energies MBPY

Article
China’s Energy Transition in the Power and Transport
Sectors from a Substitution Perspective

Shangfeng Han 1'*, Baosheng Zhang "*, Xiaoyang Sun *, Song Han ! and Mikael H66k 2

1 School of Business Administration, China University of Petroleum, Beijing 102249, China;

hansongsunny@163.com

Global Energy Systems, Department of Earth Science, Uppsala University, SE-751 05 Uppsala, Sweden;

mikael.hook@geo.uu.se

*  Correspondence: upchsf@163.com (S.H.); bshshysh@cup.edu.cn (B.Z.); sunxiaoyangsunfeng@126.com (X.S.);
Tel.: +86-156-5200-2811 (X.S.); Fax: +86-10-8973-1752 (X.S.)

Academic Editor: Vincenzo Dovi
Received: 20 February 2017; Accepted: 25 April 2017; Published: 29 April 2017

Abstract: Facing heavy air pollution, China needs to transition to a clean and sustainable energy
system, especially in the power and transport sectors, which contribute the highest greenhouse
gas (GHG) emissions. The core of an energy transition is energy substitution and energy technology
improvement. In this paper, we forecast the levelized cost of electricity (LCOE) for power generation
in 2030 in China. Cost-emission effectiveness of the substitution between new energy vehicles and
conventional vehicles is also calculated in this study. The results indicate that solar photovoltaic (PV)
and wind power will be cost comparative in the future. New energy vehicles are more expensive than
conventional vehicles due to their higher manufacturer suggested retail price (MSRP). The cost-emission
effectiveness of the substitution between new energy vehicles and conventional vehicles would be
$96.7 /ton or $114.8/ton. Gasoline prices, taxes, and vehicle insurance will be good directions for policy
implementation after the ending of subsidies.

Keywords: energy transition; energy substitution; clean energy; cost-emission efficiency

1. Introduction

China’s carbon emissions from fossil fuel combustion and cement production were 9 Gt CO; in 2013,
making it the country with the largest emissions in the world [1]. The power and heating generation
sectors and transport sector contributed 49% (4416.9 MT) and 8.4% (760.2 MT) of the total emissions
respectively [2]. Clean energy consumption in China is still at low levels, although coal consumption’s
share of total energy consumption has been decreasing in recent years [3]. For the transport sector, shifting
part of the vehicle fleet from fuel to electricity and natural gas (EVs and NGVs) is one of the current
strategies to control the transportation sector’s impacts due to the relatively low carbon content of EV and
NGV emissions [4,5]. High costs are an obstacle to the wide implementation of clean energy technologies
in many areas of China. Despite the lower levelized cost of electricity (LCOE) from hydropower, at
approximately USD 0.04/KWh, other renewable energy (RE) power had high costs, ranging from USD
0.05/KWh to USD 0.11/KWh in 2014 [6]. As an emerging option, the market share of electric cars in
2015 was close to 1%. Financial incentives and the availability of charging infrastructure emerged as
factors that were positively correlated with the growth of electric vehicle market shares [7].

Traditionally, natural gas had served as a bridge fuel for the transition from exhaustible fossil
energy to zero emission renewables. Impacts on decadal-scale climate change from the increased use of
natural gas are not consistent with existing studies: switching from coal to natural gas can reduce CO,
emission, while other green gases from large-scale development and usage of shale gas make its lifecycle
emissions higher than that of coal [8]. In the power sector, conclusions show climate benefits ranging

Energies 2017, 10, 600; doi:10.3390/en10050600 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/journal/energies

Energies 2017, 10, 600 2 of 25

from less than 6% (unconventional gas replacing conventional gas) to more than 30% for the switch to
natural gas from coal [9]. Compared to coal energy systems, natural gas systems can provide a part
of the flexibility and storage and act as a robust backbone in the energy system. Gas-fired generation
can provide flexible and controllable electricity at both centralized and decentralized levels [10].
The flexible and storable nature of natural gas play a key role in the progress of the energy transition.

Between 2005 and 2014, total annual natural gas consumption climbed from 46.4 billion cubic
meters (bcm) to 185.5 becm with an average annual growth rate of 11.6% [11]. However, China did
not make significant strides in the natural gas share of its primary energy supply which increased
from 2.6% to approximately 6% in 2013, much lower than the global average (23.7% in 2013) [12].
According to the National Bureau of Statistics of China (Beijing), the industrial sector accounted for
34% of the total natural gas consumption in 2012, which ranks the first, followed by the residential
sector (20%), power sector (18%), transport sector (10%), and commercial sector (6%) [13]. The left 10%
was used for the non-energy purposes. China has made significant progress in diversifying its natural
gas supplies, and China’s natural gas supply is mainly from imported LNG, imported pipeline gas,
domestic conventional gas, shale gas, coal bed methane, and tight gas production. Domestic production
rose 164% from 2004 to 2014, to 135 billion cubic meters (bcm). Natural gas imports, which did not
begin until 2006, grew from 1 bcm that year to over 58 bem in 2014 [11].

Based on flows instead of exhaustible stocks, the role of RE will grow in importance over time from a
long-term energy security perspective. In general, having more RE in the system can increase its diversity,
making it less sensitive to some types of disturbances [14]. In addition to contributing to the social and
economic development, energy access, and a secure energy supply [15], the transition of the energy
system from fossil to renewable energies provides a chance to mitigate global warming and risks for
ecosystems and human health [16]. Regarding nuclear power, it is as competitive in terms of both effective
productivity and steady operation as fossil-fired electricity and has similar environmental benefits as
RE [17]. According to the results of an EU case study [18], a 1% increase in renewable energy could achieve
a 0.03% reduction of carbon emissions and a 1% increase in non-RE, mitigating environmental impacts
by 0.44%. This will also happen in China. From 2010 to 2020, existing renewable electricity targets
contributed to a 1.8% reduction in cumulative CO, emissions compared to a no policy scenario [19].

The objective of this study is to calculate the life cycle costs and emission reduction costs of energy
transition in the power sector and transport sectors. Natural gas, renewable energies, and nuclear
power are chosen to compete with traditional coal-dominated energy systems in both the power and
transport sectors. Which kind of energies or technologies will play the more important role depends
on their potential, availability, and accessibility, and on the policies that promote their development.
In Section 2, resource endowment, accessibility, and policies in both sectors are reviewed based on
existing literature. For the power sector, this paper focuses on a comparison of unit costs of different
technologies in the mid to long term using the learning curve approach. For the transport sector, the
replacement of natural gas and electricity vehicles lead to cost and emission changing. In Section 3,
we introduce the learning curve approach to analyze the LCOE and the cost-emission effectiveness
method to investigate the changes in costs and emissions from the energy substitution in the transport
sector. In Section 4, we present the results of the calculation with the methodology introduced in
Section 3 with a high RE scenario and “New Policies Scenario”. Governmental subsidies and other
variables that impact the costs of lowering 1 ton of GHG emissions are discussed.

