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@ ABSTRACT
[@A With the rapid development of urban rail transit (URT) in China, a contradiction between

high costs and low passenger demand becomes prominent. Complete analysis of the impacts
of passenger demand on the profitability of URT can be difficult to conduct, due to the mul-
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Commons Attribution 4.0 tifaceted impact of passenger demand with multidimensional characteristics. To this end,

International License. we propose a strategy that helps to analyse the profitability of different types of URT, taking

Publich into account the spatial and temporal characteristics of demand. Based on data of the Shunde
ublisher:

Faculty of Transport (SD) district in China, the profitability of metro, light rail transit (LRT), monorail and tram

and Traffic Sciences, was evaluated. Results show the profitability under different demand levels. Tram might be

University of Zagreb the best choice at low demand levels. At medium demand levels, LRT and monorail are com-

petitive. At high demand levels, LRT with medium to high capacity and low cost is a good
alternative to metro, though the capacity of metro is higher. Utilizing the URT with high ca-
pacity under insufficient demand can aggravate the burden of depreciation, and make it hard
to achieve profit. The spatial characteristics of the demand described in this paper reflect the
problem of insufficient demand in marginal areas due to the diversified construction of URT.
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1. INTRODUCTION

Urban rail transit experienced rapid development worldwide due to its advantages in reducing traffic
congestion, greenhouse gas emissions and improving accessibility [1-3]. By the end of 2020, the total mile-
age of the urban rail transit (URT) in the world reached 33,346 km, and the total mileage in the mainland of
China reached 7,970 km, ranking first worldwide. However, the URT expansion in China exposed problems
of high capital cost with low passenger demand [4]. In China, the capital cost per mile of the metro has risen
from 0.5 bn ¥ in 2000 to 0.8 bn ¥ in 2015 [5], and even exceeded 1 bn ¥ in 2019. While a huge investment
brings social benefits such as land value enhancement and urban attractiveness improvement [6], ticket
revenue from passengers is always one of the most important ways to justify the upfront investment of URT
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[7]. However, in China, statistics show that the average passenger intensity of URT only reached 7,100 pass/
km-day in 2019 [8], which is much lower than the 13,100 pass/km-day in Japan [9] and 14,400 pass/km-day in
Korea [10]. The ticket revenue with low passenger demand can hardly cover the operating costs, causing a heavy
financial burden on the government. This reflects the waste of resources caused by the mismatch between supply
and demand.

As the demand for transportation infrastructure in urban areas increases, the financial pressure on govern-
ments will further increase [11]. Moreover, decision-makers need data on the cost and profitability of different
systems [12], especially in the trend of coordinated development of various URT systems in China. Therefore, it
is necessary to study the impacts of passenger demand on the profitability of different types of URT. Profitability
refers to the ability to make a profit in a period of time [13]. The main business of the URT is to provide transpor-
tation services for the public. Generally, the profitability of URT involves three aspects, which are the operator,
the URT system and the passenger demand. The operator is in charge of management strategies, the URT is the
carrier that provides services, and the passengers are the objects served by the operator and system simultane-
ously. In this paper, we focus on the aforementioned two aspects which are the passengers and the URT systems,
aiming to provide help to the governments in the selection of the URT systems.

Most of the studies that focus on the economics of different transportation modes are based on the pioneering
studies of Meyer, Kain and Wohl [14]. They were the first to define total social cost in order to integrate the oper-
ator cost and user cost, and they compared the social cost of the railway, bus and car based on a typical commuter
corridor in the United States of America. They found that the social cost of transportation modes depends on the
passenger demand of the corridor.

