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Transportation is one of the major energy consumption and carbon emission industries. Railway transport is a typical low-carbon
transport. To accelerate the green low-carbon transportation development and improve the railway market share, this paper defines
the concept of carbon saving profit to study the price of railway freight after the government functions were separated from railway
enterprise management. First, taking full account of market factors and on the principle of utility maximization and maximum
likelihood method, the sharing ratio model of transportation modes is established. Then consideration is given to both the profit
of railway enterprises and social benefits, and income maximization model of railway freight based on low-carbon economy is
established. The model can scientifically guide the transportation users who prefer to use resource-saving and environmental-
friendly transportation modes, optimize transportation structure, and comprehensively improve the efficiency of transportation
system. Finally, case analysis is conducted to verify the rationality and validity of the model, and reference for the rail freight

pricing is provided.

1. Introduction

Climate change has become one of the most challenging
issues the world is facing. Increasing number of countries
have agreed that it is necessary to reduce energy consumption
and CO, emission. Transportation is one of the major
energy consumption and carbon emission industries, emit-
ting approximately one-quarter of the world’s CO, emissions
in 2012 [1]; thereby transportation could take an important
position in developing low-carbon economy. Railway trans-
portation, a typical low-carbon transport, is a resource-saving
and environmental-friendly transport mode.

Policy and decision makers have realized the impor-
tance of reducing CO, emissions in formulating national
economic and energy policies. “Promotional Guidance to
Green Circulation and Low-Carbon Transportation” (num-
ber 323 [2013]) issued by the Ministry of Transport of China
pointed out that transport structure should be optimized,
the proportion of railway transport in the comprehensive
transportation was raised, and transport energy consumption
intensity was reduced. It also guides transportation enter-
prises to participate in domestic carbon emissions trade

and so on. Obviously, carbon emissions have been gradually
transformed from a pure environmental issue to an economic
issue. The tariff is a key factor influencing the consignors’
choice. Therefore, the focus of this study is how to utilize
price lever to make consignors prefer to use a resource-saving
and environmental-friendly mode of transport actively and
scientifically.

From a global perspective, transport policy reform gener-
ally has experienced the change course from government reg-
ulation to enterprises’ independent pricing at a certain extent.
Deregulation of the transportation industry is attracting
more and more scholars to join in the study of transport pric-
ing. At the beginning of the study, the focus is on the enter-
prise level. The commonly used methods are cost-oriented
pricing, return on investment and target profit, and so forth
[2]. These studies are conducted mainly from the perspective
of the supply side, ignoring the market supply and demand
conditions and a variety of market factors. With the develop-
ment of comprehensive transportation system, many scholars
study from the angle of the transportation system and even
the whole society, considering the competition and coopera-
tion relationship between the modes of transportation [3]. He



and Guo [4] proposed a pricing model of competition coun-
termeasure on price and time in transport. The model can be
used for making competition countermeasure among differ-
ent transport ways. Chen and Luo [5] studied the dynamic
competition of urban railway transport with routine public
transit through using logit model and the game-theory of the
competition behavior in economics and found that the opti-
mum admission fee should be given up to seek the reasonable
ticket price that can guarantee the income of the urban
railway. Feng et al. [6] analyzed the Railway Geographic
Network Topological Structure of China. Chi and Baek [7]
studied the price and income elasticities of demand for air
transportation in the US through using the data between 1996
and 2010. Results show that US airfreight industry is elastic in
price and income aspects. Shah and Brueckner [8] developed
a simple analytical model of price and frequency competition
in freight transportation. Freight carriers maximize profit by
setting prices, frequencies, and vehicle carrying capacities.

With the furious competition in transportation market,
there are also some related studies about mode choice
behavior. Samimi et al. [9] examined the way that truck and
rail compete for commodity movement in the US and found
that shipping cost is a central factor for rail shipments, while
road shipments are more sensitive to haul time. Cullinane
and Toy [10] and Wang et al. [11, 12] analyzed the major
attributes which influence the consignors’ choice. Usually,
discrete choice analysis regarding a transportation system is
based on random utility theory [13]. Rich et al. [14] used logit
model to study choice behavior of freight transport mode.