2. Cleaner Energy Resource and Policies in Power and Transport Sectors
2.1. Cleaner Energy Potential and Accessibility

2.1.1. Natural Gas

The results of natural gas resource endowments evaluated by peer experts are shown in Table 1.
Based on a national survey published in 2005, conventional natural gas resources amounted to
56 trillion cubic meters (tcm) prospectively and 35 tcm geologically [20].
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Table 1. Natural gas resource endowment (in tcm) in China.

Types of reserves Conventional Shale Gas Coalbed Methane Tight Gas

Resources 56 [20] 31.6 [21], 8.6 [22] - -

Geologically 35 [20], 68 [23] 122 [24] 36.8 [25] 17.4-25.1 [25]

Recoverable 40 [23] 22 [26] 10.9 [25] 8.8-12.1[25]
Reserves 30 [26] - - -
Remaining recoverable resources - - 9[27],9.5 [28] -
Proven reserves 3.7 [29], 5.94 [30] - - -
Recoverable, proven and probable reserves 5[29] - - -

Technically recoverable reserves - 25.1[31] - 12 [31]

Technically and economically producible reserves 3.09 [30] - - -

Ultimately recoverable resources 5.28-12.82 [32] - 2.77-31.68 [32] 1.5-10.31 [32]

Mohr and Evans [32] assessed the ultimately recoverable resources (URRs) of China’s conventional
natural gas, and the results showed that conventional gas URRs were about 5.28 tcm and 12.82 tcm in
low and high scenarios, respectively.

EIA estimates that China possesses 31.6 tcm (1115 trillion cubic feet) of risked technically recoverable
shale gas resources [21]. The risked oil and natural gas in-place estimates are derived by first estimating
the volume of in-place resources for a prospective formation within a basin, and then factoring in the
formation’s success factor and recovery factor. Shale gas production has accelerated over the past two
years, with total output reaching 5.72 becm. In 2015 alone, shale gas production soared 258.5% from one
year earlier to 4.47 bem [33]. The results of national oil and gas resource assessment show that geological
resources of CBM were 36.8 tcm with about two-thirds in eastern China, and recoverable resources of
10.9 tem [25]. Coalbed methane URRs were estimated by Mohr and Evans [32] in low, best guess, and
high scenarios, and the results were 2.77, 8.05, and 31.68 tcm respectively. Jia et al. used the analogy
method to provide a preliminary evaluation of the tight gas resource potential in China, and proposed
that the geological resources of tight gas in China are 17.4-25.1 tcm with recoverable resources of tight
gas in China of 8.8-12.1 tcm [25]. In the estimation of Mohr and Evans [32], China’s tight gas URRs
were 1.51, 4.02, and 10.31 tcm in low, best guess, and high scenarios, respectively. Wang et al. [34]
developed three alternative scenarios of how unconventional gas resources are supplied, using the
Geologic Resources Supply-Demand Model (Figure 1).
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Figure 1. Three scenarios of China’s future unconventional gas production [34]. (a) High scenario;
(b) Medium scenario; and (c) Low scenario.
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2.1.2. Nuclear and Renewable Power

China has 36 nuclear power reactors in operation, 21 under construction, and more about to start
construction. The total nuclear capacity is set to rise to 80 GW by 2020, 200 GW by 2030 and 400 GW by
2050 [35]. In 2014, the electricity generation from hydropower increased by 144.05 TWh, corresponding
to an increase of 15.65% [11]. The wind generated 156.3 TWh in 2014 and accounted for 2.8% of
total electricity generation in China (a marginal increase from 2.6% in 2013) [36]. Davidson et al. [37]
developed a model to predict how much wind energy can be generated and integrated into China’s
electricity mix, and estimated a potential production of 2.6 petawatt-hours (PWh) per year in 2030.
Wind power can provide nearly three-quarters of the target of producing 20% of primary energy from
non-fossil sources by 2030 if operational flexibility of China’s coal fleet is increased [37]. China is one of
the countries with the highest solar technically potential and it has been estimated at 6900-70,100 TWh
per year with a potential stationary solar capacity from 4700 GW to 39,300 GW and 200 GW of
distributed solar capacity based on potential/demand ratio at provincial level [38]. Table 2 shows
the potential of RE sources. Total renewable electricity potential can reach at least 12,666 TWh/year,
which is even higher than total demand in 2030 (11,900 TWh/year) [39] and can supply almost 88%
of electricity demand in 2050 (14,300 TWh/year) [36]. Table 2 lists the RE sources in China, for more
information see in [40].

Table 2. Renewable energy sources.

Source Capacity (GW) Generation (TWh/y)
Theoretical hydropower 694 [39] 6082.9 [39]
Technically exploitable hydropower 542 [39] 2473.9 [39]
Economically exploitable hydropower 402 [39], 1750 [39], 1700 [41]
Technically exploitable wind energy 2548 [39] 7644 [39]
) 250 GW (onshore)
Wind power (10 m) 750 GW (offshore) 2000 [41]
Wind power (50 m) 2000-2500 4000-5000 [41]
Solar photovoltaic - 12966480 [39], 128,000 (theoretical) [41], 8000—-69,900 [38]
Concentrate solar power (CSP) 3900-32,700 [38] 6600-60,700 [38]
Biomass - 1500-1750 [41]
Tidal energy 20 [39] >620 GWh [39]
Wave - >1500 [39]
Total - >12,666

2.2. Energy Policy for Energy Substitution

China’s clean energy promotion policies include national and urban targets; regulations on
utilizations; electricity pricing; and subsidies, tax relief and feed-in tariffs for electricity generation.
An energy policy that promotes energy transition in the power and transport sectors is discussed in
two groups: (1) law and regulations; and (2) finance and taxation.

2.2.1. Power Sector

According to the “Mid- to Long-Term Nuclear Development Plan (2011-2020)" issued in October
2012, China aims to have 58 GW (net) in operation by 2020, and 30 GW under construction at
that time [42]. The National Energy Development Strategy Action Plan (2014-2020) [43], Intended
Nationally Determined Contribution (INDC) [44], and the 13th Five-Year Plan (2016-2020) planned
the similar development targets for cleaner energy [45]. The 13th Five-Year Plan significantly raises
the installed capacity of the wind and solar power to 250 GWe and 150 GWe, respectively, and each
has 50 GW more than in the 2014 action plan. In addition, installed nuclear power capacity is to reach
58 GW and hydropower reach 350 GW by 2020. Geothermal energy, bio-energy, and maritime energy
will also be proactively developed (see in Tables 3 and 4).
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Table 3. Laws and regulations concerning cleaner energy use in the power sector.