Later studies focused on enriching the connotation of the costs and the types of transportation modes. Brand
and Preston [ 15] added the external cost to social cost and developed a stand-alone spreadsheet model to evaluate
the social costs of 15 modes of transportation, and a more detailed integrated model using the software Vips and
Contram to compare the user benefits. Li [16] improved the spreadsheet cost model developed in [15] by revising
the speed-flow and passenger waiting time equations in mixed traffic. Similarly, Grimald [17] developed a para-
metrical socio-economic cost-benefit analysis of the stylised model to evaluate the cost and benefit of the conven-
tional bus and LRT in an urban corridor. Tirachini [18] compared the total costs (operator and user cost) of heavy
rail transit, LRT and bus rapid transit (BRT) from three perspectives, namely the minimisation of the total cost
and the maximisation of the profit and the welfare. Manoratna [19] proposed an assessment model of social costs
and environmental costs. Moreover, the city Colombo was taken as a case to assess the travel time saving and en-
vironmental impacts, in which the monorail is introduced in the transportation system. Tam [20] developed social
cost models for conventional bus, BRT, monorail, metro, car, motorcycle, taxi and Uber at a strategic level, and
compared the average social cost of eight modes with a case study of Hanoi, Vietnam, to provide a basis for the
transportation technology selection of low-income countries. Avenali [21] compared the social economic costs
associated with the bus and rail in Italy, the comparison was carried out by considering a given level of exogenous
demand. The service production costs, infrastructure usage costs and externalities impacts are all included in the
social costs. In these studies, passenger demand was assumed to be an exogenous variable of the operator cost,
the impact of the passenger demand on the URT system scale was ignored, and the impact of the system scale on
the operator cost was likewise ignored.

Wang [22] followed the approach of Meyer et al. [14] as well as Keeler and Small [23] and considered the
passenger demand when measuring the system scale of various transportation modes in the cost model. Then
the full costs of metro, LRT, bus, BRT, car and bicycle were compared. However, the relationship between the
passenger demand and system size might not correspond exactly. In reality, URT projects are often criticised by
many scholars and planners for demand overestimation [24-26], reflecting the discrepancy between actual and
expected passenger demand (system size), and this discrepancy leads to the waste of resources.
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In general, the previous studies focused on the comparison between URT and other transportation modes such
as bus, private car and bicycle. However, URT contains seven systems [27]. Different types of URT provide more
options for small and medium-sized cities to develop rail transit. This study extends the existing literature in three
respects.

1) The spatial and temporal characteristics of passenger demand are further considered, and different types of
traffic corridors are simulated by the proposed strategy.

2) The impacts of passenger demand on two different aspects, the revenue and the operator cost are taken into
account. The passenger demand affects the ticket revenue, but from the aspect of cost, passenger demand also
affects both the system scale and the operational workload. The impacts on the two aspects can be different.

3) This paper describes the differences between various URT systems, such as metro, LRT, monorail and tram.
The more scientific delineation of the passenger demand applicable range of URT systems contributes to the
decision-making for governments in terms of selection of different types of URT.

The remainder of this paper is organised as follows. In Section 2 we propose the strategy to evaluate the
profitability of different types of URT systems. In Section 3 case studies considering various passenger demand
scenarios are conducted. The summary of the obtained results is presented in Section 4. In Section 5 we describe
the conclusion of the paper and provide ideas for future studies.

2. METHODOLOGY

The process and components to analyse the profitability of URT systems are shown in Figure 1. Iterative
calculations are performed for different passenger demand levels and URT modes, and final results can be
generated for various scenarios.
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Figure 1 — The procedure to analyse the profitability of URT considering passenger demand characteristics

The analysis on profitability in this paper is based on an independent urban corridor, and only one URT
system with independent right-of-way operated on the corridor. There is a ring-travel model developed by
Anas and Moses [28] that created a circular city with radial highways connecting the central business district
(CBD) and suburbs. In the cities of China, radial corridors are important for daily commuting. We assume
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that URT is on a radial corridor connecting the CBD and suburbs, which is consistent with the situation that
a large number of residential communities are distributed along a radial corridor connecting the CBD [29].

