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Abstract: An increasing number of cities are transitioning from fossil fuel-powered buses for public
transport to battery electric buses, but there is still much confusion about the economic evaluation
of the electrification of buses, especially in terms of the carbon asset value for carbon emissions
reduction in this transition. Taking Beijing as the example, this paper studies the economic value
of the transition of public buses from fossil fuel-powered buses to battery electric buses from the
perspective of carbon asset theory, and mainly focuses the analysis on direct carbon emissions. First,
the theory and methodology of carbon asset evaluation are introduced for the transition from fossil
fuel-powered buses to battery electric buses. Second, the internal determinants of the carbon assets for
the transition from fossil fuel-powered buses to battery electric buses are studied. Third, the distinct
impacts of the determinants of the carbon assets of the transition from fossil fuel-powered buses to
battery electric buses are analysed. The results indicate that (1) the transition from fossil fuel-powered
buses to battery electric buses has a carbon asset value; (2) the carbon asset value of the transition
from fossil fuel-powered buses to battery electric buses is determined by the distance-specific CO,
emissions of fossil fuel-powered buses, the carbon price and the annual driving distances of the
buses as well as the discounted rate of the carbon assets for buses and the termination time of the
fossil fuel-powered or battery electric buses; and (3) the carbon assets contribute to the economic
value of the transition from fossil fuel-powered buses to battery electric buses. This paper provides
academic support for the economic evaluation of the transition from fossil fuel-powered buses to
battery electric buses in a low-carbon society.

Keywords: carbon asset; economic value; fossil fuel-powered buses; battery electric buses; transition;
electrification; Beijing

1. Introduction

Emission mitigation is one of the major topics of the 21st century [1]. The emissions from road
transport have attracted wide publicity, as they cause a severe threat to inner-city air quality and
contribute 22% of the global CO, emissions [2,3]. As electric automobiles have advantages in energy
efficiency, are emission free and produce lower noise levels, the emerging electric buses with decreasing
costs are gradually replacing the widely used fossil fuel-powered buses, such as diesel-powered
buses [2,4,5]. In fact, electric buses have been deployed all across the world, and the electrification
of buses is expected to show a strong increasing trend in the near future [6-8]. By early 2018, of the
world’s 3 million buses, some 385 000 were electric, and practically all of them (99%) were running
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in China, since the replacement of the diesel-fuelled bus with the electric bus was already providing
tangible energy and economic benefits [9].

Although an increasing number of cities are transitioning from fossil fuel-powered buses for public
transport to battery electric buses [10], the adoption of electric buses globally is geographically uneven
and limited in scale [11]. The reason is that the current electric buses still have high production costs
and purchase prices [7,12]. If the environmental benefits are adequate in consideration, the transition
from fossil fuel-powered buses for public transport to electric buses will bring much more benefit to
the economy. However, only a few studies have analysed the environmental value in an economic
evaluation of electric buses or the electrification of buses [13]. To bridge this gap, the concept of carbon
assets is applied to study the value of the contribution of the electrification of buses to the carbon
emissions reduction in this paper.

The concept of a carbon asset was proposed to evaluate the economic value of carbon emission
reductions in technology, projects, production, consumption, etc. Typical studies include those of Han
et al. [14], who evaluated the carbon asset of wind energy technology, and Xu et al. [15], who examined
the carbon assets of distributed photovoltaic generation. Based on these studies, this paper further
analyses the carbon asset of the transition from fossil fuel-powered buses to battery electric buses
(CATFE); it first proposes the theory and methodology of the CATFE evaluation both from an annual
view and from the perspective of the whole life cycle. Furthermore, this paper proposes a method
to analyse the impacts of the determinants on the annual or whole-life CATFE. Based on the theory
and methodology that we propose, this paper then empirically analyses the CATFE in Beijing, where
the electrification of buses has an accelerated trend and where the electric power consumption of
public transport had an average annual increase of 46.6% from 2015 to 2017 [16]. By contributing to the
understanding of the economic and environmental effects of the transition from fossil fuel-powered
buses to battery electric buses from the perspective of carbon asset theory, this study will provide a
theoretical basis and academic support for the policy to advocate for the electrification of buses in
Beijing as well as in other cities in China and around the world.

The rest of this paper proceeds as follows: Section 2 reviews the literature related to the CATFE.
Section 3 introduces the theory and methodology to evaluate the CATFE both from an annual view and
a life cycle view and derives the impacts of the influencing factors in the theory. Section 4 introduces
the data and variables used in the paper. Section 5 presents the empirical results with some analysis.
Section 6 discusses the findings from the empirical results and the significance of understanding the
CATFE. Section 7 concludes and discusses the implications of the paper.

2. Literature Review

The advantage of carbon reduction for electric buses to replace fossil fuel-powered buses has been
studied by many scholars. The most recent literature includes [13,17-19]. Bakker and Konings [17]
have referred to battery-electric buses as zero-emission buses, as they result in far less local air pollution
than their diesel counterparts [20,21]. Xylia et al. [18] have studied the impact of bus electrification on
carbon emissions in Stockholm based on a life cycle perspective and various implementation scenarios.
Lee et al. [13] have found that the fuel cell electric transit buses, in comparison with diesel buses,
consume less energy overall and have lower air emissions on a well-to-wheel basis in the United States.
Rupp et al. [19] have studied the impact of diesel and electric vehicles on CO; equivalent emissions
in Germany from a life-cycle perspective, and they have found that electric vehicles are particularly
advantageous in urban traffic because of their positive environmental balance, which is based on
greater energy conversion efficiency and the possibility of recuperating the braking energy.