Policies Description References

Natural Gas Utilization Policy Natural gas saving and improving energy efficient [46]

Highlight the role of natural gas share in primary
energy consumption and encourage natural gas used
as fuel preferentially in residential, manufacturing,
electricity and transportation sectors

Revised Natural Gas Utilization Policy [46]

Enlarge the share of renewable energy, safeguard
Renewable Energy Law energy security and achieve the goal of sustainable [47]
economic development

Further, strengthen the process through which

Amendments to the Renewable renewable electricity projects are connected to the [48]

Energy Law grid and dispatched efficiently
Related Regulations on Renewable Propose the standard development for renewable [49]
Energy Generation energy generation industry
Policy guidance document Re-emphasize the need for priority dispatch for 50]
renewable energy
Relative Policies on Deepening the Envisage China to further optimize its energy mix
Reform of Power Industry No. 9 and improve the share of renewable energy in [51]
Document electricity generation
Table 4. Finance and taxation policies that promote cleaner energy use in the power sector.
Sources Policies Amount References
Natural gas Valug—added tax refund; feed-in tariffs for ) 52]
gas-fired power
Nuclear power Feed-in tariff $0.071/KWh [17,53]
Four-category FITs $0.084-0.0165/KWh [54]
Onshore wind power ~ Notice on the Taxation of the Comprehensive 50% discount in [55]
Utilization of Resources and Other Value-additional =~ value-added tax
$0.18/KWh and
Solar PV Two-category FITs $0.19/KWh [56]
Announcement of Value-added Policies for PV 50% discount in 57]
Generated Electricity value-added tax

2.2.2. Transport Sector

The General Office of the State Council of China (Beijing) has issued the “Energy Saving and
New Energy Vehicle Industry Development Plan (2012-2020)” which is a major component of the
national economy stimulus package during the period of global economic depression [58]. The central
government subsequently adopted a target of 500,000 cumulative EV sales by 2015, and 5 million by
2020 [59].

In order to help China, adjust its economic structure toward resource savings and move in an
environmentally friendly direction, and recognizing the strategic impacts of new energy vehicles
(NEVs) on the auto industry in the future, the State Council issued Decisions on Accelerating the
Cultivation & Development of Emerging Strategic Industries in October 2010, and it selected NEVs
as one of the seven strategic industries. In the policy, plug-in hybrid and pure electric vehicles were
further highlighted as the focus of demonstration and commercialization [60].

The Administration Rules on Access to the Production of New Energy Vehicles (2007) has
significant instructional function for the new energy vehicle industry’s development in China [61].
In June 2012, the State Council published the Planning for the Development of Energy-Saving and New



Energies 2017, 10, 600 6 of 25

Energy Automobile Industry (2012-2020) [58], which established the guidelines for the development
of the new energy automobile industry in China.

In March 2012, the Tax and Fee Notice of New Energy Cars and Ships was issued by the Ministry
of Finance, State Administration of Taxation and Ministry of Industry and Information Technology of
China (Beijing). According to this notice, the tax of energy saving cars and ships is reduced by half,
and the tax of new energy cars and ships is waived from January 2012 [61]. For more information
about subsidies and tax incentives to encourage new energy vehicle consumptions, see [62,63].

3. Materials and Methods

3.1. The LCOE Formula for the Power Sector

The overnight capital cost is the cost of building a power plant, assuming no interest occurs during
construction. Because it does not take into account the cost of financing, it is a very useful cost measure
that can compare the cost of technology and different countries without having to consider different
power generation technologies and different countries” engineering capacity for different leverage,
interest rates and construction time. According to the US Energy Information Administration (EIA)
(Washington, DC, USA), the basic costs include: civil and structural costs, machinery and equipment
supply and installation, electrical and instrument control, indirect project costs, owner costs. Under
normal circumstances, the basic cost can be calculated as follows:

OCC =TI + IDC 1)

where T1 is the total investment in the project, and IDC is the benefit of the construction period (this
paper assumes that there is no interest). The above basic investment equation is used to calculate the
static base investment at a given point in time. In order to predict future infrastructure investments, it
is divided into regional and global components:

OCC =[0CCq * GLRcym * GIObalPPPscalingFactor] *r+[OCCq * LLRcym * GIObalPPPscalingFactor] *A—-r ()

where OCCy is the global base investment, OCC; is the regional basis investment component, GLRcum
is the global cumulative learning rate, LLR.um is the local cumulative learning rate.

As shown in Equation (2), OCC is decomposed into local and global components. The local
cost component is related to local learning speed, while global cost components are related to global
learning speed. For non-price countries, the local cost component is a relatively small part of the total
OCC, usually including non-trade items such as labor, land, permits and permits, electricity, and so
on. The global cost component includes equipment, research and development, etc. and moves at the
same rate worldwide.

The cumulative learning rate is expressed by the product of the cumulative capacity of each
technique and the learning rate. Thus, the global learning rate is the product of the global installed
capacity cumulative deployment and the global learning rate for each technology, and the regional
learning rate is the product of the local installed capacity cumulative deployment and the regional
learning rate.

Simply adding the product of the cost component to its learning rate is still insufficient because
it does not take into account the varying price levels expressed by purchasing power parity (PPP) at
the real exchange rate. Therefore, in order to calculate the future OCC, the cost component will be
adjusted through its relative learning rate and local or global price level. The actual price level in some
countries will rise, while the price levels of other countries may fluctuate. Therefore, OCC will not
always be reduced. Some countries purchasing power evaluation data as shown in Table 5.
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Table 5. Purchasing power parity (local currency/USD) [64].

Country 2015 2020 2025 2030

Us 1 1 1 1
China 0.69 0.71 0.72 0.73
India 0.43 0.47 0.50 0.54
Brazil 0.98 0.82 0.76 0.70
Turkey 0.57 0.66 0.73 0.77

Larsson et al. reviewed existing assessments of electricity production costs and the Formula (1)
below is a widely-accepted approach for calculating the LCOE [65]. Overnight capital cost (OCC)
is a typical parameter that is used in the power generation industry to describe the cost of building
a power plant overnight. We thus have:

OCC + yjy
(144) ®)
n E;
=1 (144)f

LOCE =

where OCC is the overnight capital cost, M are the fixed operating and management (O&M) expenses,
M; the variable O&M expenses at year t, F; the fuel costs at year t, E; the electricity generated in year ¢,
i the interest rate (WACC), and n the lifetime of the power plant.