We analyse the profitability of different types of URT based on the same corridor. In China, operator loss
is always subsidized by the government. The subsidy rate at a fare level is used to indicate the profit and
loss. The fare at break-even status (BEF) is used to indicate profitability. The subsidy rate and BEF for the
kth system at the jth level of demand can be respectively expressed by Equations 1 and 2

Ojr-1;

Bu="4." ()
Ok

Tl},k = Q;L (2)

where Bj, » ijf’k denote the subsidy rate and the BEF. The Oj, . denotes operator cost. The IJ denotes the ticket
revenue. The Qj’ . denotes the passenger transport intensity for a day (PIT). The L denotes the length of the
corridor.

2.1 Passenger demand

Passenger demand can be characterised by time and space [30]. The spatial characteristics refer to the
distribution in each station or section. To calculate the frequency of departures, the model requires the value
of peak passenger demand per hour, for the most load section (MLS). We assume that demand in the radial
corridor conforms to the pattern given by Shang [31], and it varies with time. The temporal characteristics
of passenger demand refer to the distribution in different periods. The PIT can be expressed as

S L
> /Pf;J(l-e(a/y>/3)dy

0=t 3)

where the s denotes the period, for s€{1,2,...,S}. The POSJ. denotes the peak demand per hour for sth hour for
MLS. Considering the technical constraints of URT, the range of passenger demand should be within the
system capacity, £y jSC imax the €, denotes the maximum capacity of the kth system. The y denotes the

distance from MLS. The 0 and f denote the demand parameters.

2.2 Ticket revenue

The revenue of the operator may be diversified [32]. However, ticket revenue is an important factor of
profitability, which can be expressed as

1j=QsLTjk 4)

where 7} i denotes the fare.

2.3 Operator cost

Operator cost can be classified into fixed cost and variable cost depending on their relation to the opera-
tion workload. Fixed cost refers to the relatively fixed expenditure that does not change with the operation
workload during the operation process, such as the depreciation cost, finance cost and staff payment [33].
Variable cost refers to the expenses that directly change with the change of operation workload in the opera-
tor cost, including the operation energy consumption and maintenance expenses of vehicles [34]. Due to the
small proportion of working capital loan interest in finance cost [35], we consider long-term loan interest.
Operator cost can be expressed as

t(1+10)”

Cixt M+ GrE)Vjk )
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where /1, denotes the number of laborers per km and P, denotes the annual income per person. ZJ, denotes the
depre01at10n of fixed assets and C’ denotes interest durmg the construction period. The ¢ denotes the interest
rate per year and p denotes the repayment year. M, and G, denote the maintenance cost and traction energy
consumption per vehicle-kilometre (vkm). £ denotes the price of electricity. V; , denotes vehicle-kilometre.
Considering the lowest level of service constraint, V.’ . can be expressed as

P%, hmin = < hmwc
Vik=365" 2n]kLZ £r, Cuina b fs (6)
: 60 60,
hmax’ f — Fmax

where n denotes the fleet size and f* denotes frequency for s period. The # is the duration for the sth period.
The &, , denotes the maximum departure interval, usually 10 min and /4, denotes the minimum departure
interval. The C|, denotes the vehicle capacity when the standing density is 6 person/m? onboard. The vehicle
capacity can reach maximum when the standing density is 7 person/m?. The a denotes the ratio of C, to the
maximum vehicle capacity, usually 1.2 [36, 37]. ’

Depreciation of assets

Depreciation of assets is calculated by the straight-line method. The original depreciable value includes
the capital cost of the URT system and the interest on the loan during the construction period [35]. Assuming
that each loan is used in the middle of the year and no other financing costs are considered, depreciation and
interest for construction can be expressed as

ZJ k= %( Cixt C;,k) (7

I [i-1 ! . 5Ci-,
C§,k=2(2( w8+ Chi)+ 2”‘)z (®)

i=1 \x=1

where ¢ denotes salvage value percent and z denotes asset life. C . denotes capital cost. C’ denotes the inter-
est in construction. The notations i and x denote the constructlon perlod for xe{x | 0<x<1} and ie{1,2,....[}.
Cj . and C}’ , denote the capital cost of the year x and i. J denotes the loan ratio. C]”,g denotes the interest in
year x.