Some other scholars, such as Zhou et al. [21], Li et al. [22], He et al. [23], Dong et al. [24]
and Ma et al. [25], have studied the benefit of carbon reduction for electric buses to replace fossil
fuel-powered buses in China. Zhou et al. [21] have studied the real-world performance of battery
electric buses in Macao and found that an electric bus reduces the diesel bus life-cycle CO, emissions
by 20-35%. Li et al. [22] have also found that the promotion of electric vehicles is an effective way to
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reduce carbon emissions. He et al. [23] have proposed an operating mode binning method to assess
the on-road energy consumption and well-to-wheel air pollutant emissions of battery electric buses
under complex real-world usage patterns. Dong et al. [24] have studied the low carbon transition of
urban public transport in megacities with a case study of Shenzhen. For Beijing, Ma et al. [25] have
studied the CO, emissions reduction of battery electric vehicles including battery electric buses and
further analysed the impact factors.

The economic impact of electric buses replacing fossil fuel-powered buses has also been noticed
in academia. Lajunen and Lipman [20] have evaluated the lifecycle costs and carbon dioxide emissions
of different types of city buses in Finland and California (USA). Mahmoud et al. [26] have reviewed
the economic, environmental and other characteristics for hybrid, fuel cell and battery electric buses
in detail based on simulation models and operational data presented by various scholars in different
contexts. Bakker and Konings [17] have analysed the barriers of zero-emission buses, i.e., the range
and costs, and proposed several options for institutional innovation to support the transition to
zero-emission buses. Some other scholars, such as Li et al. [27], have analysed the benefits or costs for
the carbon emissions reduction of electric buses compared with those of fossil fuel-powered buses.
Li et al. [27] have proposed an approach called the new life additional benefit-cost to analyse the
benefits and costs of electric buses compared with those of diesel buses. However, few scholars
have examined the economic value of the carbon reduction for electric buses to replace the fossil
fuel-powered buses. To bridge this gap, this study applies the carbon asset theory to analyse the
economic value of the carbon reduction for the electrification of buses in Beijing.

The carbon asset theory, proposed by Han et al. [14], is a methodology that analyses the economic
value of carbon reduction behaviour. Han et al. [14] have evaluated the carbon asset value of wind
energy technology and Xu et al. [15] have analysed the carbon asset value of distributed photovoltaic
generation as examples of the application of this theory. Both Han et al. [14] and Xu et al. [15] have
further analysed the impacts of the influencing factors for the carbon assets, i.e., the carbon emission
reduction level, the production level and the price of carbon. These studies provide references for our
evaluation of the carbon asset of the electrification of buses in Beijing in analysing its value and affecting
factors. Since there are still no other scholars that have studied the carbon asset of the electrification of
buses as far as we know, our study can also be treated as a contribution to the literature that extends
the carbon asset theory.

3. Theory and Methodology

3.1. Evaluation of the Annual CATFE Value

According to Han et al. [14] and Xu et al. [15], the carbon asset value for an entity, such as a
technology or a project, is determined by the carbon emissions reduction resulting from the operation of
this entity, the industry standard carbon emissions level and the carbon price. Accordingly, the CATFE
is determined by the carbon emissions of the battery electric buses, the carbon emissions of the fossil
fuel-powered buses and the carbon price for bus companies. To calculate the CATFE, we use the carbon
asset value of battery electric buses minus the carbon asset (or debt) value of the fossil fuel-powered
buses, which can be written as:

Vi = (CFt - CEt) X Py (1)

where V; represents the annual CATFE value. CF; is the annual carbon emissions level of a fossil
fuel-powered bus, CE; is the annual carbon emissions level of a battery electric bus, and P; is the
carbon price at time t. We further assume that the battery electric buses are zero-emission entities
when focusing on the CO; emissions directly emitted by the buses. The reasons for this are related
to four aspects. First, an electric bus does not emit any gaseous pollutants during transit, which
means that the battery electric buses have no direct carbon emissions [9,17]. Second, from a life-cycle
carbon footprint perspective, the electric buses certainly do have indirect carbon emissions, as they
need electric charging, but the responsibility for reducing the indirect carbon emissions is still being
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debated, and it is difficult to allocate it on an average basis to the specific bodies involved, such as the
power plants, the bus companies or the passengers [9]. In fact, with the exception of the passengers,
the power plants rather than the bus companies voluntarily or passively bear most of the responsibility
for mitigating carbon emissions and other kinds of gaseous emissions in practice or policy-making
in China or other countries. Third, the reduction in direct carbon emissions as well as other kinds
of gaseous emissions is obvious and is easily measured in the replacement of fossil fuel-powered
buses with battery electric buses. Fourth, this assumption will enable the CATFE analysis to be readily
understood even though it should be expanded in practice or in future studies. According to this
assumption, Equation (1) can be expressed as:

VE = CFy x Py )

Equation (2) suggests that the annual CATFE value is determined by the baseline level of the
annual carbon emissions for a fossil fuel-powered bus and the carbon price at the time. As it is not
hard to obtain the carbon price in a public carbon exchange market, the next question is about how to
calculate the annual carbon emissions level of a fossil fuel-powered bus.