By far, the most common model used in the energy literature to forecast changes in technology
cost is the “one-factor learning curve” (or “experience curve”) [66]. The learning curve is based on
empirical observations that present the relationship between the unit cost of the technology and its
cumulative output (production) or installed capacity. A widely-used formulation is [66]:

Ci=axb (4)

where C; is the unit cost of the technology, x represents cumulative experience, and a is the cost
for the first unit, and b is an experience index. For power generation technologies the latter term is
commonly quantified as cumulative installed capacity (MW). If the cumulative experience is doubled,
the fractional reduction is given by:

LR=1-2° (5)

where the factor 2¥ in Equation (5) is the progress ratio. For example, when LR is 0.15 it means that after
one doubling of the cumulative installed capacity, the unit cost can be reduced by 15% of the original costs.

3.2. Total Ownership Costs (TOC) and Life Cycle Emissions Method for Transport Sector

We have: ]
C; R
TOC =1+ — — . (6)
t:zl (140 (1+9)"
I=MSRP—S+P @)
Ct =Co+Cp + Crar 8)

where TOC is the total ownership cost, I represent the initial cost, MSRP the manufacturer’s suggested
retail price, S the governmental subsidy, P the purchase tax, C; the maintenance and operating costs, C,
is the energy costs, Cy, is the cost of maintenance, Ctg are the tax and insurance costs, i the discount
factor and R the resale price. Maintenance and operating costs include energy cost, vehicle use tax and
insurance, and battery replacement cost or machine oil change cost.

Rose et al. [67] established a cost-effectiveness function to compare the costs of conventional and
alternative vehicles, and in [5,67], natural gas vehicles were used to substitute for diesel as a vehicle fuel:
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( ") P{VKT,(F, * FCR, — F. * FCRC)}) + (P —P)+ L xOM+ G,

E. = 9
‘ VKT;(GHG, — GHG,) ©)

In this equation, FCR, and FCR, are the vehicle fuel consumption ratings of alternative vehicles
and conventional vehicles; F, and F. are the fuel or electricity prices; VKT, the vehicle vehicle
kilometers traveled per year; P/F and P/A are factors to calculate the present value of a future cost
and the present value of a series of future constant annual costs assuming an economic lifetime n
and a discount rate i; OM are the constant annual non-fuel operating and maintenance costs over
the life ($); P, — P the difference in purchase price of alternative-fueled and conventionally fueled
vehicles; Cy any other miscellaneous costs; GHG, — GHG; the total lifetime GHG emission difference
between the two fuels and VKT; the total vehicle kilometers traveled over its lifetime. From the energy
substitution perspective, the differences in maintenance and operating costs, and the resale price
between alternative vehicles and conventional vehicles should be taken into consideration. OM costs
are different between the CVs and alternative vehicles. This study establishes the following equation
to evaluate the cost-emission effectiveness:

TOC, — TOC,

Ee = YKT,(GHC, — GHG,)

(10)

Since the GHG emission reduction is used for normalization of the cost, the result of the calculation
(in USD per unit CO, equivalent) will be either positive or negative. Should the alternative fuel/vehicle
have lower emissions than the conventional one, which is generally the expectation, positive and
negative numbers would indicate increased and reduced life cycle cost, respectively.

Regarding life cycle emissions from electricity is shown as Equation (11):

GHGelectricitymix = 2111 (GHGZ' * ri) (11)

where, 7; is the share of generation from technology i in total generation, and GHG; represents life cycle
greenhouse emissions of one-unit generation from technology i that includes fuel energy extraction
process transport and generation. Life cycle GHG emissions of gasoline include crude oil extraction
and processing, transportation, oil refining, and diesel used for transportation to the end-use location.

Life cycle GHG emissions for this calculation includes the three primary types of GHG emissions
(CO,, CH4 and N O) emitted during the life cycle process. Each of the GHG emissions is then converted
to CO; equivalents (CO; e) according to their global warming potential (GWP) value [68]:

GHGc = COy 1 c +23CHy 1c +296N,01 ¢ (12)
3.3. Cost Assumptions Used

3.3.1. Generation Cost Assumptions

This sector analyzed the levelized cost of electricity (LCOE) trends of six generation technologies,
and our assumptions are shown in Tables 6-10. Basic assumptions and learning rates used to forecast
the LCOE of power production are shown in Table 6, respectively. Two generation mix scenarios (Tables 7
and 8) are considered to calculate the GHG emissions per unit generation of the generation mix. And the
generation portfolios for 2015 represent observed portfolios. Table 10 is the global cumulative capacity
deployments with the forecasted data from IEA 450 scenario due to the high installed capacity of RE in
China. The generation portfolios for 2015 in Tables 7 and 8, represent observed portfolios. In order to
reflect the impact of changes in fuel prices on future generation costs more accurately, this section refers
to EIA’s projected growth rate of nuclear fuel (—0.8%) and biomass price growth (0.2%) [69]. On the
basis forecast of the EIA, Li et al gave four scenarios of China’s coal and natural gas prices growth
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rates. Considering the rapid development of RE, this paper adopts the low growth rate scenario in the
paper, namely, annually growth rate of the two fuels prices are both 1% [70].

Table 6. Basic assumptions according to [52].

Categories Units (2015 USD) Coal NGCC Nuclear Wind Biomass Solar PV
Construction Time years 4 2 5 2 4 2
Overnight Capital Cost $/kW 704 593 2751 1282 1701 1484
WACC % 8.5% 8.5% 8.5% 8.5% 8.5% 8.5%
Fixed O&M $/kW 10.23 16.17 - 26.466 17.8695 8.679
Variable O&M $/KWh 0.006105  0.00231 0.02145 - - -
Project Life years 20 20 20 20 20 20
Capacity Factor % 54% 54% 85% 26% 54% 16%
Heat Rate BTU/KWh 8740 6333 10,479 - 13,500 -
Fuel Cost $/MMBTU 2.60205  9.9759 1.221 0 4.10685 0
GHG emission tax $/tonne (2030) 30 30 30 30 30 30

Table 7. Cumulative capacity deployments (in MW) for China in High Renewable Energy Penetration
scenario [71].

Generation Technologies 2015 2020 2025 2030

Coal 884,000 1,083,388 1,079,878 1,052,150

NG 66,370 110,355 125,909 130,119

Nuclear 26,080 50,500 64,000 66,000
Wind 129,340 317,088 632,176 1,103,944

Biomass 10,300 39,306 39,304 39,304
Solar PV 43,180 157,025 500,235 1,048,858

Hydropower 267,099 313,973 402,363 440,752

New Policies Scenario of the World Energy Outlook broadly serves as the IEA baseline scenario.
It takes account of broad policy commitments and plans that have been announced by countries,
including national pledges to reduce greenhouse-gas emissions and plans to phase out fossil-energy
subsidies, even if the measures to implement these commitments have yet to be identified or announced.

