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Abstract: The development of electric delivery trucks has attracted much attention in recent years.
The purpose of this study is to assess the greenhouse gas (GHG) emissions and the total cost of
ownership (TCO) of light-duty and medium-duty diesel trucks (DTs), plug-in electric trucks (ETs),
and battery-swap ETs. A simplified life cycle assessment (LCA) method and a TCO assessment
method are used. Numerical results show that the average GHG emission of light-duty ETs is
69% lower than that of light-duty DTs, while that of medium-duty ETs is 9.8% higher than that of
medium-duty DTs. As regards TCO, those of plug-in ETs and battery-swap ETs are 37.8% lower
and 21% higher than that of light-duty DTs, while for medium-duty trucks, the TCO of plug-in
and battery-swap ETs are 6.7% lower and 18.9% higher than that of medium-duty DTs. The main
conclusion of this paper is that light-duty plug-in ETs exhibit the best performance in terms of cost
saving and GHG emission reduction. Moreover, ETs show more advantages than DTs when the
frequency of use is higher or when the driving environment is more congested.

Keywords: life cycle assessment (LCA); total cost of ownership (TCO); greenhouse gas (GHG)
emissions; plug-in electric trucks; battery-swap electric trucks

1. Introduction

Globally, more than 90% of the transport sector is powered by fuel derived from oil. However,
the consumption of oil is deemed problematic owing to the cost and the generated greenhouse gas
(GHG) or air pollutants emissions [1]. GHG emissions from road transport exceed 70% of total
emissions in the transport sector [2], among which delivery trucks are responsible for about a quarter
of CO, emissions, one third of NOx emissions, and half of the particulate matters in cities. With the
number of cars in the world projected to increase more than fourfold by 2050 to three billion [3,4], fuel
consumption and GHG emissions may become more serious problems than they are today. Therefore,
many countries are committed to developing low-carbon economies [5,6]. To reduce dependence on
oil and ease environmental pollution problems, electric vehicles are considered a viable alternative
and have been advocated for decades [7,8]. Since 2015, the State Council of China has insisted on the
development of new energy vehicles, specifically electric vehicles, and prioritized the construction of
charging infrastructure [9].

Many environmental organizations, groups, and related scholars are interested in the application
of electric delivery trucks in the “last-mile” urban distribution process, because they believe that urban
areas are suitable for the early application of electric trucks (ETs) [10]. With the increasing of urban
population and logistics demand, the number of delivery trucks in cities has increased rapidly as
well. Increasingly serious congestion in cities causes vehicles to travel for a long time in low-speed
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conditions, resulting in lower fuel economy and more serious negative effects, such as congestion, GHG
emissions, and noise. However, owing to higher fuel efficiency in the same condition, electric delivery
trucks seem to be an effective way to alleviate these problems in “last-mile” urban distribution [11].

According to China’s new national standard (GB9417-89), delivery trucks can be divided based on
gross vehicle weight (GVW) into four types: mini trucks (GVW < 1800 kg), light trucks (1800 kg < GVW
< 6000 kg), medium trucks (6000 kg < GVW < 14,000 kg), and heavy-duty trucks (GVW > 14,000 kg).
As most cities in China have restrictions on heavy-duty trucks, the main types of delivery trucks
operating in city areas are light and medium-duty trucks [12]. A study focusing on heavy ETs analyzed
the electrification potential of the entire Swiss heavy-duty fleet and found that, currently, heavy-duty
ETs were unable to replace the diesel trucks (DTs) [13]. In relation to this, light and medium-duty
trucks are the research objects of the present study.

Currently, the most widely used commercial electric vehicle in China is the electric taxi. In 2017,
the Chinese government issued a policy that all the new taxis in Beijing should be replaced by electric
vehicles. Other cities also actively promoted taxis being replaced by electric vehicles [14]. As more and
more ETs enter the market, there is an increasing demand for charging. Currently, charging piles and
charging stations are widely used. However, when in a charging station, a truck needs to wait from
four up to 8 hours to be fully charged. Hence, the charging mode may not be able to meet the needs of
vehicles in time, especially for vehicles which require more daily mileage and higher punctuality, such
as taxis, buses, and delivery trucks [15]. One major solution being considered is to use the battery-swap
mode, in which a user only needs to buy a truck with no battery, and then battery rental companies
shall be responsible for battery charging, replacement, maintenance, and other related works [16].
When the electricity is exhausted, the battery can be replaced in three to eight minutes. Then it can
be charged in a centralized way, which is safer and more reliable than the distributed charge mode
and can effectively prolong the battery’s life [17]. Although the battery-swap mode also has some
problems, such as non-uniform battery standards and high infrastructure cost, these problems are
easier to be solved for vehicles like taxis and delivery trucks. Since these vehicles are used in large
scale and high frequency, and typically operate on almost the same route every day, systematic central
battery swapping and charging is more feasible for them. In literature related to the battery-swap
mode, Zhou et al. [18] indicated that battery-swap mode might be the most widely used method of
power supplement in the future, while charging mode will be used as an auxiliary mode. Therefore,
both plug-in ETs and battery-swap ETs are considered in this paper.

Compared with a traditional internal combustion engine vehicle, the biggest difference of an
electric vehicle is that the electric motor replaces the internal combustion engine; hence, electric vehicles
typically have higher tank-to-wheel efficiency and produce no tailpipe emissions [19]. Many people,
including the manufacturers of electric vehicles, highlight the advantages of zero emission of electric
vehicles. Yet they ignore the fact that energy production is also accompanied by GHG emissions, which
means that there are indirect GHG emissions from the use of ETs [20]. To assess the environmental
performance of electric vehicles, some studies have been conducted thus far. However, there are still
some controversies over the issue of whether electric vehicles can reduce GHG emissions. On the one
hand, some studies compared electric vehicles with traditional internal combustion engine vehicles and
vehicles using other alternative energy (e.g., biodiesel, natural gas and so on), and found that electric
vehicles outperformed all other types of trucks overall despite their electricity generation-related
emissions [1,21-24]. On the other hand, Zhao et al. [25] proposed the opposite view regarding the
performance of electric vehicles in terms of GHG emission reduction. Their research analyzed the
energy consumption and GHG emissions of various transport trucks, including ETs, DTs, diesel electric
hybrid trucks and compressed natural gas trucks, and then pointed out that although the direct
emission of ETs was zero, their average energy consumption and indirect GHG emissions were slightly
higher than those of other trucks. Moreover, surveys conducted by Doucette and McCulloch [26] and
Huang et al. [27] confirmed that the proportion of clean energy in power generation structure played
an important role in electric vehicles’ life cycle GHG emissions. Hence, for countries with high GHG
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emissions during their power generation, such as China and India, electric vehicles might be unable to
effectively reduce GHG emissions or even cause increased emissions.