The carbon emissions level for a fossil fuel-powered bus is determined by the amount of fossil
fuel that the bus uses and the carbon emissions level per unit of fossil fuel. The fossil fuel amount the
fossil fuel-powered bus uses is determined by the driving distance the battery electric bus travels and
the amount of fossil fuel it uses per unit of distance. Accordingly, the annual carbon emissions level of
a fossil fuel-powered bus can be written as:

CF; = FU x CPE X L; 3)

where CF; represents the annual carbon emissions level of a fossil fuel-powered bus, L; represents the
annual driving distance of a bus, CPF is the fossil fuel amount the fossil fuel-powered bus uses per
unit of driving distance, and FU is the carbon emissions level per unit of fossil fuel.
We define the carbon emissions level per unit of distance as the distance-specific CO, emissions
for a bus, that is
CEF = FUX CPF 4)

where CEF is the carbon emissions level per unit of distance, i.e., the distance-specific CO, emissions
of a fossil fuel-powered bus. According to Equations (2)—(4), the annual CATFE value can be written
as follows:

Vi = CEF X L; X P; (5)

Equation (5) suggests that the annual CATFE value is determined by the annual distance travelled
by a bus, the carbon price at the time and the distance-specific CO, emissions of a fossil fuel-powered bus.

3.2. Evaluation of the Whole-Life CATFE Value

As battery electric buses and fossil fuel-powered buses may have different usage terminations, it
is relatively complex to calculate the total carbon asset value over the life time for both the battery
electric buses and fossil fuel-powered buses. Assuming that a fossil fuel-powered bus has a usage
termination of time T and that the discount rate is r, the value of the whole-life of the CATFE can be

written as follows:
T

V:ZVtx(1+r)_t (6)

=0
where, V represents the whole-life CATFE value, T is the termination time of the fossil fuel-powered
bus, and r is the discount rate of the carbon asset for buses.
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According to Equations (1), (2), (4), (5) and (6), there is

V =

T
CEFXLixPyx (147)" ?)

t=0
Assuming the same annual driving distance for both the fossil fuel-powered buses and battery
electric buses, a constant carbon price for all the bus companies, a constant carbon emissions baseline

for the fossil fuel-powered buses and a zero-emission assumption same to Equation (2) for the battery
electric buses, i.e.,

Li=L
Pi=P
CB; =CB
then, Equation (7) changes to

T
V=CEFXLXPxY (147" (8)
t=0
where V represents the whole-life CATFE value, CEF is the distance-specific CO, emissions of a fossil
fuel-powered bus, L is the annual distance travelled of a bus, P is the carbon price, T is the termination
time of the fossil fuel-powered bus, and r is the discount rate of the carbon asset for buses. Equation (8)

implies the variables that determine the whole-life CATFE value.

3.3. Effects of the Determinants on the CATFE Value

After obtaining the determinants for the annual and whole-life CATFE values, it is interesting
to analyse which determinants have larger effects on the carbon asset value. To analyse the impacts
of the determinants, we first take the derivatives of V; with respect to P;, L, and CEF according to
Equation (5), i.e.,

av,
dvy

A

ACEE — L X Py (11)

and then take the derivatives of V with respect to P, L and CEF according to Equation (8), i.e.,

T
WV CEFxLx (1+r)7" (12)
dpP

t=0

T
WV CEFxPx (147" (13)
dL

t=0

T
v =
dcﬁ_prxt:O(l_H’) (14)

Equations (9)—(14) can be used to analyse the impacts of the annual driving distance of either a
battery electric or fossil fuel-powered bus (L; or L, respectively), the carbon price (Pt or P, respectively)
and the distance-specific CO, emissions of a fossil fuel-powered bus (CEF) on the annual and whole-life
CATEFE values.
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4. Data and Variables

This section describes the data and variables for calculating the annual and whole-life CATFE
values in Beijing. To evaluate the annual CATFE values in Beijing, we need to know its determinants.
According to Equation (5), the determinants include the annual driving distance of a bus, the carbon
price and the distance-specific CO, emissions of a fossil fuel-powered bus, as the distance-specific
carbon emissions for a battery electric bus are nearly to zero when focusing on the direct carbon
emissions. According to Equation (8), the whole-life CATFE value in Beijing is further determined by
the discounted rate of a carbon asset for buses and the termination time of the fossil fuel-powered or
battery electric buses as well.

4.1. Distance-Specific CO, Emissions of Fossil Fuel-Powered Buses

The distance-specific CO, emissions of a fossil fuel-powered bus, according to Equation (3), are
equal to the fossil fuel amount that the fossil fuel-powered bus uses per unit of distance multiplied by
the carbon emissions level per unit of fossil fuel. Zhang et al. [28] have collected the on-road testing
profiles for 75 heavy-duty transit buses including groups with diesel, CNG, LNG and hybrid diesel
engines in Beijing. They have obtained some of the average real-world fuel consumption and CO,
emission factors for the tested vehicle groups under a typical driving cycle, and we calculate the
rest of the parameters according to their results. Table 1 shows the results of the distance-specific
energy usage of the diesel, CNG, LNG and hybrid diesel buses and the related distance-specific CO,
emissions of these buses, which reflects the distance-specific CO, emissions of different types of fossil
fuel-powered buses. Zhang et al. [28] have also studied the distance-specific energy usage of diesel
buses with different standards, i.e., the Euro II, Euro III, Euro IV, and Euro V diesel buses. According
to the distance-specific energy usage of the diesel buses with different standards, we calculate the
distance-specific CO, emissions of these buses as shown in Table 1. These results can be used to reflect
the distance-specific CO, emissions of the diesel buses with different standards or as the industry
standard distance-specific CO, emissions for the buses.