Table 8. Cumulative capacity deployments (in MW) for China in New Policies Scenario [72].

Generation Technologies 2015 2020 2025 2030

Coal 884,000 979,000 1,044,000 1,115,000

NG 66,370 110,000 143,000 170,000

Nuclear 26,080 55,000 86,000 110,000

Wind 129,340 200,000 267,000 321,000

Biomass 10,300 30,000 41,000 48,000

Solar PV 43,180 100,000 151,000 194,000

Hydropower 267,099 365,000 410,000 454,000

Table 9. Global and China’s learning rates and cost components [64].

Technology Global Learning Local Learning Global Cost Local Cost
Rate (%) Rate (%) Component (%) Component (%)
Coal 5 5 10 90
CCGT 5 5 50 50
Nuclear 1 1 5 95
Wind 17 17 10 9
Biomass 5 5 10 90

Solar PV 20 20 10 90




Energies 2017, 10, 600 10 of 25

Table 10. Global cumulative capacity deployments (in GW) in IEA 450 scenario [72].

Generation Technologies 2015 2020 2025 2030

Coal 1930 2094 2049 1687
NG 1475 1789 1810 2010
Nuclear 348 449 465 642
Wind 107 141 148 233
Biomass 427 710 769 1572
Solar PV 230 517 566 1278

3.3.2. Transport Sector Assumptions

Two alternative vehicle types are included in this sector. First is a battery electric vehicle (BEV),
which exclusively uses a large battery to power an electric motor to drive the wheels. The battery is
recharged by plugging the vehicle into the electric grid; Second is a plug-in hybrid gasoline-electric
vehicle (PHEV), which uses an electric motor to power the wheels. The battery can be charged by
plugging the vehicle into the electric grid or by use of an on-board gasoline engine.

Two BEVs and two PHEVs sold in the China market with governmental subsidies were selected
for analysis, and corresponding similarly sized conventional models, are used as their counterparts
(Table 11).

Total energy costs depend on energy consumption rate, vehicle kilometers traveled per year and
fuel prices. This study used electricity prices and gasoline prices in 2015, assumed to be $0.13 KWh and
$0.9768/L, respectively [73]. The amount of the annual vehicle-use tax is related to engine displacement,
and the newest rules for vehicle-use tax calculation were applied [74]. According to China’s conventional
vehicle purchase tax is 8.55% of the MSRP [75] and the battery and fuel-cell electric passenger vehicles
are exempt from the purchase tax (see Section 4). According to Bit Auto, the liability coverage costs are
the same for all vehicles, and the annual collision coverage cost is equal to 1.088% of the MSRP plus
459 CNY ($75) for basic insurance fees [76]. The resale value is 15% of the MSRP for an ICEV and 10%
for a BEV [76]. The discount rate is an average of [73,75,76] at 7.33%. Machine oil is assumed to be
changed every 5000 km and to cost approximately 320 CNY ($52) per change [76]. Owing to the long
lifetime of batteries, battery change costs do not accrue during the BEV and PHEYV lifetimes. Life cycle
emissions of gasoline are shown in Table 12.

Table 11. Vehicle models and assumptions.

. Government Energy Consumption Engine Curb Weight
Vehicle Models Type MSRP (5) Subsidy ($) Rate (/100 km) Displacement (L) (kg)
E150 EV BEV 41,217 23,100 12.5 KWh 0 1370
BAIC E150 Ccv 14,322 0 71L 13 1090
(Beijing) Roewe e550 PHEV 42,867 13,695 12KWh & 23L 15 1699
Roewe 550 cv 31,317 0 6.8L 1.8 1532
E6 400 BEV 51,117 18,810 19.5 KWh 0 2380
BYD Mé Ccv 24,882 0 9.40L 2.4 1760
BYD-Qin PHEV 31,317 11,550 6.2 L & 2.5-3.0 KWh 15 1720
BYD-G6 cv 18,612 0 79L 15 1450

Note: Source: http:/ /chinaautoweb.com/ [77] with an exchange rate at 1 RMB = 0.165 USD [78].

Natural gas could be used as a primary energy for the transport sector in six ways: compressed
natural gas (CNG), liquefied natural gas (LNG), methanol, gas-to-liquid (GTL), Hy, and electricity
pathways [79]. As NGVs are usually used as taxis and conventional heavy duty vehicles, CNG-taxis
and LNG-heavy duty vehicles were selected for the analysis of the cost efficiency of substitution
between NGVs and conventional vehicles. The acquisition cost of a private CNGV in China is only
$990-5$1650 higher than that of an equivalent gasoline car and the cost of a liquefied natural gas vehicle
(LNGV) is $3300 to $11,500 more than the cost of an equivalent conventional vehicle [80]. It is difficult
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to select a vehicle mode, so for this study we made the assumptions listed in Table 12. Assumptions
for CNGVs and LNGVs is shown in Table 13.

Table 12. Life cycle upstream and direct emission factors for gasoline in China [68].

Upstream CO, Upstream CH; Upstream N,O Direct CO,  Direct CHy  Direct N,O Total

Process
g/MJ g/MJ mg/M]J g/MJ g/MJ mg/M]J g CO, e/lL
Gasoline 20.2 0.05 0.49 67.9 0.08 0.002 3120.26
Table 13. Assumptions for CNGVs and LNGVs [73,80-83].
Vehicle Types Taxi Heavy Duty
VKT 350 km/day 200 km/day
Life time (years) 10 10
Pa — Pc (USD) 1650 11,500
Fuel price
CNG $0.7425/m?3 -
LNG - $0.7425 /m?3
Gasoline $0.924/L -
Diesel - $1.254/L
Fuel consumption
CNG 8.2m3/100 km -
LNG - 4.6 m®/100 km
Gasoline 8 L/100 km -
Diesel - 39 L/100 km
WTW GHG emission (g CO;,, e/km)
CNG 205 -
LNG - 191-198
Gasoline 236 -
Diesel - 212
4, Results

4.1. Power Sector

It can be seen from the Table 14 that the emission of greenhouse gas (GHG) emissions is the smallest,
only 12 g CO, e/KWHh, followed by biomass power generation, on shore wind power to the life cycle
of GHG emissions (207 g CO, e/KWh) higher than the nuclear life cycle of GHG (114 g CO, e/KWh),
mainly depends on the high capacity factor of nuclear power stability. The life cycle of GHG emissions
from circulating natural gas is 520 g CO, e/KWh, which is about the life cycle of pulverized coal.
GHG (1020 g CO, e/KWh) Half. In the two power generation scenarios, the combined GHG emissions
were 485 g CO, e/KWh and 592 g CO, e/KWHh, respectively. Non-coal power generation ratio increased
by about 10%, the unit power generation life cycle GHG emissions decreased by 18% (more details can
be seen in Tables A1-A7 in Appendix A).