Capital cost

The capacity and capital cost of the URT depend on the maximum passenger demand during peak hours

for MLS. The fleet size can be expressed as
,upmax j

k= Cv,kafm;k ] ©)

where u denotes capacity reserve ratio. Pmax,j denotes the jth expected maximum demand per hour for MLS

and f, . denotes the maximum departure frequency of the kth system.

The capital cost considered by the model contains four sections: vehicle acquisition, infrastructure (sta-
tions and line), equipment and depot which can be expressed as

M
Ciuw=canju(L+Y) Yiut+ D3 (P"UF M+ LEWE)+( L+ Lii ) Wi (10)
m=1

where ¢,, y denote the price and the spare ratio of the vehicle, y is usually 6%. Y; » P denote the number of vehi-
cles and stations. m denotes the laying method for me{1,2,...,M}. U}" denotes the unit area cost of the station. My
denotes the area of the station platform which can be calculated according to [38]. L denotes the corridor length
by mode m. W}, W,f denote the unit cost of line and equipment, and the parking lot and the vehicle inspection
depot. th k, L/ . denote the length of the parking lot and the inspection depot, which can be expressed as
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k= [(Lj‘,k +&;)Ni +(Nj - 1)d} +Li](ij,knj,k/Nfc) (11)
Ly =[(LS+ &)NL+(NL- i+ LE|(bY n,4/NE) (12)
. 2Lv~k60 Tl P, 3

Pk 60 “Coxnjik (13)

where chk denotes the length of the train, ¢, denotes parking error. N} and Nkl denote the number of train spaces
in the parking lot and inspection depot. d/ and dk’ denote the distance between train spaces of the parking lot and
the inspection depot. L] and Lkl denote the additional distance and b denotes the proportion of trains stopped and
inspected, usually 20%. v,, #, denote the traveling speed and turnover time.

According to the model, the operator cost is decided by the passenger demand Q, the capacity of URT system
C, and the capital cost C. Moreover, the capital cost is decided by the passenger demand Q, the capacity of the
systems C and the economic characteristics of systems K. The relationship between operator cost and capital cost
can be expressed as

O(pQ,C,.K)=06C(0Q,C,,K)+@V(pQ,Cy)+T (14)

where J, ¢ and 7 are constants that are independent of the passenger demand. The ratio between actual and
expected passenger demand is expressed by the difference coefficient p, p&(0,1]. The larger the p, the closer
the actual demand is to the expected demand.

3. CASE STUDY

We use the data of one particular district in China in this case, which is termed as Shunde (SD) district
and located in Foshan (FS) city in southern China. Among the administrative regions at the same level, the
SD district contributes the most to the gross domestic product (GDP) of China. Currently, the SD district
has only one metro passing through the northwest corner, and the local government is interested in building
a straddle monorail line with 33 kilometres across the southeastern central city.

3.1 Data description

The line and passenger demand data are mainly from the SD Transport Bureau. The average distance
between stations is 1.1 km, the maximum peak demand for MLS is 16,300 pass/h with an average daily
turnover of 2.5 million passenger kilometre (pkm). The operating hours of URT are 6:00-24:00, therefore
the full-day operating hours are set to 18 hours.

The capital cost parameters of different URT systems are obtained from the official construction reports
of URT in China, and the operation parameters are mainly obtained from the China Association of Metros,
see Table 1. The unit cost of the parking lot and inspection depot of each system is around 180.2 million ¥/
km. According to the vehicle parameters and the maximum fleet size that can be achieved in reality, the
maximum capacity of the four types of URT is 72,000, 49,500, 38,000 and 15,000 pass/h, respectively.