Other studies focused on the cost of electric vehicles, because cost is the main factor that
should be considered when comparing ETs with DTs [28,29]. The total cost of ETs includes purchase
cost, electricity cost, infrastructure cost, maintenance cost, and recovery costs during their lifetime.
Introducing a large number of ETs therefore introduces new challenges, like building infrastructure
for charging or battery swapping. As a result, although the energy cost of ETs is lower, the costs of
battery and infrastructure may be higher than those of DTs. Other costs such as insurance, government
subsidies, tax credits, or penalties, may also exist. However, to compare the competitiveness of ETs
and DTs without subsidy or regulation, the influence of these factors could be excluded [30]. From
an economic and technical perspective, some research analyzed the factors affecting competitiveness
in the total cost of electric commercial vehicles, such as purchase cost, charging strategies, charging
infrastructure, and policies [31-33]. Furthermore, the comprehensive study by Feng et al. [34] reported
that electric commercial vehicles are more competitive in cost when use frequency is high.

The existing literature compared the competitiveness of DTs and plug-in ETs in terms of the
GHG emissions or the total cost of ownership (TCO). However, few studies compared them from
both economic and environmental perspectives. For ETs, different types of trucks, such as plug-in
and battery-swap ETs, might have different costs. Specifically, battery-swap ETs have lower purchase
cost, because there is no need to buy batteries. However, they may have higher charging cost than
plug-in ETs. In addition, for trucks of different classes, the conclusions may be different. Few
studies considered the differences among trucks of different classes. In relation to such gaps in the
literature, the main objectives of this paper are to compare the GHG emissions and the TCO of light
and medium-duty DTs, plug-in ETs, and battery-swap ETs comprehensively, to assess the possible
association of changes in some influence factors with changes in GHG emissions and TCO, and then
to identify the most significant drivers of GHG emissions and TCO changes. The main content of
this study is evaluating and comparing advantages and disadvantages of light and medium-duty
DTs, plug-in ETs, and battery-swap ETs from perspectives of environmental protection and economy.
Trucks of the same classes but of different types and trucks of the same types but of different classes
are compared (see Figure 1).

Light
Light DTs battery-
swap ETs

VS| Life cycle GHG emissions V[S Total cost of ownership

Medium
battery-
swap ETs

Figure 1. General sketch of the comparative relationship among light-duty and medium-duty diesel
trucks, plug-in electric trucks, and battery-swap electric trucks from greenhouse gas emissions and
total cost of ownership perspectives.

2. Methods

This study assesses the GHG emissions and the TCO of DTs and ETs. A simplified life cycle
assessment (LCA) method is used to estimate GHG emissions. LCA is a well-established tool



Sustainability 2018, 10, 4547 4 of 21

(International Standards Organization, 2006) to analyze direct and indirect environmental, social,
and economic impacts of processes and products. “Life cycle” refers to the whole process of a product
(or service) from obtaining raw materials, production, use to abandonment, that is, from cradle to
grave. Next, the total cost of trucks is assessed from a truck owner’s perspective, which is called
TCO. TCO assessment method is similar to LCA, and can be described as the sum of cost that occurs
in the whole life service cycle of the assets, including purchase cost, energy cost, maintenance cost,
and handling cost. TCO is often used as the technical evaluation standard by companies.

The dataset for trucks in this study is not nation-specific. However, for country-dependent factors,
such as electricity demand, electricity generation capacity, and transport demand, the data of China
are used. For a fair comparison, six kinds of similar-sized light and medium-duty trucks are compared.
Because the battery is the main difference between plug-in and battery-swap ETs, some of the same
parameters as plug-in ETs are used for battery-swap ETs. The most significant characteristics are
summarized in Table 1. According to the literature research, commercial trucks drive 14,728 km to
30,000 km per year [10,35,36]. To facilitate calculation, this study assumes that lifetime of a truck is
10 years and life driving mileage is 240,000 km, then sensitivity analysis is conducted for total driving
mileage in Section 4.1. Moreover, according to Lebeau [36], and Miotti et al. [37], the lifetime of a Li-ion
battery is five to six years on average. As a result, this research estimates an average value of two
batteries over the lifetime of an electric truck (ET).

Table 1. Baseline characteristics of electric trucks and diesel trucks. Data was collected from commercial
vehicle interactive service platform of China [38].