Table 1. Distance-specific CO, emissions of each type of fossil fuel-powered bus in Beijing.

Type of Bus Fu CEF
CNG Buses 16.1 + 49 MJ km™1 * 932 + 234 g km™! *
LNG Buses 14.1 +0.7 MJ km™1 * 837 + 43 g km~1*
Hybrid Diesel Buses 8.9 +0.1 MJ km~1 # 658 + 7 g km™! *
Diesel Buses (all) 11.8 +2.6 MJ km™1 * 871 + 198 g km™! *

Euro II Diesel Buses 11.1 + 3.4 MJ km™1 *
115+ 1.8 MJ km™! *
12.4 + 3.0 MJ km™1 * 919 + 222 g km~1#

10.7 + 0.3 MJ km™1 * 793 +22 g km~1#

Note: The data with * are sourced by Zhang et al. [28]. The data with # are calculated by the authors according
to the data in the first column and the coefficient of CO2 emissions per unit diesel oil a bus uses, i.e., 74.10 g/M],
according to Wang et al. [29].

823 + 252 g km~1#
852 + 133 g km 1 #

Euro III Diesel Buses

Euro IV Diesel Buses

Euro V Diesel Buses

4.2. Price of Carbon

In addition to the carbon reduction level, the carbon price is another factor influencing the
transition of public buses from diesel to battery electric. The statistics that characterise the carbon
price in Beijing are based on the price data sourced from the Beijing Carbon Emission Allocation
(BEA) Electronic Trading Platform [30]. The price of the common carbon emissions, except for the
forest carbon sink and China Certified Emission Reduction Credit (CCER), has an average price of
55.64 Yuan, a minimum value of 30.32 Yuan, a maximum value of 74.6 Yuan, and a standard deviation
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of 10.84 Yuan according to the 145 transactions that occurred in Beijing in 2018, as shown in Figure 1.
We use these data to represent the price of the carbon asset of replacing the diesel public buses with
battery electric buses.

80
carbon price (Yuan)

70 B

60 ——

50 ff—— W N | “h |

40 y ¥ :

Figure 1. The price of common carbon emissions enacted in Beijing in 2018.

4.3. Other Variables

The average annual driving distance of a public bus is 57,962 km according to the statistical
data [31]. These data are used to represent the annual driving distance of a bus in Beijing (L). The yield
rate of a 5-year treasury bond was approximately 4.75% in China in February, 2019, and this value is
used to represent the discount rate of the carbon asset value in this paper (i.e., r). The service life of a
public bus is usually 8 years, which is used to represent the termination time of the fossil fuel-powered
bus in this paper.

5. Empirical Results and Analysis

5.1. The Annual CATFE Value in Beijing

The annual CATFE value (V}) is determined by the annual driving distance of a bus (L;), the carbon
price at the time (P;) and the distance-specific CO, emissions of a fossil fuel-powered bus (CEF), as
Equation (5) shows. We substitute the variables from Section 4 into Equation (5) and estimate the
annual carbon asset value of the transition from different types of fossil fuel-powered buses to battery
electric buses in Beijing. As shown in Section 4.1, the statistics of the distance-specific CO, emissions
for the different types of fossil fuel-powered buses in Beijing, including the mean and fluctuation
values, are shown in Table 1. Section 4.2 shows the carbon price in Beijing, which has an average value
of 55.64 Yuan, a minimum value of 30.32 Yuan and a maximum value of 74.6 Yuan. Section 4.3 shows
that the average annual driving distance of a bus is 57,962 km, i.e., L = 57,962 km. Accordingly, one
can obtain the annual carbon asset value of the transition from different types of fossil fuel-powered
buses to battery electric buses in Beijing. Table 2 shows the results for the average carbon price and
the average distance-specific CO, emissions for the different types of fossil fuel-powered buses with
fluctuations. To express the results more intuitively, we further draw Figure 2 based on the data from
Table 2.



Sustainability 2019, 11, 2749 8 of 16

Table 2. Annual carbon asset value of the transition between fossil fuel-powered buses with different
types and battery electric buses in Beijing.

Type of Bus Annual Carbon Asset Value
CNG Buses 3005.71 + 754.65 Yuan
LNG Buses 2699.33 + 138.68 Yuan
Hybrid Diesel Buses 2122.05 + 22.58 Yuan
Diesel Buses (all) 2808.98 + 638.55 Yuan
Euro II Diesel Buses 2654.18 + 812.70 Yuan
Euro III Diesel Buses 2747.71 + 428.93 Yuan
Euro IV Diesel Buses 2963.78 + 715.95 Yuan
Euro V Diesel Buses 2557.43 + 70.95 Yuan

Note: The results are calculated according to Equation (5) when the carbon price gets its average value, i.e.,
P; = 55.64 Yuan, and the distance-specific CO, emissions for the different types of fossil fuel-powered buses get
the mean values with fluctuations as Table 1 shows.

__ 4000

% < X mean ¢ min. ® max.