When the carbon tax reaches $30/ton, the LCOE of coal-fired power generation increases from
$69/MWh to $73/MWHh from 2015 to 2030, natural gas-fired generation from $97/MWh to $111/MWHh,
nuclear power decreases from $58/MWh to $56/MWh, biomass power costs remains at $66/MWh
(Figure 2). In 2019, the LCOE of PV is close to that of natural gas-fired generation. The LCOE of
photovoltaic power generation in 2023 is $68/MWh, which is lower than the LCOE of coal-fired power
generation ($71/MWh). In 2024, the LCOE of PV is $63, lower than that of biomass fired generation
($66/MWHNh) in the same period; the LCOE of photovoltaic power generation will reach to $56/MWHh,
lower than that of nuclear power costs ($57/MWh). The LCOE of on shore wind power technology in
2016 can reach 57 US dollars/MWh, almost always the lowest cost of power generation technology,
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onshore wind power costs will reach 44 US dollars/MWh by 2030. In the new policy scenario with
the carbon tax ($30/ton), the LCOE of coal-fired power generation will increase from $75/MWh to
$79/MWHh during 2015-2030, natural gas-fired generation from $97/MWh to $109/MWh, nuclear
will drop from $59/MWHh to $57/MWh, and biomass power will remain at $80/MWh. The LCOE of
photovoltaic power generation in 2020 will be $101/MWHh, equivalent to that of natural gas generation
($101/MWh); the LCOE of photovoltaic power generation wiil be $82/MWh by 2030, higher than
the LCOEs of the other four power generation technologies. By 2030, onshore wind power costs will
be $44/MWHh, the lowest cost of power generation technology. In High RE scenario, the LCOE of
coal-fired power generation will increase from $39/MWh to $42/MWh during 2015-2030, natural
gas-fired generation cost from $82/MWh to $96/MWh; the LCOE of nuclear power will drop from
$58/MWh to $56/MWHh, and biomass power LCOE will remain at $60/MWh. In 2020, the LCOE of PV
power will be $82/MWh lower than that of NCGG. In 2024, the LCOE of PV will be $61, close to that
of biomass fired generation ($60/MWh). In 2025, the LCOE of PV will be $57/MWh, close to that of
nuclear power ($56/MWh). The LCOE of photovoltaic power generation in 2030 is $45/MWh, which
is still higher than that of onshore wind power and coal-fired power generation. In 2015, the LCOE
of on shore wind power generation is $56/MWh. By 2020, the LCOE of onshore wind generation
will be close to coal-fired power generation costs ($41/MWh); since then, land-based wind power
is maintained at $41/MWh. In the new policy scenario without carbon tax, the cost of photovoltaic
power generation in 2024 is $89/MWh, which is the same as the cost of natural gas-fired generation in
the same period; in 2030, the LCOE of PV ($80/MWHh) will be still higher than that of the other four
power generation technologies. Onshore wind power generation LCOE will fluctuate less and will be
$40/MWh by 2030.

Table 14. Lifec ycle unit GHG emissions from the power sector.

Generation Technologies GHG Emissions (g CO, e/KWh)
Coal 1020
Natural gas 520
Nuclear 12
Onshore Wind 207
Biomass 114
PV 60
Hydro 19
Mix (2030) High renewable energy penetration scenario 485
New Policies Scenario 592
High RE with GHG tax New Policy Scenario with GHG tax
140 140
120 120 |
100 100
80 80
60 60
40 40
20 20
o .. e
20152016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 20162017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
—~Coal NGCC ——Nuclear ——Biomass ——Onshore Wind ——Solar PV —Coal NGCC —Nuclear —Biomass ——Onshore Wind ——Solar PV
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Figure 2. Cont.
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Figure 2. LCOE ($/MWh) of different electricity technologies in the “high renewable energy penetration
scenario” (ERI& NDRC) and “New Policies” (IEA) scenario. (a) High RE with GHG tax; (b) New Policy
scenario with GHG tax; (c¢) High RE without GHG tax; and (d) New Policy scenario without GHG tax.

Figure 3 shows the sensitivity analysis of photovoltaic power generation and onshore wind power
generation. The selected sensitivity factors include capacity factor, learning rate and GHG emission tax.
The results show that, in both scenarios, the capacity factor is the most important factor affecting LCOE,
followed by learning rate and GHG emission tax. In the new policy scenario, the change of capacity
factor has the greatest influence on the prediction result of LCOE. In the new policy scenario, the
onshore wind power capacity factor increased from 15.6% to 36.4%, LCOE dropped from $68/MWh
to 33/MWh; the PV capacity factor increased from 12% to 28%, LCOE dropped from $136/ MWh to

59/MWh.
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Figure 3. LCOE ($/KWh) sensitivity analysis of onshore wind and solar PV in the “high renewable

energy penetration scenario” (ERI& NDRC) and “New Policies” (IEA) scenario. (a) High RE on shore

wind; (b) New policy onshore wind; (c) High RE solar PV; and (d) New policy solar PV.
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4.2. Transport Sector Cost

4.2.1. BEVs and PHEVs versus Conventional Vehicles

The TOCs for vehicles without and with a subsidy are presented in Figures 4 and 5, respectively.
The color bars represent different cost contributions to the TOCs, and the line indicates the TOC level
after balancing out the negative resale value that provides a comparison between alternative vehicles
and conventional vehicles. The comparisons of the four sets of results show that though BEVs and
PHEV have higher resale prices and lower operating costs, the consumer should pay another $19,733,
$7106, $26,234, and $13,944 more than the conventional vehicles cost to buy new energy vehicles.
Except for MRSP, tax and insurance costs rank the second for almost all new energy vehicles, while
energy costs rank the second for all conventional vehicles.

5
80000
70000
60000
50000
40000
30000
20000

10000

EIS0EV E150  Roewee330 Roewe 550 E6400 M6 BYDQin BYD-G&
= \5RP mm Purchase tax mm Energy cost mmm Maintenance costs
Tax and insurance  wmmm Resale value —TOC

Figure 4. The TOCs for conventional vehicles, battery vehicles, and plug-in hybrid gasoline-electric
vehicles (without government subsidy).