In recent years, environmental problems have become the
focus of attention. Researchers began to notice the negative
externalities brought by the transport. In order to maximize
the benefits of both travelers and operators and minimize
the environmental cost, Sun et al. [15] built a bilevel model
which takes travel time, operation cost, energy consumption,
pollutant emission, and traffic efficiency as the optimization
objectives. Lu et al. [16] built an optimal allocation model
of public transit mode proportion (MPMP) to achieve the
low-carbon public transit. Yin et al. [17] established a bilevel
goal programming model for designing a financially and
environmentally sustainable transportation system. Chao
(18] presented a set of models that calculate carbon emissions
in individual phase of flight during air cargo transportation.
Yang and Xi [19] established a quantification model of freeway
externality which can show the influence of freeway on
sustainable development of social economy through resource
and ecoenvironment.

To sum up, the researches of the scholars are mainly on
highway and air transportation, and there is lack of railway
pricing researches. What is more, few studies have developed
to compensate for the impact of negative externalities caused
by transport through the price. So it is greatly significant to
study railway freight prices based on low-carbon economy.

2. Modeling

2.1. Sharing Ratio Model of Transportation Modes. The com-
petitive relation between every type of transportation is
reflected by their market share which is further related to the
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competitive strategies the transportation enterprises apply.
Thus, the market share of transportation mode i can be
expressed as

Pr; = f(V;), 1

where Pr; stands for the market share of transportation mode
iand V; stands for the utility value of transportation mode i. If
the transportation enterprise applies the competitive strategy
of freight fare and service, then V; can be defined as

V;= f(P,F), (2)

where P, stands for the freight fare strategy of mode i and F,
stands for the service level strategy of mode i.

2.1.1. Model Assumptions

Hypothesis 1. In a certain period of time, there are N modes
(i = 1,2,...,N) of parallel transportation available to the
consignor in the freight channel.

Hypothesis 2. The consignors are rational economic men.
Namely, under a certain social and economic condition, they
tend to choose the most profitable mode of transportation.

Hypothesis 3. The utility value of transportation is related to
the freight fare and service. It decreases as the freight fare goes
up and increases when the service improves.

2.1.2. Model Building and Solution. Service level shows differ-
ent transportation modes’ satisfaction degrees to the needs
of cargo owners. It directly influences consignors’ choice
and further decides the competitiveness of a certain trans-
portation mode in the channel. This paper chooses safety,
timeliness, punctuality, and convenience as the four factors
influencing competitiveness to analyze. S; stands for safety,
which can be reflected by the rate of damaged goods; T; stands
for timeliness, which can be reflected by the average traveling
speed; Z; stands for punctuality, which can be reflected by
the on-schedule rate, and C; stands for convenience, which
can be reflected by the availability of transport service and
transaction efficiency of the transportation mode. Therefore,
the function F, of service level can be expressed as [20]

F = A 0,S; + 1,0,T; + A;05C; + A 0, Z;,

i=12,...,N
©)

s.t. Z)ti =1,

where A; (i = 1, 2, 3,4) stands for the weight coefficient of the
four factors that influence the service level of transportation
mode and w; (i = 1,2,3,4) stands for the model parameter
which serves to convert the dimension. This paper applies two
different types of nondimensionalized standard functions to
deal with the two different situations: when service level
increases, the index value decreases, and when service level
goes up, the index value goes up as well. The specific process
is as follows.