S~ 3500 ;

3 3000 —% : 8

= ) 4 X

Z t

b ¥

£ 2500 x

g s El <

= 2000 =

o

CNG buses LNG buses Hybrid Diesel Euro |l Euro lll Euro IV EuroV
diesel buses (all) diesel diesel diesel diesel
buses buses buses buses buses
Type of bus

Figure 2. Annual carbon asset value of the transition between fossil fuel-powered buses with different
types and battery electric buses in Beijing.

Table 2 and Figure 2 illustrate that the annual carbon asset of the transition to battery electric
buses in Beijing has different values and fluctuations for the different types of fossil fuel-powered buses
according to Equation (5) and the variables from Section 4. For the four types of fossil fuel-powered
buses including the CNG, LNG, Hybrid diesel and diesel buses, the transition from CNG buses to
battery electric buses has the highest average annual carbon asset value and fluctuation, which is
3005.71 + 754.65 Yuan. The next-highest is the transition from diesel buses to battery electric buses,
whose average annual carbon asset value and fluctuation are 2808.98 + 638.55 Yuan. The third-highest
is the transition from LNG buses to battery electric buses, whose average annual carbon asset value
and fluctuation are 2699.33 + 138.68 Yuan. The transition from hybrid diesel buses to battery electric
buses has the lowest average annual carbon asset value, which is 2122.05 Yuan. These results suggest
that the transition from CNG buses has the highest annual value in Beijing in terms of the carbon
asset, followed by the transitions from the diesel buses and the LNG buses. The hybrid diesel buses,
which already use some electrical power, have the lowest annual value for the transition to battery
electric buses. In fact, the hybrid diesel buses have a lower probability of being replaced by the battery
electric buses because of the advantages of energy selection compared with the other types of fossil
fuel-powered buses.
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The diesel buses are further divided into four types, i.e., the Euro II, Euro III, Euro IV and Euro V
diesel buses, according to the emission standard. Table 2 and Figure 2 also show the results for the
annual carbon asset evaluation for the different types of diesel buses in Beijing when replaced by the
battery electric buses. The transition from the Euro IV diesel buses to the battery electric buses has the
highest average annual carbon asset value, which is 2963.78 Yuan per year. The next-highest are the
Euro III diesel buses with an average annual carbon asset value of 2747.71 Yuan per year and the Euro
II diesel buses with an average annual carbon asset value of 2747.71 Yuan per year. The Euro V diesel
buses have the lowest average annual carbon asset value when replaced by battery electric buses in
Beijing. These results suggest the range of values for the different types of diesel buses when replaced
by battery electric buses in Beijing.

As one of the determinants, the carbon price has an impact on the CATFE value. When the carbon
price has different values, the CATFE value will change. We thus assume that the distance-specific
CO; emissions for a particular type of fossil fuel-powered buses have a constant value, i.e., the mean
value; then, we analyse the annual CATFE value in Beijing for the mean, minimum and maximum
carbon price values. The results are shown in Table 3, and we draw Figure 3 to illustrate the results
more intuitively.

Table 3. Annual carbon asset value of the transition between fossil fuel-powered buses and battery
electric buses when the carbon price changes in Beijing.

Type of Bus Mean Min Max
CNG Buses 3005.705 1637.904 4029.94
LNG Buses 2699.33 1470.95 3619.16
Hybrid Diesel Buses 2122.054 1156.37 2845.17
Diesel Buses (all) 2808.98 1530.70 3766.17
Euro II Diesel Buses 2654.18 1446.35 3558.62
Euro III Diesel Buses 2747.71 1497.311 3684.02
Euro IV Diesel Buses 2963.78 1615.06 3973.72
Euro V Diesel Buses 2557.43 1393.62 3428.90
Note: The unit for the variables in this table is Yuan per year.
4500
S X mean ¢ min. ® max.
= 4000 - 1 ]
o
= 3500 ‘
Z 3000 % i 4
o | 1 i
% 2500 ¥ ;
Z 2000
= 1500 = i » 2
v
1000
CNG buses LNG buses Hybrid Diesel Euro Il Euro 11l Euro IV EuroV
diesel buses (all) diesel diesel diesel diesel
buses buses buses buses buses
Type of bus

Figure 3. Annual carbon asset value of the transition between fossil fuel-powered buses and battery
electric buses when the carbon price changes in Beijing.
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Table 3 and Figure 3 illustrate that the carbon asset of the transition to battery electric buses has
different mean, maximum and minimum annual values for the different types of fossil fuel-powered
buses when the carbon price in Beijing changes. For the four types of fossil fuel-powered buses
including the CNG, LNG, Hybrid and diesel buses, the transition from CNG buses to battery electric
buses has the highest average, maximum and minimum annual carbon asset values. The next-highest
is the transition from the diesel buses and the LNG buses. The transition from the hybrid diesel
buses to battery electric buses has the lowest average, maximum, and minimum annual carbon asset
values. For the different types of diesel buses, the transition from the Euro IV diesel buses to battery
electric buses has the highest average, maximum and minimum annual carbon asset values in Beijing.
The next-highest is the transition from the Euro III diesel buses and the Euro II diesel buses. The Euro V
diesel buses have the lowest average annual carbon asset value when replaced by the battery electric
buses in Beijing. The maximum and minimum values of the annual carbon assets of the transition to
battery electric buses have the same order for the different types of fossil fuel-powered buses in Beijing.
However, the annual carbon assets of the transition to battery electric buses in Beijing have similar
fluctuation extents for all the types of fossil fuel-powered buses as the carbon price changes. The reason
is that the carbon price change is the same for the different types of fossil fuel-powered buses.