Cost parameters are derived from public data presented by the government. The data on labour costs are
obtained from [40] and the annual labour cost is 109,800 ¥. The electricity and fare of URT are obtained
from the rail transit operating company of the city FS. The price of electricity is 0.6840 ¥/kWh and the fare
is 0.32 ¥/pkm. The construction period is generally four years. According to [41], the total investment in the
project shall not be less than 40% of the financial funds, which means that the loaning ratio is about 60% of
the capital cost. According to [42], the life span of the civil construction works, the vehicles and the equip-
ment are about 100 years, 30 years and 25 years, respectively. Moreover, the residual value rate is derived
from the financial reports of the operating companies, and the residual value rates of the three are 5%, 3%
and 3%, respectively. The annual interest rate of the loan is 4.9%.
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Table 1 — Parameters of URT systems

N N BT N T I

Cost of station [10*¥/m?] 1.20 0.72 0.71 261.72%
W,Z” Cost of line and equipment [10%¥/km] 2.07 1.41 1.22 0.66
[ Price of vehicle [10*¥/veh] 650 600 840 1,170
Cut Capacity of vehicle [pass/veh] 250 215 165 81
& b Length of parking error [m] 1 1 2 1
di Distance of train space in parking lot [m] 12 12 6 6
d® Distance of train space in inspection depot [m] 5 5 12 5
Li® Additional distance of parking lot [m] 21 21 12 12
L Additional distance of inspection depot [m] 21 21 21 12
B © Minimum departure interval [min] 2 2.5 2.5 3
G.° Traction energy consumption [kWh/vkm] 2.03 1.33 1.84 0.77
M, Maintenance cost [¥/vkm] 3.8 3.8 5.7 33
A Number of labourers [person/km] 60 4 40° 57f 13¢

* The unit is ¥ 10%/km, “ from [39], " from Technical Standard for Vehicle Base Engineering of Urban Rail Transit CJJ/T306,
¢ from China Association of Metros, ¢ from Scientific Research Institute of the Ministry of Transportation and Communications,
¢ from Light rail transit design standards GB/T51263, / from Monorail traffic design standards GB50458.

3.2 Result analysis

Table 2 presents the BEF and subsidy rates for the various URT for the passenger demand level in the SD
district. It can be seen that the LRT is the best choice with the lowest BEF and subsidy rate at the current
fare, while the monorail comes close. The straddle monorail does not show the best profitability for three
main reasons. First, the transport capacity of the monorail is smaller than the LRT and the metro. Therefore,
facing the same passenger demand the monorail needs a bigger system scale (e.g. more trains and a bigger
scale of depot and platform). Second, in China, there are only 2 monorail lines (line 2 and line 3) in the city
of Chongqing, and 2 monorail lines are newly in operation in the city of Wuhu. The data of the monorail
come from the monorail lines in Chongqing, which have relatively higher energy cost than ordinary systems
due to the bigger slope and curve radius of the lines, and relatively higher PIT than other systems. Third,
without a widely used and standardised industry chain in China, the maintenance cost of equipment and
facilities can be expensive.

Table 2 — System profitability indicators in case scenarios

--

[¥/pkm] 0.90 0.65 0.84

Subsidy rate [%] 61.89% 45.80% 58.61%

In fact, by now, 44 cities in China are planning to build monorails. Some monorail stakeholders tend to
compare the types of URT systems from different perspectives. For example, some believe that the capital
cost of the monorail is less than the metro, but such cost is not based on the same system scale. Meanwhile,
some policymakers believe that constructing monorails could attract investment and contribute to building
local monorail industries. However, the competition among cities to develop the local rail transportation in-
dustry may lead to local protectionism, which is not conducive to integrated development and is more likely
to form duplicate construction and waste of resources. Moreover, the scale of monorail operation in one city
is not enough to support a complete monorail industry.
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Based on the above conditions, the profitability of URT under different passenger demand levels is fur-
ther analysed. Figures 2 and 3 show the BEF and subsidy rate for different types of URT with peak demand
from 3,000 to 70,000 pass/h and demand difference coefficient p from 0.2 to 1. The BEF and subsidy rates
decrease as the peak demand and the p increase. For example, when the peak demand changes from 20,000
to 70,000 pass/h and p is 0.8, the BEF of LRT changes from 0.81 to 0.42 ¥/pkm, and the subsidy rate de-
creases from 60.29% to 23.42%. As p changes from 0.2 to 0.8 while the peak demand is 30,000 pass/h, the
BEF decreases from 2.37 to 0.62 ¥/pkm, and the subsidy rate decreases from 86.51% to 48.78%.