A =0, w;>0,
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For the first situation (the smaller the index value, the
higher the service level), the nondimensionalized standard
function is

X
r=u(x)= =20,
i (4)

<X, <X

min —

x i max*
For the second situation (the higher the index value, the
higher the service level), the nondimensionalized standard

function is

max (5)

Xmin < Xi < Xmax+

For the service quality indicators above, the smaller the
rate of damaged goods, the higher the service level, so S; is
processed by formula (4). The rest of the indicators T}, Z;,
and C; belong to the second situation (the higher the index
value, the higher the service level), so T}, Z;, C; is processed
by formula (5).

According to the characteristics of demand curve in
economics, the freight fare and service level go up and the
slope of demand curve decreases. So this paper uses exponen-
tial function to define the utility function of transportation
modes. Therefore, the relation between utility value V;, freight
fare P;, and service level F; of a certain transportation mode
can be expressed as

P12
v=o, (%) venn ©
P;
where 0; (i = 1,2) stands for model parameter, which can be
obtained through the maximum likelihood method.

According to the Discrete Choice Model based on ran-
dom utility theory, the random utility of consignor choosing
transportation mode i can be defined as

U=Vi+g, i=12,..,N, 7)

where ¢; represents stochastic item.

Assume that stochastic item ¢; is mutually independent
and complies with the Gumbel distribution; then the com-
petitiveness model of transportation mode can be indicated
by the traffic flow distribution model of polynomial logit;
namely, the probability of transportation mode i being chosen
is

1 Pria | P) 240, F 12

Pr; = . 8
! Z'Iy\il eel(Pmin/Pj)l/2+92Fjl/2 ( )

Then, in order to determine the value of model parameter
0; (i = 1,2), the likelihood function is built. K stands for
the sample size, N stands for the number of transportation
modes, and Pr® stands for the probability of consignor k
choosing transportation mode i. Therefore, the joint proba-
bility function of sample can be expressed as

K
L(k6) =] [P, i=1,2,...,N. )
k=1

The maximum likelihood theory is to determine the
estimated value 6 of parameters, so the sample’s likelihood
function (joint probability function) can reach the maximum
value; namely,

L(k,0) = maxL(k,0). (10)

Since L(k,0) and In L(k, 0) reach extremum values at the
same point, the natural logarithms on the two sides of (9) are
taken, and partial derivatives 0,, 0, are calculated. In this case,
it can be obtained that

OlnL(k0) _
0,
1)
olnL(k0) _
0,

The solution (é:, é;) of this equation set is the maximum
likelihood estimated value of the model parameters.

2.2. Income Maximization Model of Railway Freight Based on
Low-Carbon Economy

2.2.1. Model Building. First we define the concept of carbon
saving profit. If one transportation mode saves a certain
amount of carbon compared to another mode when deliver-
ing one ton of goods per kilometer, then we time this amount
with the carbon trading price, and the value we get is called
carbon saving profit.

Since railway is a typical low-carbon transportation
mode, it is advantageous over other transportation modes in
terms of carbon competition. So, in carbon emission trade,
railway enterprises can gain profits through selling surplus
carbon quota. From this perspective, carbon saving profits
can be seen as the income of railway enterprises.

After being separated from the government, China Rail-
ways Corporation is in heavy debt and deficit. Railway freight
income is the main resource of railway enterprises’ total
income. Therefore, this paper, holding the goal of maximiz-
ing railway freight income and taking environment into con-
sideration, comes up with the carbon saving profit coefficient.
I stands for the railway freight income which can be expressed
as

eel (Pmin/Pi)l/z +6, Fil/z

max [ = (Pz + Pc) QZNI eel(Pmin/Pj)l/2+62Fj1/2
j=

01 P [P)?+0,F V2 (12)

<Q,

st. Q

Z‘Ij\il egl(Pnlin/Pj)l/z+92Fj1/2

P min < pz <P max>
where P, represents the carbon saving profit; Q stands for
the total freight demand within a certain period of time,
Q, stands for maximum freight volume the railway can
withstand within a certain period of time, P,;, stands for
the freight cost, and P,,, stands for the highest price set by
government.

ax



Freight income

Freight price

FIGURE 1: The relationship between railway freight income and
freight price.