Jiang Huai Isuzu Kaima Dongfeng Battery-Swap  Battery-Swap

Captain ET ET

Power diesel diesel electricity electricity electricity electricity

Class Light Medium Light Medium Light Medium

Price (USD) 11,239.8 21,009.8 9193.6 28,243.6 4596.8 14,121.8

Gross vehicle weight (kg) 2615 6875 2450 7320 2450 7320
Curb weight (kg) 1740 3400 1525 4520 1525 4520
Payload (kg) 745 3280 795 2605 795 2605
Battery capacity (kWh) _ _ 18.5 99.8 18.5 99.8

Charging time (h) _ _ 3-5 5-6 0.08-0.25 0.08-0.25
Maximum power (kW) _ 96 20 100 20 100

2.1. Simplified LCA Method to Evaluate GHG Emissions

According to the definition of International Organization for Standardization (ISO) 14040, LCA
includes the following four stages: goal and scope definition, inventory analysis, impact assessment,
and explanatory analysis. Following these steps, this research first determines the life cycle scope of
trucks, namely the system boundary. Then the life cycle is divided into several phases, and the input
and output of each phase are analyzed. Finally, life cycle GHG emissions are calculated. As shown
in Figure 2, GHG emissions from the entire lifetime of a diesel truck (DT) are mainly produced from
three phases: vehicle production, use, and end-of-life. GHG emissions from use phase include direct
emissions from the combustion of diesel and indirect emissions from the extraction and transportation
of crude oil and diesel. However, unlike the other two phases, end-of-life phase has effects on reducing
GHG emissions, because recycled materials and components can be used for remanufacturing so
as to reduce GHG emissions from the truck production phase [35]. In China, the main focus of
remanufacturing is auto parts remanufacturing, which officially began in 2008 when the National
Development and Reform Committee of China announced 14 enterprises as pilot remanufacturers of
auto parts. As a result, GHG emission savings due to recycling are considered in the calculation of life
cycle GHG emissions. Life cycle GHG emissions of DTs can be calculated according to Equation (1).
Because different GHG contributes differently to the global warming effect, the current study uses
carbon dioxide equivalent (COze) as the basic unit for measuring the impact of GHG.
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GHGE,,, = GHGF + GHG(} + GHGY )

where GH th a1 18 the total GHG emission of DTs (kg COze); GH GE is the GHG emission of DTs
in the production phase (kg COze); GHGE is the GHG emission of DTs in the use phase (kg COze);
and GHGR, is the GHG emission of DTs during end-of-life recycling (kg COxe).

Figure 2. Division of the boundary of diesel truck’s life cycle and greenhouse gas emissions or savings
from each stage.

The boundaries of GHG emission systems of ETs are roughly similar to those of DTs. But a
difference is that the battery production also contributes to GHG emissions. Another difference is that
GHG emissions during the use phase only refer to indirect emissions from electricity production and
transmission. Therefore, the GHG emissions of ETs are the sum of all emissions from the production,
use and end-of-life phases of truck bodies, batteries, and electricity, as given in Equation (2):

GHGE,, = GHGE + GHGEp + GHG], + GHGE + GHGER )

where GH Gfot .1 refers to the total GHG emissions of ETs (kg COze); GH Gg and GH GEP refer to GHG
emissions from the production phase of ETs’ bodies and batteries, respectively (kg COe); GHGE refers
to emissions of ETs from use phase (kg COze); and GHGE and GHGE, refer to GHG emissions from
the end-of-life recycling of ETs’ bodies and batteries, respectively (kg COe).

Most of the data used in the simplified LCA method are secondary data, that is, it comes from the
literature or databases. In vehicle production stage, Lee et al. [10] found that GHG emissions can be
calculated by a simple linear model that depends only on curb weight, because material compositions
of conventional vehicles within specific classes (cars, light-duty trucks, etc.) are sensibly constant on a
percent-by-weight basis. Accordingly, Equation (3) can be used to estimate the GHG emissions of DTs
from production phase:

GHGE = A-WgQ (3)

where WP is the curb weight of DT (kg); and A is a constant of GHG emissions and represents
emissions of truck production per unit curb weight (kg COse/kg). According to literature [10], A is
equal to 8 kg COze /kg.

Given that the increase in GHG emissions from the production phase of ETs is mainly caused by
the battery production compared with those of DTs, in addition to calculating GHG emissions from
the body production phase of ETs, GHG emissions from the battery production process are estimated
as well. The GHG emissions of battery production can also be simplified as a linear function that
only relates to battery capacity, so GHG emissions from the ETs production phase can be calculated
according to Equation (4):

GHGE + GHGE, = A-WE + B-CE (4)

where WE is the curb weight of ETs (kg), and C§ is the battery capacity (kWh). B is a constant of the
GHG emissions of battery production per unit capacity (kg CO,e). According to literature [10], B is
equal to 141 kg COze /kWh.
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During the use phase, the GHG emissions of DTs are mainly generated during the diesel
combustion process, while those generated from the diesel production phases should also be measured.
According to data from the National Bureau of Statistics, the average consumption of crude oil in China
for producing 1 kg of diesel was 2.95 kg in 2014. The diesel production and combustion processes are
divided into five stages, as shown in Figure 2. GHG emissions occurring at each stage are shown in
Table 2.

Table 2. Unit greenhouse gas emissions from diesel production and combustion processes. Data was
modified after Gao et al. [39].

Stages GHG Emissions (kg COze/kg)
Crude oil extraction 0.07220
Crude oil transportation 0.05356
Diesel refined 0.37515
Diesel transportation 0.01011
Diesel combustion 3.18630

As can be seen, emission of ETs is almost zero during the use phase. However, it does not mean
that they produce no GHG emission, because emissions from electricity production should not be
ignored. Average GHG emissions from power generation process can be calculated according to
Equation (5) [10]:

1

{Z[GHGLQ < GM;] }

©)

average GHG emissions = E
NTE X e X NFEET X P

where GHG/;, is the average GHG emissions from unit electricity powered by source i (kg COze
/kWh), and GM,; is power generation proportion of power source i in China’s power generation
structure (%). The values of GHG; ¢, and GM,; are shown in Table 3. Moreovet, 17, 1jcg, and #rgeT
stand for the transmission efficiency of power network, the efficiency of converting electrical energy
into chemical energy, and the efficiency of converting chemical energy into mechanical energy,
respectively. These three parameters are assumed to be the same for plug-in ETs and battery-swap
ETs, because the power transmission network and battery types in this study are the same for them.
The values of the three parameters are shown in Table 4. In addition, PF refers to the payload of ETs
(kg), and its value can be found in Table 1.