$
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Figure 5. The TOCs for conventional vehicles, battery vehicles and plug-in hybrid gasoline-electric
vehicles (with government subsidy).

Compared to the acceptable costs, the significantly higher MSRPs of BEVS and PHEVs require
a large amount of government subsidy (Figure 5), even higher than the purchase price of CVs. PHEVs.
As shown in Figure 6, based on the electricity mix in the two selected scenarios and on the life
cycle emissions of power and gasoline, this study analyzed the unit GHG emissions of the four sets.
Substitutions from BEVs could reduce life cycle emissions significantly, while that from PHEVs depend
on the driving behavior.
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Compared to the “New Polices Scenario”, a decrease of 12% in the share of coal-fired electricity
does not show any prominent, noteworthy impacts on GHG emission reduction per km. As shown
in Figure 5, this paper analyzes four sets of vehicle emissions based on two power combinations
(as shown in Figure 6) and the life cycle emissions (including manufacturing and fuel consumption)
of gasoline. Electric vehicles instead of conventional car emissions significantly, PHEV alternative
conventional car emission reduction depends on driving habits. In the case of high-RE scenarios, four
alternative emission reductions were 156 g CO; e/km, 74 g CO, e/km, 194 g CO, e/km and 126 g CO,
e/km. In the new policy scenario, four groups of alternative emission reductions are 143 g CO, e/km,
62 g CO; e/km, 173 g CO; e/km and 112 g CO, e/km, and overall GHG emissions per kilometer
half. The high-RE scenario is 12% less than the new policy scenario. This reduction is less noticeable
in terms of unit mileage. Relying on new energy vehicles to replace conventional power vehicles to
reduce GHG emissions depends on a significant reduction in coal power generation.

g CO2 eq/Km
400
350
300
250
200
150
100
ol (
0
EIS0 EV E150  Roewe e550 Roewe 550  E6 400 BYDQin BYDG6

B New Policy ®High RE

Figure 6. GHG emissions per km from selected vehicles.

The cost-emission effectiveness (E.) of substitutions between BEVs or PHEVs and CVs is shown
in Figure 7.

$/ton HREP mNEP
300 266
250 224 133
201
200
150 114
100 &
0
50
4100
-150
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-200 -1

EISDEV Roewe e330 E6 400 BYD-(Qin

Figure 7. Cost efficiency of substitutions between BEVs or PHEVs and CVs.

Despite the large amount cost of government subsidies, the cost-emission effectiveness (E.) of
the replacement of CVs of BEVs is $87 and $114/ton, $224 and $266/ton, and $201 and $238/ton in
the last three cases in the figure. In the E150 EV case, 1 ton of GHG emissions reduced by energy
substitution could save $142-$162. While as the total ownership costs considered in this study are
private costs, and GHG emissions are fuel life cycle emissions, the costs of GHG emission reduction
from substitutions between alternative vehicles and CVs will be distributed to other sectors.
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4.2.2. Natural Gas as an Alternative Energy to Replace Gasoline or Diesel-Fueled Vehicles

Owing to the large VKT per year, CNGVs and LNGVs can provide large cost savings; for example,
a CNG-taxi could save $8307 and reduce 40 tons of GHG emissions (Table 15); and a LNG-heavy duty
vehicle could save $52,833 and reduce 10 tons of GHG emissions during its lifetime. Compared to the
case of BEVs and PHEVs case, energy costs dominate the cost-emission efficiency due to its longer VKT.

Table 15. Comparison of results for NG fuel vehicles and CVs.

Vehicles Costs Add(US $) GHG Emissions Reduction(Tons) Ec$/Ton

Taxi —8307 40 —210
Heavy duty —52,833 10 —5170

4.3. Subsidy Impacts

According to the new subsidy policy for alternative energy vehicles that will be implemented from
2016 to 2020, the subsidy for passenger vehicles, except for fuel-cell vehicles, will be reduced to some
extent from 2017 to 2020. Compared to that issued in 2016, the subsidy issued from 2017 to 2018 will
decrease by 20% from 2017 to 2018 and that issued from 2019 to 2020 will decrease by 40%. China will
end subsidies for new energy vehicles (NEVs) after 2020. When the subsidy decreases, the cost for
avoiding GHG emissions increases approximately 10 times. NEVs can never be economical compared
to conventional vehicles. In the E6 400 set, the consumer should pay more than $900 to reduce 1 ton
of GHG emissions in new energy policy scenarios. This policy may lead to existing new energy car
models, but it will slow down the trend of reducing GHG emissions. Other policies that could promote
GHG emission reduction should be imposed if subsidies will decrease in the near future (Figure 8).

§/ton 5/ ton
1000 1000
800 800
600 600
400 400
i 1A nl
«E50 HREE 1 —
0 [ = Beusoey Roewe e330 E6 400 EYD-Qin
200
200
EISOEV Roewe e350 E6 400 BYD-Qin 400
=2016 ®2017-2013 =2019-2020 ®After2020 #2016 =2017-2018 =2019-2020 = Aiter 2020

(a) (b)

Figure 8. Cost-emission efficiency from 2016 under future government subsidy policies. (a) High RE
scenario; (b) New policy scenario.

4.4. Fuel and Electricity Prices

As was calculated in Section 4, the LCOE of PV and wind power will decrease in the near
future, but the share of renewable power is increasing in both scenarios. Furthermore, the electricity
price depends on the governmental policies. Future electricity prices are difficult to forecast. As was
analyzed in Section 4.1, both wind power and solar power costs will decrease from 2015 to 2030,
but they will still be higher than coal-fired generation costs. Owing to the higher share of RE in the
power sector, electricity prices will be higher than they are now. A wide range of electric prices, from
$0.13/KWh to $0.26/KWh, was used and the gasoline price was $0.825/L-$1.98/L, with an average
of $0.9768/L [76]. The number of miles traveled every year is limited, and a variation of +20% was
assumed, as was the resale value, tax, and insurance costs. Negative values mean that its increase
will lead to a lower cost-per-unit emission reduction. The analysis presented here has a sensitivity on
the cost-emission effectiveness (E;) of substitution between NEVs and CVs and was carried out using
a Monte Carlo simulation and @Risk software based on Microsoft Excel.
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The sensitivity analysis was conducted on the key variables that affect the cost-emission efficient
(Figure 9). In this study, the sensitivity of cost-emission effectiveness (E) of substitution between new
energy vehicles and their counterparts was determined by testing the coefficient values corresponding
to the probability distribution of relative variables. Negative coefficient values mean that its increase will
result in a lower cost-per-unit emission reduction. In Figure 9, we present the results of the sensitivity
analysis for the four sets. There is no doubt that the increase in gasoline price (PHEVs and BEVs have
the same gasoline price), CV/tax and insurance, VKT, and the resale value of new energy vehicles
have the positive effect of lowering the costs of reducing GHG emissions. According to the results, the
cost-emission efficiency of the substitutions is most sensitive to gasoline price in both scenarios and all
sets. Among all other variables in the high-renewable-energy penetration scenario, tax and insurance
costs for new energy vehicles, and electricity price have significant impacts after the gasoline price.
In addition, BEVs and PHEVs produced by BYD rely much more on their VKT than other vehicle models,
and VKT is the second among variables that impact cost-emission efficiency. Their high MSRPs lead to
the high purchase tax and insurance expenses of BEVs and PHEVs and result in high resale values of
new energy vehicles. Thus, the cost-emission efficiency value is more correlated to the resale value of
new energy vehicles than that of CVs.
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Figure 9. Cont.
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Figure 9. Sensitivity analysis of cost-emission effectiveness (E.) of substitution between NEVs and CVs.
(a1l-d1) the results in high RE (HREP) scenario; (a2-d2) the results in new policy scenario for the four
substitution sets.