In this paper we compare the calculation results with the data presented by Bian et al [43]. Note that the
[43] was adopted by the Opinions on Strengthening the Management of Urban Rail Transit Planning and
Construction [44]. Results show that the BEF calculated by the model under the same basic corridor condi-
tions and capital cost is between 0.34 to 0.43 ¥/pkm, which is a little higher than the 0.3 ¥/pkm in [43]. The
reason for that is the operator cost which in this paper includes interest of the construction and depreciation
of equipment, and the non-operator income is not included in the revenue. It can be estimated that the results
of this paper have certain reliability.

The profitability changes with the change of passenger demand in Figures 2 and 3. Since the peak demand
is an important factor affecting the scale of the URT system, the variation reflects the mechanism that pas-
senger demand affects profitability by influencing system scale. Therefore, we set p=1 to analyse the impacts
of peak demand on different types of URT.

10
£ £
S S
as) as)
5 b
&, &,
=9 =9
Sa) Sa)
m m
3 Metro LRT [ Monorail 1 Tram
Figure 2 — The BEF for different demand levels Figure 3 — The subsidy rate for different demand levels

From Figures 4 and 5, we know that the tram shows the lowest BEF and subsidy rate when the peak de-
mand is below 10,000 pass/h, the LRT shows the highest profitability when the peak demand exceeds 10,000
pass/h. The profitability of the metro is higher than monorail when the peak demand is higher than 22,000
pass/h. The difference between the profitability curves is mainly caused by the mismatch between the ca-
pacity of URT and the passenger demand. As the passenger demand increases, less capable systems require
more investment, such as larger train fleet size and more workload, resulting in higher operator cost and
lower profitability.

Passenger demand is a factor that not only determines the investment but also affects the revenue of the
operator. According to the model in this paper, for the passenger demand, there may be some differences
between the revenue side and expense side, which can be depicted by the difference coefficient of demand.
Meanwhile, there are different spatial distributions of passenger demand under different types of corridors.
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3.3 The influence of demand difference coefficient

Figure 6a shows the BEF of LRT for different demand difference coefficients. We can see that at the same
level of system size (capital cost), the greater the p, the progressively smaller the reduction in the BEF gets.
Due to the sunk cost characteristic of URT, when the demand is relatively low, the minimum service level
constraint leads to the actual operator cost being higher than the theoretical operator cost that corresponds
to the actual demand level, which also leads to higher BEF. With the increase of p, the growth rate of pas-
senger demand is higher than the corresponding growth rate of the operator cost, and the decrease in BEF
rate is narrowed.
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Figure 6 — The influence of difference coefficient

In fact, the demand difference coefficient p reflects the waste of resources due to the mismatch between
supply and demand. As shown in Figure 6b, the proportion of depreciation to operator cost increases as p
decreases, and the gap between the proportions of depreciation to operator cost grows gradually with the
increase of the demand for different values of p. For example, when the peak demand is 20,000 pass/h, the
proportion of depreciation to operator cost of LRT increases from 27.38% to 29.50% as p changes from 1
to 0.2. Similarly, when the peak demand is 70,000 pass/h, the proportion of depreciation to operator cost
increases from 26.62% to 30.06%. We can see that utilising the URT system with capacity that exceeds the
passenger demand can aggravate the system depreciation burden, which directly affects the operator cost
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[45]. Therefore, one should focus on the adaptability of the URT system and passenger demand of the cor-
ridor in the planning stage to avoid wasting resources.

