengdu reached the qualification level. Nanjing
and Guangzhou have poor ranks of comprehensive
benefits due to significantly lower service effec-
tiveness than production efficiency. For large-sized
cities, Lanzhou occupied the top position due to its
high production efficiency and outstanding service
effectiveness.

Model comparison

Based on the NDEA, the comprehensive benefits
of 36 DMUs were evaluated and compared with the
efficiency values calculated by traditional DEA, as
shown in Figure 8. It can be seen that the efficiency
values obtained by the two methods are quite differ-
ent. The results of the DEA show that the efficiency
of cities fluctuate greatly, mostly around 0.7 and 0.8,
in a fairly efficient state, and even a few cities such
as Xiamen, Lhasa, and Lanzhou have efficiency val-
ues that exceed 0.9 and are close to 1. The efficiency
value obtained by the NDEA is significantly lower
than the efficiency value calculated by the DEA, and
most of them remain around 0.6, with some cities

Table 7 — Comprehensive benefits of the operation process in different city scales

Years
Urban scale Mean | Max Min SD
2010 | 2011 2012 | 2013 2014 | 2015 2016 | 2017
Super-sized city | 0.546 | 0.547 | 0.540 | 0.546 | 0.528 | 0.512 | 0.490 | 0.489 | 0.525 | 0.547 | 0.489 | 0.025
Mega-sized city | 0.562 | 0.578 | 0.578 | 0.570 | 0.554 | 0.542 | 0.521 | 0.505 | 0.551 | 0.578 | 0.505 | 0.027
Large-sized city | 0.604 | 0.602 | 0.598 | 0.603 | 0.591 | 0.570 | 0.562 | 0.545 | 0.584 | 0.604 | 0.545 | 0.023
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Figure 8 — Comparison of comprehensive benefits of NDEA and DEA (The number stands for DMUs)

even below 0.5. Since the DEA does not break the
“black box” and considers the relationship between
the sub-processes further, the high efficiency value
is obtained. In contrast, the NDEA is more compre-
hensive, so it has a lower but more objective eval-
uation result.

3.3 Discussion

The comparative analysis shows that the NDEA
can measure the efficiency more accurately than the
DEA. The NDEA not only obtains the overall effi-
ciency, but also the efficiency of each sub-process.

There are several issues that can be discussed
further. Comparing the two efficiencies (e.g. pro-
duction efficiency and service effectiveness) from
three different perspectives (e.g. a single DMU, dif-
ferent regions, and different city scales), the results
show that the efficiency of the production sub-pro-
cess is higher and more stable than the efficiency of
the service sub-process. The result is caused by the
continuous growth of employees, route length, and
operating vehicles in the production sub-process,
as well as the reduction of passenger flow and the
continuous increased road occupancy in the service
sub-process. Because the comprehensive benefit
value is calculated according to the production effi-
ciency and service effectiveness, its change trend is
affected by both.

There are some ways to improve the efficiency of
public transport. Firstly, in the production sub-pro-
cess, the operators should improve the utilisation of
employees and the route length. Increasing public
transport investment in Eastern China and West-
ern China has to keep up with increasing operating
mileages. Super-sized cities and mega-sized cities
should maintain high vehicle operating mileages.
Secondly, in the service sub-process, bus operators
must reduce the road occupancy index, CO, emis-
sions and increase passenger flow while ensuring a
high vehicle-km; Eastern China and Central China
should focus on solving the problems of congestion
and CO, emissions. Finally, the high road occupan-
cy index leads to urban road congestion. In order
to alleviate congestion and improve efficiency, the
operators should arrange bus frequency and opera-
tion route reasonably under the premise of ensuring
the highest number of passengers as possible. In ad-
dition, the government needs to increase financial
support to improve transport infrastructure.