The recycling of truck bodies and batteries, and the production of spare parts for new vehicles,
are of great significance in reducing GHG emissions from the truck body and battery manufacturing
phases. For example, if battery manufacturers collect Li-ion batteries and deal with them reasonably,
it will reduce the GHG emissions of Li-ion batteries by 19% [40]. Lee et al. [10] estimated the GHG
emission savings from recycling, and concluded that GHG emission savings are about 17% of total
GHG emissions of a truck body. Therefore, GHG emission savings in truck body and battery end-of-life
phases can be estimated accordingly, as shown in Table 5.

Table 3. Power generation ratio and unit greenhouse gas emissions of the energy in China. Data was
modified after Lee et al. [10] and National Energy Administration of China [41].

Power source Coal Nuclear = Hydraulic Wind

GM; 75.28 391 15.63 5.18
GHG, 1.0044 0.02952 0.00864 0.02232
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Table 4. Electricity transmission efficiency, charging efficiency, and fuel economy of electric trucks.
Data was modified after Lee et al. [10] and Campanari et al. [20].

Parameter Description Unit Value
NTE Transmission efficiency % 92.85
CE Charging efficiency % 90

NEEer Fuel economy of ET km/kWh 1.60

Table 5. GHG emission savings of diesel trucks and electric trucks from truck bodies and battery
end-of-life phases.

Parameter Description Unit Value (Light/Medium)
GHG emission savings from recycling B B
GHGgp truck body of DT kg COse 2366.40/ —4624.00
GHG emission savings from recycling B _
GHGBgRrE battery of ET kg COze 991.23/—5347.28
GHG emission savings from recycling
GHGRE truck body of ET kg COye —1787.18/ —4599.90

2.2. TCO Method to Evaluate Cost

Even if the use of ETs is identified as a way to reduce the consumption of fossil fuel, decision
makers may not regard ETs as an attractive alternative to traditional DTs if the former are not
cost-effective [1,42]. The high purchase cost of ETs is usually considered as the main barrier for
switching from conventional trucks. However, a rational fleet manager should also consider other
costs incurring in a truck’s lifetime when calculating the total cost. Thus, calculating cost form the TCO
perspective is highly significant. As plug-in ETs have many differences in cost with battery-swap ETs,
in this study, the respective TCO of light-duty and medium-duty DTs, plug-in ETs, and battery-swap
ETs are compared. The following cost of trucks is considered in the TCO: purchase cost, maintenance
cost, use cost, infrastructure cost, and recycling cost, as shown in Figure 3. In particular, infrastructures
of plug-in ETs primarily refer to charging facilities, while those of battery-swap trucks refer to
battery-swap facilities. For battery-swap ETs, electricity and battery-swap infrastructure costs are
included in battery rental cost.

¢ Total Cost of Ownership — P
Use and '
« Purchase yle Maintenance lq End-of-Life ]
Cost Cost Cost
Infrastructure
Cost

Figure 3. Boundary division of total cost of ownership of diesel trucks, plug-in electric trucks,
and battery-swap electric trucks.

The TCO of DTs, plug-in ETs, and battery swap ETs can be calculated according to
Equations (6)—(8), respectively.

TCOP = TCE + 1CP, + TCB + TCR (6)
TCOE! = TCE! + TCEL 4 TCE} + TCE! + TCE! + TCEL @)
TCO? = TCE?* + TCE? + TCE2, , + TCE? 8)

where the superscripts D, E1, and E2 represent DTs, plug-in ETs, and battery-swap ETs, respectively;
TCp is the purchase cost of the truck body (USD); TCgp is the purchase cost of the battery (USD); TC,
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is the maintenance cost (USD); TCp is the diesel cost (USD); TCp, is the recycling cost of truck body
(USD); TCE is the electricity cost (USD); TCBR is the battery recycling cost (USD); and TCE2, | is the
battery rental cost of battery-swap ETs (USD).

Purchase cost in this research refers to the cost paid to the truck retailer in the purchase
phase, not including purchase tax, insurance, and government subsidies. As shown in Table 1,
the purchase costs of light-duty DTs and medium-duty DTs are USD 11,239.8 and USD 21,009.8,
respectively, and those of light-duty and medium-duty plug-in ETs are USD 9193.6 and USD 28,243.6,
respectively. However, for battery-swap ETs, consumers only need to buy a bare truck without
batteries. It is reported that 50% of an electric vehicle’s price is the battery cost [43], thus the purchase
costs of light-duty and a medium-duty battery-swap ETs can be as low as USD 4596.8 and USD
14,121.8, respectively.

In the use phase, the cost of DTs includes maintenance cost and diesel cost. For plug-in ETs,
the maintenance, electricity, and infrastructure costs are considered. However, if battery-swap ETs are
used, the user only needs to pay for the battery rental cost and maintenance cost because electricity
and infrastructure costs are included in rental cost. According to Vliet et al. [44], the maintenance cost
of a DT is about USD 0.0484/km, while that of an ET is estimated to be half of that of a DT owing to
the absence of engine and transmission-related maintenance (e.g., timing belt, water pump, fuel filter,
oil change, engine air filter, and coolant replacement), a simpler structure, as well as smaller number
of components [10,36]. Aside from maintenance cost, diesel and electric costs are important factors
affecting use cost. Diesel and electricity prices used in this research are the 2017 average values of
China, which are USD 0.9266/L for diesel, USD 0.0589/kWh during the trough period (23.00 to 7.00),
and USD 0.1746/kWh during the peak period (7.00 to 23.00) for industrial electricity. For plug-in ETs,
building charging piles is considered as a more economical and feasible way than a building charging
station. The cost of building a charging pile is USD 1210.44 [45] and it requires almost no maintenance
cost. As a result of the long charging time and the limited mileage, the vacant time at night and
the day time when needed can be utilized to charge plug-in ETs. In this manner, the electricity cost
of plug-in ETs considers the average electricity price of the peak and trough period. Furthermore,
the infrastructures of the battery-swap station include power supply facilities, charging facilities,
and battery-swap facilities. Based on the centralized charging mode, night charging is selected to
achieve cheaper charging cost. This study considers a battery-swap station with a daily service capacity
of 120 vehicles as an example to calculate the infrastructure cost. The composition of the infrastructure
cost is shown in Table 6.