3.4 The influence of the spatial distribution of demand

The radial corridors can be classified into three types, namely diameter corridor, long-distance radial cor-
ridor and short-distance radial corridor. The diameter corridor crosses the downtown area from one suburb
area to another suburb area, see the cases presented in Sections 3.2 and 3.3 in this paper. For the short-dis-
tance radial corridor, one end connects the city centre and the other end connects the periphery of the centre
and is 11 km in length. A long-distance radial corridor refers to a corridor with one end connecting the city
centre and the other end connecting the suburb and is 22 km in length. Figure 7 shows the spatial distribution
of passenger demand of the three types of corridor when the peak demand is 30,000 pass/h.
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Figure 7 — Spatial distribution of passenger demand for different route types
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Figure 8 — The BEF of different route types

We analyse the BEF of different types of corridors by fixing the value p=1. The diameter corridor is
shown in Figure 4, and the long-distance radial corridor and short-distance radial corridor are shown in
Figure 8. It can be seen that the spatial distribution of demand does not affect the relationship between the
BEF and the demand, and the relative magnitude between the profitability of the various systems. However,
the value of the BEF has changed. Under the three demand distributions, the average changes in BEF of
the four URT systems are 10.80%, 10.81%, 10.74% and 10.15%, respectively. We can see that the average
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change of LRT is the biggest, while that of the tram is the smallest. The change degree in BEF is mainly
influenced by the proportion of variable operator cost under different passenger demand levels.
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Figure 9 — BEF and subsidy rate of metro systems under different line types

Figure 9 shows the BEF and subsidy rate of the metro under different corridors. We can see that under the
same peak demand the profitability of the short-distance radial corridor is the best, the second is the diam-
eter corridor. The essential difference between the corridors is the PIT, therefore such a result demonstrates
the mechanism by which the spatial distribution characteristics of passenger demand can influence profit-
ability through the PIT. In practice, to serve more urban residents, more and more cities choose to extend
rail transit lines to the edge of cities or suburbs. However, if the passenger demand in the extended part is
relatively low, it will result in a more uneven spatial distribution of passenger demand along the corridor.
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Figure 10 — Spatial distribution of passenger demand for different sectional uneven coefficients

M
The sectional uneven coefficient (6 =max{ P, P,P,...Pu} - M Z Pm) can be used to describe the un-

m=1
even degree of passenger distribution, P, denotes the passenger of the mth section and M denotes the number of
sections. Taking the long radial line as an example, the passenger distribution under different sectional uneven
coefficients is shown in Figure 10.
Table 3 shows the profitability under different sectional uneven coefficients. Since the capacity of trams
cannot reach 30,000 pass/h, only metro, LRT and monorail are shown here. It can be seen that the BEF in-
creases linearly with the increase of the 6. The balance degree of demand distribution has a connection with
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the location of the line. Therefore, to improve profitability, it is important to consider the spatial distribution
of passenger demand and keep reasonable lengths of the lines when planning the URT. Comprehensive land
development along the line shall also be considered to enhance the passenger attraction of the line.

Table 3 — The BEF under sectional uneven coefficients (¥/pkm)
0 1.0 1.5 2.0 2.5 3.0 35 4.0

Metro 0.41 0.62 0.82 1.03 1.24 1.44 1.66

LRT 0.31 0.46 0.61 0.77 0.92 1.07 1.23

Monorail 0.44 0.66 0.87 1.1 1.32 1.53 1.77

4. CONCLUSION AND FUTURE WORK

This paper designed an assessment model for the profitability of different types of URT systems. The spatial
and temporal characteristics of passenger demand were considered. Case studies are carried out based on a real-
istic urban corridor, and the conclusion on developing URT at a strategic planning level was made.