4. CONCLUSIONS

Based on the stakeholder theory, a compre-
hensive benefit evaluation index system of pub-
lic transport services is established on the basis
of the production and service sub-process. From
the perspective of the government, the operators
and the public, this evaluation system chooses em-
ployees, service vehicles, and route length as input
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indexes; by contrast, it uses efficiency, satisfac-
tion, going green, and sustainability as the output
indexes. Moreover, a comprehensive benefit evalu-
ation model of urban public transport is construct-
ed based on the NDEA. Production efficiencies,
service effectiveness, and the comprehensive bene-
fits of public transport in 36 central cities were esti-
mated. Results show the following:

1) Efficiency of different sub-processes: During
the period 2010-2017, the production efficien-
cy in most central cities fluctuated slightly, and
this efficiency value ranged within 0.6-0.7. This
finding reflects that the production efficiency in
these cities was in a fairly efficient state, with
a small difference in overall efficiency. While
the service effectiveness in most central cities
largely fluctuated in the period 2010-2017,
with a relatively low overall efficiency which
indicates that most of them are in a relatively
invalid and low-efficiency state. Overall, pro-
duction efficiency is higher than service effec-
tiveness due to the increase of inputs such as
employees, vehicles, and route length increases
the operating mileages, while passengers have
continued to decrease and congestion has been
aggravated.

2) Efficiency of different regions: In view of dif-
ferent regions, the production efficiency in
Central China was better than in Eastern and
Western China. Service effectiveness in West-
ern China was significantly higher than in East-
ern and Central China. Production efficiency
of the three regions is higher than service ef-
fectiveness, and the efficiency gap between the
production and service sub-process in Eastern
China and Central China is significantly larg-
er than that in Western China. Western China
presented the highest comprehensive benefits,
followed by Central and Eastern China succes-
sively. Central China and Eastern China can
improve efficiency by focusing on alleviating
congestion and reducing CO, emissions.

3) Efficiency of different city scales: In view of
different city scale, super-sized cities showed
the lowest production efficiency, whereas
large-sized cities showed the highest efficiency.
Service effectiveness of large-sized cities was
far higher than other city types, followed by
super-sized and mega-sized cities. Moreover,
large-sized cities had the highest comprehen-

sive benefits. Mega-sized and super-sized cities

had similar comprehensive benefits of public

transport.

4) The NDEA combined with the directional dis-
tance function is more objective and accurate
than the DEA. It can be seen from the results
of the NDEA that enhancing the utilisation of
employees and arranging the operation plan is
an effective way for the operators to improve
efficiency. The operators also need cooperation
with governments to alleviate congestion and
reduce vehicle emissions during the service
process. In addition, East China and West Chi-
na have to further increase investment in public
transport service. The operators in super-sized
cities and mega-sized cities need to increase the
number of operating vehicles and extend the
route length to ensure high operating mileages.

5) The 12" Five-Year Plan proposed requirements
on environmental protection and efficiency for
the construction of “Bus City” demonstration
projects. However, the production efficiency
decreased due to the expansion of production
scale and the service effectiveness was low due
to the increasing road occupancy condition and
CO, emissions. To sum up, contributions in
production scale, road occupancy conditions,
and CO, emissions are effective ways to im-
prove comprehensive benefits of public trans-
port in the future.

In the period 2010-2017, the production effi-
ciency E1 in 36 central cities presented a down-
ward trend, whereas the service effectiveness tran-
sited smoothly in the first four years but declined
gradually in the remaining four years. Comprehen-
sive benefits of public transport rarely changed in
the period 2010-2013, but gradually got worse in
response to reductions in the production efficiency
and service effectiveness in the period 2014-2017.

This study contributes to the studies on effi-
ciencies of the public transport services in the
following aspects: (1) With comprehensive con-
siderations to the stakeholders of public transport
service system, a two-stage comprehensive benefit
evaluation system of public transport services is
proposed on the basis of services, society, and en-
vironment. This study provides a comprehensive
framework, and it can simultaneously consider
various indexes and stakeholders. (2) The pub-
lic transport services system is not a “black box”
but a network production system covering the
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production and service sub-process. The tradition-
al DEA model cannot accurately calculate effi-
ciency of decision units with network production
system. To solve this problem, a comprehensive
benefit evaluation model of the public transport
services is constructed based on the NDEA model.
This model increases judgment capability.
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