Table 6. Composition of the infrastructure cost of the battery-swap station. Data was collected from
Sun et al. [45].

Infrastructure Cost

Charging/Swapping equipment (million USD) 4.34

Building (million USD) 0.79
Distribution facilities (million USD) 0.24
Installation (million USD) 0.40
Others (million USD) 0.28

Total (million USD) 6.04

The unit rental cost of the battery is estimated by the annuity method, as shown in
Equation (9) [42]:
2 _CE+CL+CB+C1
rental — Dpy . (1 _ 7’1)

c (1+k) 9)
where c£2 . is the unit battery rental cost per kilometer of a battery-swap ET (USD); C is annual
electricity cost (USD); Cy, is annual labor cost (USD); Cp is the annual batteries depreciation (USD);
C; is annual infrastructures depreciation (USD); D, is annual kilometers traveled (km); r1 is tax rate
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(%); and k is profit margin (%). This study assumes that the designed service life of the battery is five
years [40] and that of the charging/swapping infrastructure is 20 years [45]. Their depreciation rates
are all 5% [45], and the tax rate is 5.54% [45]. Moreover, the profit margin is set to 60%; and a sensitivity
analysis will be made in Section 4.1 to evaluate its impact on the TCO.

Finally, in the end-of-life phase, the recycling values of DTs and battery-swap ETs mainly come
from the recycling of truck bodies. However, for plug-in ETs, those come from both truck bodies and
batteries. This study assumes that the recovery rate is 5% [45].

3. Results

Based on the simplified LCA model and TCO model, the GHG emissions and TCO of light-duty
and medium-duty DTs, plug-in ETs and battery-swap ETs in China are presented. In addition, the GHG
emissions and the TCO of these trucks are compared with each other to find the most competitive ones
in terms of emission reduction and cost saving.

3.1. Average GHG Emissions

As loads of trucks in the same class selected in this research are not strictly equal, observing the
relationship between GHG emissions and work efficiency of a truck from the perspective of total GHG
emissions is difficult. Therefore, the average GHG emissions per kilometer per kilogram are introduced
to measure GHG emission levels of trucks which have the same work efficiency. The average GHG
emissions of DTs and ETs, including light-duty and medium-duty trucks, and emissions from each
stage are shown in Figure 4. Here ETs include plug-in and battery-swap ETs, because their GHG
emissions are similar.

<107

I truck body production
Il battery production
Bl generation and use of electricity
[ generation and use of diesel ||
[ltruck body recycling

[ Ibattery recycling

~1
T

l=

W -

L=

Average GHG Emissions (kg CO_e/(kg-km))
= -

—

Light DTs Medium DTs Light ETs Medium ETs
Truck Types

Figure 4. Average greenhouse gas emissions of light-duty and medium-duty diesel trucks and
electric trucks.

Figure 4 shows that the average GHG emissions of light-duty and medium-duty DTs are
7.454 x 10~ kg COye/(kg-km) and 2.646 x 10~* kg CO,e/(kg-km), and those of light-duty and
medium-duty ETs are 2.306 x 10~% kg CO,e/(kg-km) and 2.905 x 10~* kg CO,e/(kg-km), respectively.
The average GHG emissions of light-duty ETs are 69% lower than those of light-duty DTs, while those
of medium-duty ETs are 9.8% higher than those of medium-duty DTs. Analyzing the component
of the average GHG emissions of DTs and ETs, it can be observed that the average GHG emissions
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of light-duty DTs far exceed those of light-duty ETs. Here, the main contributor is the average
life cycle GHG emissions of diesel, which accounts for 91.3% of the total emissions. Emissions
from the body production of light-duty ETs are smaller than those of light-duty DTs, but their total
production (including body and battery production) emissions are higher than those of DTs owing
to the high emissions from battery production. The GHG emissions from using electricity are much
smaller than those from using diesel, which makes up for higher GHG emissions from trucks and
battery manufacturing and makes the average GHG emissions of light-duty ETs smaller than those
of light-duty DTs. However, for medium-sized trucks, results seem to be much different. On the one
hand, the average GHG emissions from diesel decrease while those from electricity increase when
doing the same work. The reason might be that the weight of the battery and body of medium-duty
ETs increases sharply, resulting in the decrease of loading rate, which in return leads to the increase
in average GHG emissions. On the other hand, GHG emissions from the production of ETs are still
higher than those of DTs. Thus, the average GHG emissions of medium-duty ETs exceed those of
medium-duty DTs.

In conclusion, the average GHG emissions of light-duty DTs are the highest. On the contrary,
light-duty ETs have the lowest average emissions, which can be the best choice for decision makers
if only considering the performance in emission reduction. For medium-duty trucks, the average
GHG emissions of ETs are higher than those of DTs. That is to say, smaller duty ETs will have greater
advantages in reducing GHG emissions.

3.2. Total Cost of Ownership

Figure 5 shows the TCO of six types of trucks. The TCO values of light-duty and medium-duty
DTs are USD 56,338.59 and USD 83526.37, while those of light-duty and medium-duty plug-in ETs
are USD 35,047.22 and USD 77,954.07. The TCO of light-duty and medium-duty battery-swap ETs
are USD 68,187.73 and USD 99,353.26. For light-duty trucks, the TCO of plug-in ETs is 37.8% lower
than that of DTs, while that of battery-swap ETs is 21% higher than that of DTs. For medium-duty
trucks, the TCO values of plug-in and battery-swap ETs are 6.7% lower and 18.9% higher than those
of DTs. From the cost point of view, both light-duty plug-in ETs and medium-duty plug-in ETs have
lower total costs compared with other trucks in the same class owing to their lower electricity cost
and maintenance cost, although their purchase cost is higher than that of the other trucks. Moreover,
the battery-swap ETs are considered to be the worst choices. The cost composition of battery-swap ETs
shows that the high battery rental cost is the main contributor to their total cost, which accounts for
85.1% and 80.7% of the TCO of light-duty and medium-duty battery-swap ETs. As for light-duty and
medium-duty battery-swap ETs, 45.6% and 40.8% of the battery rental costs are spent on battery and
infrastructure costs. Therefore, the first step to reduce total cost of battery-swap ETs is to reduce the
battery rental cost, especially the infrastructure and battery costs, as much as possible.