2.2.2. Model Solution and Analysis

Situation 1. When the carbon saving profit is taken into
consideration, the target function can be expressed as
01 Prin/P) 246, F, V2

ZNI 01 (Puin/ P)V/246,F} 12
p

maxI, = (P, +P.)Q

(13)
Situation 2. If the carbon saving profit is not taken into
consideration, the target function can be expressed as

max I,

01 P/ P} )240,F, 1/ (14)

= PI*Q

(Pmm/P )1/2+92F11/2 + Z'[]\iz (Pmm/P )1/2+9 F 1/2 °
In function (13) and (14), the P, P," are railway freight fares
to be obtained. If the freight fare and service level of other
transportation modes are known, the railway freight fare
can be determined according to the railway service level.
Function (13) and (14) can be further simplified to be

hy % Prin! P i

maxI, = (P, + P, >
1 ( 1 C)the 6,( min/Pl)l/z +h2
/ (15)
h. o Puin/ P
maxl, = P’ ! .
2 lthe l min/Pl*)l/2 +h2
In function (15), h; and h, are known constants:
1/2
h, = BT 5,
(16)

< 0, (Pin /P2 46,F 12
By = Y OB B) 08

j=2

According to function (15), we can draw a chart to
describe the relationship between railway freight income
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and freight fare (see Figure 1). From Figure 1, we can know
that, before the point P, the freight income is monotonically
increasing; after the point P, the freight income is monoton-
ically decreasing. The freight income reaches the maximum
value at the point P. Therefore, P is the railway freight price
we are searching for.

To further compare the points P of function (15), we take

the derivatives of P in the two equations and get the
following equat1ons.

by %1 Bun/ P

Qh O Puin/ P 4 )
+(P, +PC)Q( 1/2) hyhy8, P2 P38 Bunl W' (17)
(0Bl P 4 )’
=0
Q h, eGI(Pmin/pl*)llz

hleel(Pmin/Pl*)l/z + h2

18
(=1/2) by hyB, P2 pr=3/2 01 (B ) (18)

min — 0

(hle 1 Pmin/Pl*)l/2 + h2)2

+P'Q

From Hypotheses 2 and 3 we know that as the freight
price goes up, the utility value of this transportation mode
decreases, so the probability Pr; of the consignor who chooses
this transportation mode will shrink; namely, 0Pr;/0P < 0.
Therefore,

1/2) hyhy0, PY/2 p=3/2 1 Puin/ P) 112
) . <0. (19)

(hl et (Pyin/P)'/? + h2)2

172 N 12
hl — eezFl > 0) h2 — z]_ze (mm/P) +92F]

already known, so from inequation (19) we can come to the
conclusion 6, > 0. Equation (18) reaches the maximum value
at point P;". We apply P to (17), and 6, > 0, so (17) < 0.
That is to say, (17) is monotonically decreasing at point P;".
Therefore, (17) reaches the maximum value P; before point
P/, so the inequality P, < P;" is proved (see Figure 2).

From the model analysis above we know that, because
of the introduction of carbon saving profit coeflicient, the
railway freight income maximization model can change the
saved carbon emission into enterprises’ profits, strengthen
their will of energy conservation and emission reduction,
and encourage them to join in the carbon emission trade.
At the same time, this model can accelerate the development
of green low-carbon transportation, lower the railway freight
fare, and guide the consignor to choose the resource-saving
and environmental-friendly railway transportation. In this
case, the share of railway freight in transportation channel
will increase, the transportation structure can be optimized,
and the resource-saving and environmental-friendly devel-
opment road can be paved.

> 0 are
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FIGURE 2: The relationship between railway freight income and
freight price of two cases.