First, to select proper types of URT for cities is essentially a matter of matching supply and demand. The mis-
match between the URT capability and the passenger demand can cause at least two bad consequences. First, the
burden of depreciation of the system can be aggravated even worse, which is not consistent with the passenger
demand. This makes it hard to achieve financial balance. Second, the operator cost is increased and the operator
losses can be worse. Therefore, selecting a reasonable URT system is necessary in the planning stage, but if the
imbalance already exists, it is necessary to focus on improving the operational management to reduce costs by
optimising transportation organisation measures.

Second, tram shows the best profitability at low demand levels due to the advantages of low costs, though the
capacity is relatively small. This may explain why the tram is popular in small and medium-sized cities. But when
the demand increases, the scale of the tram system needs to be severely enlarged and it will no longer be advan-
tageous in terms of profitability, thus the LRT turns out to be a better choice. In the context of the poor cost-ef-
fectiveness of the existing URT development model, considering the lower cost and good performance of LRT in
passenger attraction, there is hopefully a renaissance of LRT in China, as LRT has been developed in the past in
some developed countries such as the United States [46]. However, the monorail is controversial in China. It is
widely acclaimed for its small turning radius and climbing ability, but it is not yet standardised in China, leading
to the risk that cities will face higher marginal costs when facing the manufacturers. In terms of profitability, the
monorail is only more competitive than the metro at medium demand levels.

Third, in terms of profitability, the metro might be a competitive choice when the demand is lower than 50,000
pass’/h but not the best, despite the capacity advantage. Sometimes metro (elevated rail) is considered the best
choice at high demand levels [20]. However, in China, 88% of the metro is built underground even in land-rich
areas, resulting in high costs. In addition, due to the excessive pursuit of large capacity, China has formed the URT
network dominated by metro, with 78.81% of the operating mileage of metro and only 9.8% of LRT, monorail
and tram. Although the metro does alleviate the traffic congestion problems in some cities, such a developing
model did not work well. In fact, 70% of the cities did not reach the predicted passenger demand during the op-
erating period, and 96% of the operators faced losses.

Fourth, the balance between the profitability of the operator and the public welfare of transportation services
deserves attention, and the line length should be reasonably controlled in developing URT to safeguard the ser-
vice level and operational efficiency. The spatial distribution characteristics of passenger demand portrayed in
this paper reflect the phenomenon of insufficient demand in marginal areas due to the diversified construction
of URT in China. The unbalanced spatial distribution of demand will affect the PIT of the lines and further
affect the profitability, especially for metro, LRT and monorail which have higher costs.
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It is necessary to note the limitations of this study and illustrate several logical extensions for future
work.

1) The passenger demand is assumed to be exogenous in this paper. This assumption ignores the preference
of passengers for alternative transport modes, which means that the difference of endogenous demand
caused by the difference of URT service quality is not considered. Future research can develop the en-
dogenous demand through the elasticity of passenger demand to travel time and crowding.

2) The proposed model is based on an independent corridor and the URT systems are assumed to have inde-
pendent right-of-way. However, sometimes there may be no independent right-of-way for some types of
URT systems. For example, trams in many cities only have semi-independent right-of-way. In this case,
the train operation can be disturbed in the mixed traffic environment. The operating efficiency and cost
are likely to be affected by traffic congestions or other uncertainties. Therefore, the operator cost model
in mixed traffic can be improved in the future.

3) This paper mainly considers the operator cost. However, during the operation of URT systems, the noise,
vibration, carbon emissions, etc. are the external costs that deserve attention. Future research can consid-
er quantifying the external cost and internalising it to comprehensively compare the operation efficiency
of different transit modes.

4) Only metro, LRT, monorail and tram were considered in this paper. With the social development and
technological progress, URT will develop in the direction of multi system. The maglev, heavy rail transit,
automated guideway transit and other rail transit modes can be studied in the future.
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