5.2. Value of the Whole-Life CATFE in Beijing

According to Equation (8), the whole-life CATFE value (V) is determined by the carbon emissions
level per unit of fossil fuel (FU), distance-specific CO, emissions of a fossil fuel-powered bus (CPF),
annual driving distance of a bus (L), carbon price (P), termination time of a fossil fuel-powered bus (T),
and discounted rate of the carbon asset for buses (r). We substitute the variables from Section 4 into
Equation (8) and estimate the whole-life carbon asset value of the transition from different types of
fossil fuel-powered buses to battery electric buses in Beijing. The results are shown in Table 4.

Table 4 shows the whole-life carbon asset value of the transition to battery electric buses for the
different types of fossil fuel-powered buses for different values of the carbon price and distance-specific
CO; emissions for the various types of fossil fuel-powered buses. When the carbon price achieves the
average value, i.e., Py = 55.64 Yuan, and when the distance-specific CO, emissions for the different
types of fossil fuel-powered buses achieve mean values, the average whole-life CATFE value changes
from 14,409 Yuan to 20,409 Yuan for the different types of fossil fuel-powered buses. When the carbon
price achieves the average value and when the distance-specific CO, emissions for the different types of
fossil fuel-powered buses achieve their minimum values, the average whole-life CATFE value changes
from 12,504 Yuan to 17,387 Yuan for the different types of fossil fuel-powered buses. When the carbon
price achieves the average value and the distance-specific CO, emissions for the different types of
fossil fuel-powered buses achieve their maximum values, the average whole-life CATFE value changes
from 14,562 Yuan to 25,533 Yuan for the different types of fossil fuel-powered buses. When the carbon
price achieves the minimum value, i.e., P; = 30.32 Yuan, and the distance-specific CO, emissions for
the different types of fossil fuel-powered buses achieve the mean values, the average whole-life CATFE
value changes from 7,852 Yuan to 11,121 Yuan for the different types of fossil fuel-powered buses.
When the carbon price achieves the maximum value, i.e., Py = 74.60 Yuan, and the distance-specific
CO, emissions for the different types of fossil fuel-powered buses achieve the mean values, the average
whole-life CATFE value changes from 19,319 Yuan to 27,363 Yuan for the different types of fossil
fuel-powered buses.

Table 4 shows that, for each type of fossil fuel-powered bus, the whole-life CATFE value has
distinct changes, while the carbon price or the distance-specific CO, emissions get different values. For
the CNG buses, the average whole-life CATFE value changes from 11,121 Yuan to 27,363 Yuan. For
the LNG buses, the average whole-life CATFE value changes from 9,988 Yuan to 24,574 Yuan. For the
hybrid diesel buses, the average whole-life CATFE value changes from 7,852 Yuan to 19,319 Yuan.
For the diesel buses, the average whole-life CATFE value changes from 110,393 Yuan to 25,572 Yuan.
For the different types of diesel buses, the average whole-life CATFE values have distinct changes
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when the carbon price or the distance-specific CO, emissions have different values. For the different
types of fossil fuel-powered buses, the minimum and maximum whole-life CATFE values are mainly
determined by the changes in the carbon price, although the distance-specific CO, emissions also
influence these values.

Table 4. Whole-life carbon asset value of the transition to battery electric buses for different types of
fossil fuel-powered buses in Beijing.

Type of Bus Mean Min (Fuel) Max (Fuel) Min (Price) Max (Price)
CNG Buses 20,409 15,285 25,533 11,121 27,363
LNG Buses 18,328 17,387 19,270 9988 24,574
Hybrid Diesel Buses 14,409 14,255 14,562 7852 19,319
Diesel Buses (all) 19,073 14,737 23,409 10,393 25,572
Euro II Diesel Buses 18,022 12,504 23,540 9821 24,163
Euro III Diesel Buses 18,657 15,745 21,569 10,167 25,014
Euro IV Diesel Buses 20,124 15,263 24,985 10,966 26,982
Euro V Diesel Buses 17,365 16,883 17,847 9463 23,282

Note: The unit for the variables in this table is Yuan per year, and the results in the five columns are all calculated according
to Equation (8). The results in the first column are gathered according to when the carbon price achieves the average value,
ie., Py = 55.64 Yuan, and as Table 1 shows, the distance-specific CO, emissions for the different types of fossil fuel-powered
buses also achieve mean values. The results in the second column are gathered according to when the carbon price achieves
the average value and the distance-specific CO, emissions for the different types of fossil fuel-powered buses achieve their
minimum values. The results in the third column are gathered according to when the carbon price achieves the average
value and the distance-specific CO, emissions for the different types of fossil fuel-powered buses achieve their maximum
values. The results in the fourth column are gathered according to when the carbon price achieves the minimum value, i.e.,
Py = 30.32 Yuan, and the distance-specific CO, emissions for the different types of fossil fuel-powered buses also achieve
the mean values. The results in the fifth column are gathered according to when the carbon price achieves the maximum
value, i.e., Py = 74.60 Yuan, and the distance-specific CO, emissions for the different types of fossil fuel-powered buses also
achieve the mean values.