3. Case Analysis

The Opinions of the State Council on Reforming Railway
Investment and Financing System and Accelerating Railway
Construction proposed that the railway fare system should
be improved, the reform of railway fare should be market-
oriented, and the national railway freight fare should be
decided by principle of keeping a reasonable balance between
railway and the highway. It also proposed that a dynamic
mechanism of adjusting the railway freight fare according
to the highway freight fare should be established. Therefore,
this paper assumes that, in a certain period of time, there are
only railway freight and highway freight (N = 2) available
to the consignor. Suppose that the service attribute value and
highway freight fare are already known; this case will solve the
railway freight income maximization model which is based
on the low-carbon economy.

The service attribute value of transportation modes can
be obtained from the market. Safety S; = (1 — rate of damaged
cargo), and the rates of damaged cargo of railway and highway
are 5% and 2%, respectively; punctuality Z; can be reflected
by on-schedule rate which can be obtained from statistical
data, and the on-schedule rate of railway and highway is
95% and 97%, respectively; convenience C; can be reflected
by operation frequency of goods, efficiency of handling
procedures and 24 h service, and so forth. We can designate
this index with a number between 1 and 10, and the actual
value can be obtained through survey and questionnaire [20];
timeliness T; can be reflected by average traveling speed. The
average traveling speed of railway freight is 33.8 km/h and
of highway freight is 59.09 km/h [21]. The attribute values of
railway freight service and highway freight service are shown
in Table 1.

The weight coefficient A; (i = 1,2,3,4) of every factor
influencing the service level can be obtained through Fuzzy
Comprehensive Evaluation, while the extent of different fac-
tors influencing the transportation mode can be determined

TABLE 1: Attribute values of railway freight and highway freight.

Attribu.te value S, T, C, z,
of service

Railway 95% 33.8km/h 5 95%
Highway 98% 59.09 km/h 10 97%

by surveying. Model parameters w; (i = 1,2,3,4) can be
calculated out of function (4) and (5). The sample value K =
100 and N = 2 are taken. With the help of the statistics in
Table 2, we can build a logarithm likelihood function. Like
(11), we calculate the partial derivative and solve the equation
set; then we can get the maximum likelihood estimated value
0; (i = 1,2). The values of model parameters are shown in
Table 3.

According to the statistical bulletin for transportation
industry development of 2013, highway freight enterprises
consume 1.9 kg standard coal per million t-km. Since there is
no specific data to describe the energy consumption of rail-
way freight, this paper uses the calculation method stipulated
in GB/T 2589-2008 general rule for calculating comprehensive
energy consumption to calculate the energy consumption of
railway freight. Namely, we convert the energy consumed in
different transportation modes into the universal unit and
then get the total amount of energy consumed in the freight.
According to (20) and data from Tables 4 and 5 we can work
out the total energy consumption of railway freight, which
is 5.81621439 billion kg standard coal. Thus, we know that
railway freight consumes 0.2 kg standard coal per hundred
t-km. Consider

E = (Aay, + Bby,) Q. (20)

In this function, A represents oil consumption for
10* tkm (kg) of diesel locomotive. B represents electricity
consumption for 10* tkm (kw-h) of electric locomotive. a and
b represent freight turnover proportion of diesel locomotive
and electric locomotive, respectively, and a + b = 1.
Y1, 1, represent reference coeflicients of diesel and electricity,
respectively. Q represents the total freight turnover of railway.

According to the database of Intergovernmental Panel
on Climate Change of United Nations (IPCC), the carbon
emission volume per unit standard coal is 2.77 kg. Therefore,

Qgco, = 2.77kgCO, /kgce. (21)

At present, our country’s carbon emission trade system is
imperfect yet. The price varies from exchange to exchange.
Therefore, this paper chooses the average trade price of
Shenzhen carbon market which is relatively stable and has
the highest trading volume as the carbon trade price. The
statistics from Low-Carbon Industry Web show that, till
Sept. 30, 2014, the total trading volume of Shenzhen carbon
market is 1,698,369 tons, the total volume of transaction is
114,941,918.94 yuan, and the average trading price is 67.68
yuan/t. According to the concept of carbon saving profit
defined in this paper, compared with a highway freight
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TABLE 2: Statistics of 2012 and 2013 for railway and highway.
Value Railway Highway
Freight turnover (10° t-km) Freight fare (yuan/t-km) Freight turnover (10° t-km) Freight fare (yuan/t-km)
2012 29187.09 0.11 59534.86 0.40
2013 29173.89 0.13 55738.08 0.49
TABLE 3: Values of model parameters.