In summary, both the average GHG emissions and cost of light-duty plug-in ETs are lower than
those of light-duty DTs and battery-swap ETs, which means that the former are the most competitive
ones from environmental protection and economy perspectives. However, the performances of
medium-duty plug-in ETs in terms of GHG emission reduction and cost saving are not as good as
those of DTs. Furthermore, the costs of light-duty and medium-duty battery-swap ETs are always
higher than those of diesel and plug-in ETs in the same class.



Sustainability 2018, 10, 4547 11 of 21

4
12 x10 T T T T T T

Il purchase (truck body)
Bl purchase (battery)
B maintenance

10 + | diesel/electricity
-battcrv rental
[Ccharging pile
[Crecycling (truck body)

| Jrecycling (battery)
| i
0

o0

Total Cost (USD)
A o
T T

Ot ETS s s
Light Med‘“ W -gwap
P m P ety ety
g} Ned™ \%“‘ba ediom ™
Truck Types

Figure 5. Total cost of ownership of light-duty and medium-duty diesel trucks, plug-in electric trucks,
and battery-swap electric trucks.

4. Discussion

As the results of the GHG emissions and TCO are however limited to the Chinese context,
sensitivity analysis is conducted to analyze the influence of several parameters on the average GHG
emissions and the TCO. Then optimistic and pessimistic scenario analysis is also performed to forecast
possible changes in GHG emissions and TCO under the influence of multiple factors.

4.1. Sensitivity Analysis

Because of the uncertainties of many parameters of the simplified LCA model and the TCO model
in the future, this study tests the different assumptions of some parameters, including fuel economy;
battery and charging/swapping infrastructure cost, diesel and electricity prices, coal-fired power
generation rate, use frequency, and profit margin, to evaluate the sensitivity of the average GHG
emissions and the TCO.

With the increase in the number of vehicles in the city, urban traffic has become increasingly
congested. Hence, delivery trucks have been driving in environments with low speed and frequent
parking over a long period of time, which will affect fuel economy of trucks. As a result, the effects of
fuel economy on the GHG emissions and the TCO are first analyzed. Fuel economy in this study is
assumed to be linearly related to speed, and to change within the range of +60%. Figure 6a shows
that the average GHG emissions of both DTs and ETs decrease with fuel economy. The worse the
fuel economy is, the faster the GHG emissions increase, especially for light-duty DTs. The increase
rates of medium-duty DTs are a little higher than medium-duty ETs, indicating that the changes of
driving environment, namely, the changes of fuel economy, have greater impacts on the average GHG
emissions of DTs. In other words, when trucks are parked more frequently because of crowded roads,
using ETs has more advantages in reducing GHG emissions. Moreover, Figure 6b shows that the
TCO of six types of trucks all decrease with fuel economy. Among them, medium-duty DTs have the
fastest decreasing speed. For light-duty and medium-duty trucks, decreasing trends of plug-in and
battery-swap ETs are not obvious, but the decreasing speed of DTs is fast. With the reduction of fuel
efficiency, the TCO of DTs is much higher than that of plug-in ETs. When the fuel efficiency decreases
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by more than 27.9%, the TCO of light-duty DTs will be higher than that of light-duty battery-swap ETs,
while the TCO of medium-duty DTs will be higher than that of medium-duty battery-swap ETs when
the fuel efficiency decreases by more than 30%. The results in Figure 6b also indicate that fuel economy
has a great impact on the TCO of DTs, especially for medium-duty DTs. The cost of medium-duty DTs
will rapidly become lower than that of medium-duty ETs rapidly when the fuel efficiency increases
by 21.4%. That means, when driving in suburbs where traffic is not crowded and is no need to stop
frequently, the economy performance of ETs is poor. However, in the case of terrible road conditions,
both plug-in and battery-swap ETs will gradually perform better than DTs.
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Figure 6. Average greenhouse gas emissions (a), and total cost of ownership (b) sensitivity of light-duty
and medium-duty diesel trucks and electric trucks on fuel economy.

Next, this study also analyzed impacts of battery and charging/swapping infrastructure costs
on the TCO, because they are important components of the TCO of ETs, especially for battery-swap
ETs. High charging/swapping infrastructure costs are also the key factors resulting in the high TCO
of battery-swap ETs. However, battery and infrastructure costs are expected to decrease with the
maturity of charging/swapping technology. Therefore, this study analyzes the TCO sensitivity of six
types of trucks on the costs of battery and charging /swapping infrastructure. Results of sensitivity
analysis are shown in Figure 7, which illustrates that when battery and infrastructure costs decrease,
TCO values of all kinds of ETs will decline. The advantages of light-duty plug-in ETs in cost saving
are more outstanding. When there is a decrease of more than 26.4%, light-duty battery-swap ETs will
have an advantage over light-duty DTs in the TCO. For medium-duty trucks, when there is a decrease
of more than 28.6%, the TCO of battery-swap ETs will be lower than that of DTs. In addition, when
decreasing by 48.7%, the TCO of battery-swap ETs will be even lower than that of plug-in ETs. In brief,
reducing the costs of battery and charging /swapping infrastructure is of great significance to reduce
the TCO of battery-swap ETs. When the decline is large enough, both light-duty and medium-duty
battery-swap ETs will be superior to DTs in cost saving.