5.3. Impacts of the Determinants on the CATFE Value in Beijing

The next step is to analyse the impacts of the determinants on the CATFE value in Beijing.
According to Equations (9)—(14), we analyse how the changes in the annual driving distance of a bus
(Ly), the carbon price at the time (P;) and the distance-specific CO, emissions of a fossil fuel-powered
bus (CEF) affect the annual or whole-life carbon asset value of the transition to battery electric buses
for the different types of fossil fuel-powered buses. By substituting the variables from Section 4 into
Equations (9), (10), (12) and (13), we obtain the results for the impacts of the carbon price or the annual
driving distance of a bus on the annual and whole-life CATFE value for the different types of fossil
fuel-powered buses, which are shown in Table 5.

Table 5 shows that the carbon price (P;) affects the annual CATFE value with derivative values
between 38.14 and 54.02, while the annual driving distance of a bus (L) has derivative values between
0.0366 and 0.0519 in terms of the change in the annual CATFE value. This means that a one-unit
change in the carbon price will induce the annual CATFE value to change from 38.14 to 54.02 for the
different types of fossil fuel-powered buses. A one-unit change in the annual driving distance of a
bus will only induce the annual CATFE value to change from 0.0366 to 0.0519 for the different types
of fossil fuel-powered buses. These results suggest that a change in the carbon price will induce the
annual CATFE value to change much more than a change in the annual driving distance of any type of
fossil fuel-powered bus, although the carbon price or the annual driving distance of a bus has distinct
impacts on the carbon asset value of the transition to battery electric buses for the different types of
fossil fuel-powered buses.

Similarly, Table 5 also shows that the carbon price affects the whole-life CATFE value with the
derivative values between 258.96 and 366.80, while the annual driving distance of a bus (L;) has
derivative values between 0.2486 and 0.3521 in terms of the change in the whole-life CATFE value.
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This means that a one-unit change in the carbon price will induce a whole-life CATFE value change
from 258.96 to 366.80 for the different types of fossil fuel-powered buses, and a one-unit change in
the annual driving distance of a bus will only induce a whole-life CATFE value change from 0.2486
to 0.3521 for the different types of fossil fuel-powered buses. These results suggest that a change in
the carbon price will induce the whole-life CATFE value to change much more than a change in the
annual driving distance of a fossil fuel-powered bus, although the carbon price and the annual driving
distance of a bus have distinct impacts on the whole-life carbon asset value of the transition to battery
electric buses for the different types of fossil fuel-powered buses.

Table 5. Whole-life carbon asset value of the transition to battery electric buses for different types of
fossil fuel-powered buses in Beijing.

Derivative of Derivative of
Derivative of Annual CATFE Derivative of Whole-Life
Type of Bus Annual CATFE Value with Whole-Life CATFE Value with
yP Value with Respect to the CATFE Value with Respect to the
Respect to Price Annual Driving Respect to Price Annual Driving
Distance of a Bus Distance of a Bus
CNG buses 54.02 0.0519 366.80 0.3521
LNG buses 48.51 0.0466 329.41 0.3162
Hybrid diesel buses 38.14 0.0366 258.96 0.2486
Diesel buses (all) 50.48 0.0485 342.79 0.3291
Euro II diesel buses 47.70 0.0458 323.90 0.3109
Euro III diesel buses 49.38 0.0474 335.31 0.3219
Euro IV diesel buses 53.27 0.0511 361.68 0.3472
Euro V diesel buses 45.96 0.0441 312.09 0.2996

Note: By substituting the variables from Section 4 into Equation (9), the results in the first column are achieved. Similarly, by
substituting the variables from Section 4 into Equation (10), Equation (12) and Equation (13), the results in the second, third
or fourth columns are achieved.

By substituting the variables from Section 4 into Equations (11) and (14), the results for the impacts
of the distance-specific CO, emissions of a fossil fuel-powered bus on the annual and whole-life CATFE
value in Beijing are achieved. According to our calculation, the distance-specific CO, emissions of
a fossil fuel-powered bus affect the annual CATFE value with a derivative value of 3.22 x 10° and
the whole-life CATFE value with a derivative value of 2.19 x 10”. This indicates that a change in the
distance-specific CO, emissions of a fossil fuel-powered bus will have a large impact on the CATFE
value, even though a change in the distance-specific CO, emissions of buses does not happen easily in
a short time.

6. Discussion

6.1. Determinants of the CATFE Value

According to Section 5.3 in this paper, the distance-specific CO, emissions of a fossil fuel-powered
bus, among all the determinants of the CATFE value, have the biggest impact on the annual or
whole-life CATFE value, followed by the carbon price. The annual driving distance of a bus only has a
small impact on the CATFE value. The distance-specific CO, emissions of a fossil fuel-powered bus
are nearly constant over short time periods. However, if we consider the indirect CO, emissions of
battery electric buses, the impact of the distance-specific CO, emissions of buses on the CATFE value
should be explored further. The carbon price fluctuations are volatile in the carbon market. Thus,
more attention should be given to the carbon price when trying to improve the CATFE value. When
calculating the CATFE value in Beijing, we use the carbon price in Beijing in 2018, which has an average
of 55.64 Yuan. In fact, the carbon price in Beijing before 2018 was higher than that in 2018 and in other
places in China, such as Fujian. As a result, the CATFE value will increase when carbon prices rise.
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6.2. Realiseation of the CATFE Value

The development of the carbon exchange market provides the realiseation of the CATFE value.
In China, there are eight pilot carbon exchange markets in provinces or cities such as Beijing, Shanghai,
Shenzhen, Hubei and, Fujian, and the united carbon market is going to be implemented. The carbon
exchange mechanisms have also been attempted or implemented in Europe, America and some other
countries and regions around the world. The practice of the Clean Development Mechanism (CDM)
around the world, which allows emission-reduction projects in developing countries to earn certified
emission reduction (CER) credits, will provide much more valuable experience for the evaluation, sale
and trade of CATFEs.