Parameter Ay A, Ay Ay w, W, w, 0, 0,
Value 0.1 0.4 0.4 0.1 0.017 0.1 1.03 4.97 14.64
TABLE 4: Statistics for railway freight of 2012.

Diesel locomotive Electric locomotive
Item PI.‘OpOI'tIOIl of Freight turnover Oll. PI"OpOI‘thIl of Freight turnover Electrl.aty
freight turnover (10° tkm) consumption for freight turnover (10° tkm) consumption for
(%) 10* tkm (kg) (%) 10* tkm (kw-h)
Value 279 8143.20 26.77 72.1 21043.90 102.07

TABLE 5: Reference coefficient of converting other kinds of energy
into standard coal.

Reference coeflicient
1.4571kgce/kg
0.1229 kgce/(kw-h)

Origin: GB/T 2589-2008 general rule for calculating comprehensive energy
consumption.

Name of energy
Diesel
Electricity

enterprise, the carbon saving profit one railway freight
enterprise can earn from per t-km cargo is

p o (19-02) 277

. x 67.78 = 0.0032 yuan. (22)
100 1000

Our country’s highway freight price is 0.49 yuan/t-km, and
the total ration volume of railway and highway transport in
2013 is 8491.197 billion t-km. Since the railway transportation
cost is lower than that of highway and the current railway
freight service in terms of convenience and flexibility is gen-
erally inferior to that of highway, this paper takes that railway
freight rate is lower than the highway freight rate. Through
MATLAB processing, we can solve the railway freight income
maximization model under two different conditions. Namely,
we take the carbon saving profit into consideration and leave
out the carbon saving profit. The results are as follows.

If we take the carbon saving profit into consideration,
the railway freight price is P, = 0.1528, the market share
of railway freight is 29.42%, and the total income of railway
freight is 389.705 billion yuan.

Otherwise, the railway freight price is P = 0.1563, the
market share of railway freight is 28.76%, and the total income
of railway freight is 381.695 billion yuan.

From the above comparison, we can easily find that, with
the introduction of carbon saving profit, the railway freight
price decreases, while the total income of railway freight
increases by 8.01 billion yuan, and the market share also
increases by 2.3%.

4. Conclusion

Government cares more about the environmental issues
due to transportation pollutant emissions, particularly in an
era of climate change and global warming. However, the
transport enterprises care more about revenue and profit,
and consignors care more about price and service quality of
transport. In order to consider the concerns of these different
stakeholders simultaneously, this paper defines the concept
of carbon saving profit and establishes income maximization
model of railway freight. The income maximization model
of railway freight based on low-carbon economy has been
validated to be effective and reasonable through case analysis.
The conclusion can be summarized as follows:

(1) The model can scientifically guide the consignors who
prefer to use resource-saving and environmental-
friendly transportation modes, which is in conformity
with the interests of government. With the introduc-
tion of carbon saving profit, the railway freight price
decreases, while the market share increases.

(2) Income maximization model takes account of enter-
prises interests and gives full play to railway advantage
in carbon competition. Participation in carbon trad-
ing is not only to promote energy conservation and
emission reduction, but also to increase the railway
transport enterprises’ income.

(3) The sharing ratio model of transportation modes is
established based on the principle of utility maxi-
mization which gives consideration to both price and
quality of service. The application of the maximum
likelihood method makes the model better meet the
actual conditions.
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