Moreover, for the reason that coal-fired power generation has caused a lot of GHG emissions,
in power system reform, the use of clean energy, such as nuclear energy and wind energy, is advocated
to optimize power structure, reduce GHG emissions, and promote sustainable economic development.
Therefore, the influence of coal-fired power generation rate on GHG emissions is analyzed after
wards. As shown in Figure 8, analysis results indicate that reducing the proportion of coal-fired power
generation can enhance the performances of both light-duty and medium-duty ETs in GHG emission
reduction. When the coal-fired power generation rate is less than 66.1%, the average GHG emissions
of medium-duty ETs will be lower than those of medium-duty DTs. Therefore, optimizing the power
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generation structure and increasing the use of clean energy are also important for the reducing GHG
emissions of ETs.
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Figure 7. Total cost of ownership sensitivity of light-duty and medium-duty diesel trucks and electric
trucks on battery and charging/swapping infrastructure cost.
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Figure 8. Average greenhouse gas emissions sensitivity of light-duty and medium-duty diesel trucks
and electric trucks on coal-fired power generation rate.

As for electricity and diesel prices aspects, according to historical data, before 2014, diesel
price showed an increasing trend, but since 2014, it began to show a downward trend. It remains
controversial whether the price of oil will rise or fall in the future. In recent years, electricity prices
also fluctuated at a relatively small rate of change. The annual growth rate and the reduction rate
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of diesel price are about +7.5%, while the fluctuation of electricity price is about £0.66% per year in
China. As such, the influence of diesel and electricity prices on TCO is discussed in both optimistic
and pessimistic scenarios, as shown in Figure 9. In an optimistic scenario (see Figure 9a), this research
assumes that both electricity and diesel prices increase. The total cost of all trucks shows upward
trends, of which the rising trends of DTs are the most obvious. The total cost of DTs is higher than that
of plug-in ETs in the same class. After 2022, the total cost of light-duty DTs will be the same as that of
light-duty battery-swap ETs, and then becomes higher. As a result, when diesel and electricity prices
increase, the cost of DTs will increase rapidly and eventually becomes higher than that of plug-in
and battery-swap ETs in the same class. In a pessimistic scenario, this research assumes that both
electricity and diesel prices decrease. Figure 9b shows that the total cost of light-duty DTs will continue
to be higher than that of light-duty plug-in ETs, but the gap between them will gradually narrow. For
medium-duty trucks, the total cost of DTs will be lower than that of plug-in ETs soon. Although the

total cost of battery-swap ETs decreases, it is always higher than that of plug-in ETs and DTs in the
same class.
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Figure 9. Total cost of ownership sensitivity of light-duty and medium-duty diesel trucks and electric
trucks on diesel/electricity price: in an optimistic scenario (a), and in a pessimistic scenario (b).

In addition, use frequency is also one of the factors affecting truck’s life cycle GHG emissions and
TCO. The life cycle driving mileage of trucks can reasonably describe the frequency of use. Therefore,
this study assumes that life cycle driving mileage changes within the range of +60%. Figure 10a
illustrates that the GHG emissions of trucks all decrease with the total mileage and those of ETs
decrease faster than those of DTs, which means that when use frequency is higher, the effects of
ETs on emission reduction will be improved significantly. Figure 10b also shows that the TCO of
trucks increases with total mileage. Growth rates of DTs are greater than those of ETs, and those
of medium-duty trucks rise faster than those of light-duty trucks. When the total mileage increases
by more than 42.8%, the TCO of DTs will be higher than that of the other trucks in the same class.
Therefore, the performances of ETs in GHG emission reduction and cost saving can be improved more
obviously in situations with high use frequency.

Finally, in this study, battery swapping and battery charging need to be completed by battery-lease
companies or battery-swap stations. In the foregoing, the operation and the battery rental costs of
battery-lease companies or battery-swap stations have been analyzed considering a 60% profit margin.
However, in practice, this profit margin may be even higher, and it also can be lower if the fleet
managers consider building their own battery-swap station. Thus, the impacts of profit margin on the
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total cost are analyzed, the results of which are shown in Figure 11. Sensitivity analysis results indicate
that when profit margin increases, the TCO of battery-swap ETs increases rapidly (see Figure 11).
In comparison, when the profit margin becomes lower, the TCO of medium-duty battery-swap ETs
will be lower than those of DTs and ETs, and the TCO of light-duty battery-swap ETs will be lower
than that of light-duty DTs. Considering the battery-swap station is assumed to service 120 vehicles
per day, this means that if the number of trucks in a fleet is relatively large, the establishment of its own
battery-swap station will be a better choice that can save costs and improve the operation efficiency
compared with the option of leasing batteries from other companies, especially for medium-sized ETs.
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Figure 10. Average greenhouse gas emissions (a), and total cost of ownership (b) sensitivity of
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4.2. Scenario Analysis

The effects of the single factor on average GHG emissions and total cost are discussed in Section 4.1.
To accurately forecast the development of the six types of trucks, changes of the TCO and the GHG
emissions under the consideration of multiple influence factors are analyzed. This study makes
predictions on changes of some influence factors in the next few years and divides them into two
scenarios: an optimistic scenario and a pessimistic scenario. In the optimistic scenario, prices of
electricity and diesel increase by 0.66% and 7.5% every year, respectively, and the charging/swapping
infrastructure cost increases by 10% every year. The annual growth rate of battery life is 10% and the
fuel economy of DTs and ETs decrease by 10% and 5%, respectively. In addition, the driving mileage
increases by 10% every year. The pessimistic scenario reflects the opposite conditions.

Figure 12a shows that, in an optimistic scenario, the GHG emissions of all the trucks increase,
but the increase rates of light-duty and medium-duty ETs are small, while those of DTs are relatively
large. In such conditions, the average GHG emissions of medium-duty DTs will gradually exceed those
of ETs in the following years. Then, both light-duty and medium-duty ETs will outperform DTs in the
same class in terms of emission reduction. Figure 12b shows that, in a pessimistic scenario, the GHG
emissions of all the trucks decrease. The decline rates of light-duty and medium-duty ETs are both
smaller, while those of DTs are greater. Moreover, the average GHG emissions of medium-duty DTs
are gradually lower than those of light-duty ETs, making them tucks with the lowest the average GHG
emissions. The reason may be that in the pessimistic scenario, the decreased use frequency causes the
increases in the average GHG emissions of both DTs and ETs and the increased fuel economy leads to
lower average GHG emissions from the use phase of DTs. However, the improvement of fuel economy
has a more obvious effect on emission reduction of DTs, and reduction of use frequency has a more
obvious effect on the increasing average GHG emissions of ETs, leading to a faster reduction rate of
DTs than that of ETs. In addition, light-duty ETs have advantages in reducing GHG emissions than
DTs in the same class, while medium-duty ETs perform worse than medium-duty DTs.
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Figure 12. Predicted average greenhouse gas emissions of light-duty and medium-duty diesel trucks
and electric trucks: in an optimistic scenario (a), and in a pessimistic scenario (b).