6.3. Significance of the CATFE Value

The CATFE value will provide economic incomes for bus companies. Compared with the subsidy
policies for battery buses, the CATFE value will provide a more sustainable cash flow. A CATFE will
have a more reasonable price when being exchanged in a carbon market, and the bus companies will
change their motivation to transition their fossil fuel-powered buses to battery electric buses when the
carbon price changes. The carbon price, in fact, provides a signal for the bus companies to make a
decision concerning the electrification of buses by the CATFE mechanism. The CATFE mechanism will
be more efficient than the subsidy policies for battery electric buses. As a result, the CATFE mechanism
will have a better carbon emissions reduction effect in the public bus transit domain. At the very least,
the CATFE value will offer a reference and foundation for determining the subsidy price if the subsidy
policies for battery electric buses continue.

7. Conclusions and Policy Implications

This paper introduces the concept and methodology of carbon assets into the transition from fossil
fuel-powered buses to battery electric buses and further analyses the influencing factors and their
impacts on the value of the carbon asset of the transition from fossil fuel-powered buses to battery
electric buses (CATFE). The specific conclusions are as follows:

First, the theory and methodology of the carbon asset value can be used to evaluate the economic
value of the carbon reduction in the transition from fossil fuel-powered buses to battery electric buses.
There are advantages with regard to carbon reduction for the battery electric buses compared with the
fossil fuel-powered buses, as the battery electric buses emit little carbon dioxide directly. The carbon
asset theory provides a methodology to evaluate the economic value of the electrification of buses.

Second, according to the evaluation models in our analysis, the CATFE value is dependent on
the annual driving distance of a bus, the carbon price and the distance-specific CO, emissions of a
fossil fuel-powered bus as well as the discounted rate of a carbon asset for buses and the termination
time of the fossil fuel-powered or battery electric buses. The annual CATFE value is dependent on
the annual driving distance of a bus, the carbon price and the distance-specific CO, emissions of a
fossil fuel-powered bus. The whole-life CATFE value is further dependent on the discounted rate of a
carbon asset for buses and the termination time of the fossil fuel-powered or battery electric buses.

Third, among the determinants of the CATFE value, the distance-specific CO, emissions of the
fossil fuel-powered buses have the biggest impact on the annual or whole-life CATFE value, but it is
not easy to change the distance-specific CO, emissions of a fossil fuel-powered bus in a short time
period. The carbon price has the second most important impact on the CATFE value, and it has volatile
fluctuations in the carbon market. Therefore, more attention should be given to the carbon price when
referring to the value of the CATFE. The annual driving distance of a bus has a small impact on the
CATFE value. The discounted rate of a carbon asset for buses and the termination time of the fossil
fuel-powered or battery electric buses need further discussion in a future study.
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By applying the concept of carbon asset theory to the transition from fossil fuel-powered buses to
battery electric buses, this study provides a wider perspective for understanding the social, ecological
and environmental values and eventually provides a supplement for the economic analysis of the
electrification of buses. Based on the analysis and conclusions of this study, as well as the existing
policies and state of development of the electrification of buses in China, we propose the following
policy implications:

Although the subsidy policies for electric buses have already been implemented in China and
some other countries, the basis for the standard-setting is still very disorganised in theory and practice.
The finding of the CATFE value provides a more theoretical basis for the government to implement
subsidy policies for the electrification of buses. Moreover, this study provides theoretical support for
the government to propose a carbon exchange mechanism for the electrification of buses, which will be
more efficient for the purpose of carbon reduction than the subsidy policies for electric buses.

An important issue for the government and bus companies is how to increase the value of the
CATEFE, as a higher CATFE value will accelerate the electrification of buses and reduce carbon emissions
even more. By analysing the impact factors, this study implies the ways to improve the CATFE
value. The government should set a reasonable quota for fossil fuel-powered buses and promote the
carbon emissions reduction of battery electric buses. A higher carbon price for the carbon emissions
reduction of battery electric buses is another way to increase the CATFE value. There should be ways
for the bus companies to increase and realise this value through a carbon exchange mechanism or a
carbon-reduction subsidy system.

This study also enriches the methodologies for the government and bus companies as well as
other market partners to evaluate the CATFE value and the value of other carbon assets for renewable
engines. According to our methodology for valuing the CATFE, the carbon price, distance-specific CO,
emissions and annual driving distance of buses as well as the discounted rate of carbon assets for buses
and the termination time of the fossil fuel-powered or battery electric buses should be considered. An
analysis should focus more on the distance-specific CO, emissions of buses in the long term, while the
CATFE value is more sensitive to the carbon price in the short term. The annual driving distance of
buses, the discounted rate of carbon assets for buses and the termination time of the fossil fuel-powered
or battery electric buses should also be considered in practice. As we focus on the direct CO, emissions
and assume that the battery electric buses are zero-emission buses, the CATFE value in a life-cycle
carbon footprint view is still to be further discussed in a future study.
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