Figure 13a indicates that, in an optimistic scenario, the TCO of light-duty battery-swap ETs
decreases, while that of other trucks increases, among which, DTs have the fastest increase rate and
are ultimately higher than the other types of ETs in terms of the TCO. The main reason is that diesel
price rises faster than electricity price and poor fuel economy leads to the rapid growth in the cost of
DTs. At the same time, the declined infrastructure cost greatly reduces the TCO of battery-swap ETs.
The reason why the TCO of light-duty battery-swap ETs decreases is that although the infrastructure
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cost decreases, the worse fuel economy and higher use frequency have greater impacts on improving
the total cost of medium battery-swap ETs. Therefore, the TCO of light-duty battery-swap ETs
decreases and that of medium-duty battery-swap ETs increases. In this situation, both plug-in ETs
and battery-swap ETs are more economical than DTs. Meanwhile, Figure 13b illustrates that in a
pessimistic scenario, the TCO of DTs decreases because of the decreased diesel price and driving
mileage. However, the TCO of light-duty and medium-duty battery-swap ETs increases because the
increased infrastructure and battery cost as well as the decreased battery life. Moreover, the TCO of
light-duty plug-in ETs increases because of the same reason. Interestingly, the TCO of medium-duty
plug-in ETs declines. The reason is that, although electricity price and infrastructure cost decrease,
lower use frequency has greater impacts on reducing the cost of medium-duty plug-in ETs.
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Figure 13. Predicted total cost of ownership of light-duty and medium-duty diesel trucks and electric
trucks: in an optimistic scenario (a), and in a pessimistic scenario (b).

China is expected to constitute about half of the world’s GHG emissions between 2010 and
2040 [46]. As concerns about climate change intensify, more and more countries including China,
Singapore, Canada, among others, are preparing their respective carbon tax policies. Singapore has
even discussed the pricing of carbon tax, which is currently USD 1.441 to USD 2.882 per 1000 kg and
is going to increase to USD 7.205 by 2022 [47]. As a result, taking carbon tax into consideration is
necessary when predicting the TCO in an optimistic scenario. As the carbon tax of the transportation
industry only considers the carbon emissions from the vehicle use phase, the implementation of the
carbon tax will undoubtedly benefit the future development of ETs. This study assumes that carbon
tax is USD 1.441/1000 kg CO»e, and the tax rate is increased by USD 1.441 annually. Figure 14 shows
that carbon tax leads to an overall increase in the total cost of DTs, but because tax rate is relatively
low, effects are not obvious. Therefore, the tax rate should be appropriately improved to achieve the
desired results.
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Figure 14. Total cost of ownership sensitivity of light-duty and medium-duty diesel trucks and electric
trucks on carbon tax in an optimistic scenario.

5. Conclusions

In recent years, the rapid growth of the number of commercial delivery trucks has increased GHG
emissions and human dependence on oil. The use of ETs in urban distribution is considered to be
an effective way to reduce emissions and save fossil energy. This paper presents comparisons and
analysis of the respective average GHG emissions and the TCO of six types of trucks: DTs, plug-in
ETs, and battery-swap ETs under light-duty and medium-duty. The GHG emissions and total cost are
estimated according to a simplified LCA method and a TCO method. Then the corresponding effects
of fuel efficiency, charging /swapping infrastructure and battery costs, diesel price, electricity price,
coal-fired power generation proportion and profit margin on the TCO and the GHG emissions are also
discussed. Finally, changes in the average GHG emissions and the TCO in optimistic and pessimistic
scenarios are predicted. Numerical results of this paper show that the average GHG emissions of
light-duty ETs are 69% lower than those of light-duty DTs, while those of medium-duty ETs are 9.8%
higher than those of medium-duty DTs. Furthermore, the TCO of light-duty plug-in ETs is 37.8% lower
and that of light-duty battery-swap ETs is 21% higher than that of light-duty DTs. For medium-duty
trucks, the TCO of plug-in and battery-swap ETs are 6.7% lower and 18.9% higher than that of DTs.

Based on the sensitivity analysis and scenarios analysis, it can be concluded that the average
GHG emissions increase with coal-fired power generation rate and decrease with fuel economy and
use frequency. Moreover, the TCO increases with diesel/electricity price, infrastructure cost, battery
cost, use frequency, as well as profit margin and decreases with battery life and fuel economy. Among
these influence factors, fuel economy has a greater impact on performance of DTs, and use frequency
is more relevant to the GHG emissions of ETs and the TCO of medium-duty trucks.

The main conclusions obtained this paper are summarized as follows: first, for light-duty
trucks, plug-in ETs perform better in reducing the GHG emissions and the TCO than DTs, while
for medium-duty trucks, the former have lower cost but higher average GHG emissions than the latter.
Battery-swap ETs currently have no advantage in cost saving. In addition, under the condition of high
use frequency and congested working environment, ETs are more likely to have lower GHG emissions
and the TCO. Finally, the carbon tax rate should be set relatively high to generate the desired effect.

The limitation of this paper is that it does not consider the impact of charging time on the TCO,
because charging time may reduce the TCO by leading to lower customer satisfaction and opportunity



Sustainability 2018, 10, 4547 19 of 21

cost. Thus, further research can consider the charging time. Additionally, a regional analysis can also
be conducted in the future, since energy generation sources would vary significantly from region
to region.
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