5. Conclusions

LCOE of six generation technologies in China was projected from 2015 to 2030 using a learning
curve approach including coal-fired, natural gas-fired, biomass-fired, nuclear power, the wind, and
solar PV under two scenarios. The results show that the LCOE of onshore wind power generation
and photovoltaic power generation can reach the level equivalent to the cost of thermal power when
there is a high carbon tax. Although the learning curve method used in this paper is predicted, the
results of the sensitivity analysis show that capacity factor is the most influential factor to LCOE, so
increasing the utilization of terrestrial wind power and photovoltaic power generation and accelerating
the development of these two power generation capacity of the installed capacity is essential to reduce
the LCOE; in the scenarios of the paper, by 2030 the LCOE of photovoltaic power generation will reach
36-82 US dollars/MWh, onshore wind power LCOE can reach 39—43 US dollars/MWh. The paper
chooses four groups of RE vehicles and conventional vehicles to carry out energy reduction cost
research, the selected four groups of vehicles, the conventional car life cycle per kilometer GHG
emissions 262-343 g CO, equivalent, new energy vehicle life cycle per kilometer GHG emissions
116-201 g CO, equivalent. The results show that new energy vehicles replace conventional cars
to reduce GHG emissions have a positive effect, but the cost is higher, it is recommended that
the government can put the cost of GHG emission reduction to the entire energy production and
consumption process. In the vehicles selected, TOCs of NEVs were $1101, $6909, and $4163 higher than
their counterparts and E150 EVs will save $3577 with large subsidies. Substitutions between BEVs or
PHEVs and CVs (except for the E150 EV set) show that the costs to lower 1 ton of GHG emissions are
$87-$266. After 2020, this will increase to as high as $900/ton of GHG emission. This will be a heavy
burden for NEV consumers and will obstruct the progress toward reducing emissions in the transport
sector. The government should initiate policies that will allocate the cost of the entire life cycle of
energy production and consumption. Longer VKT will expand the impact of alternative energy on the
cost-emission efficiency when comparing the EV case and NGV case. If there are no subsidies, EVs
should be considered as viable vehicles in the public passenger and freight transport sectors.
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Abbreviations

BEV Battery electric vehicle

CBM Coalbed Methane

EV Electric vehicle

FIT Feed-in-Tariff

GHG Greenhouse Gas

HREP High Renewable Energy Penetration
IEA International Energy Agency

INDC Intended Nationally Determined Contribution
LCOE Levelized cost of electricity

LNG Liquefied Natural Gas

MSRP Manufacturer suggested retail price
NGCC Natural Gas Combined Cycle

NGV Natural gas vehicle

OECD Organization for Economic Co-operation and Development
PHEV Plug-in hybrid electric vehicle

RE Renewable energy

tem trillion cubic meters

OcCcC Overnight Capital Cost

URR Ultimately recoverable resource
Appendix A

Table A1l. Lifecycle greenhouse gas emissions of pulverized coal fired generation.

Process GHG (kg CO;, eq/KWh)

Coal production 9.888 x 1072

coal 1.890 x 102

equipment transportation 4.136 x 1074

equipment production 1.537 x107°

power plant construction 1.537 x10~°

Power plant operation 9.143 x10~%
Total 1.02

19 of 25

Table A2. Lifecycle GHG emissions of combined cycle natural gas fired generation (g CO, eq/KWh).

Process CO, CHy N,O

Building materials transportation 7.48 x 1073 3.80 x 107 3.68 x 107°
power plant construction 1.40 6.21 x 1073 9.34 x 107°
retirement 1.40 x 1071 6.21 x 1074 9.34 x 107°
Fuel production 66 2.77 5.77 x 107*
fuel transportation 3.42 x 1071 8.00 x 1074 122 x 1073

combustion for power generation 371 4.51 x 1072 0
Total 439 2.82 1.94 x 1073
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Table A3. Lifecycle greenhouse gas emissions of nuclear power (g CO, eq/KWh).

Process Material Energy

Uranium mining 0.495 1.83

The transformation of uranium and uranium enrichment 0.84 0.314
Diffusion decommissioning project 0.079 -

fuel fabrication facility 0.00787 0.21

nuclear power plant 0.451 1.96

postprocessing - 529

waste disposal - 0.433
Total 1.87 10

Table A4. Lifecycle greenhouse gas emissions of hydropower (g CO, eq/KWh).

Categories GHG(g CO; eq/KWh)
Rolled steel 3.43
concrete 6.07
diesel 2.18
inundated area 7.56
Total 19.24

Table A5. Lifecycle greenhouse gas emissions of biomass (g CO, eq/KWh).

Process GHG (g CO; eq/KWh)
Trees obtain 6.39
smash 12.76
transportation 14.78
Electricity generation 4441
Sub-total 78.34
Upstream manufacture
equipment 26.36
construction 6.11
water 3.07
lubricating oil 0.35
Sub-total 359
Total 114.23

Table A6. Lifecycle greenhouse gas emissions of polycrystalline solar PV (g CO, eq/KWh).

Photovoltaic Solar Power Manufacturing GHG Emissions (g CO; eq/KWh)
Quartz mining 0.202
transportation 34.6

UMG-Siredox reaction 0.4
UMG-Si production 2.88
SoG-Si production 21.3
ingotting 1.3
wafer cutting 3.38
Cell production 6.32
module production 6.32
system integration 791
Manufacturing subtotal 50.16
Photovoltaic power station operation 0.05
transmission 3.11
Power station disposal 5.81

Total 60.13
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Table A7. Lifecycle greenhouse gas emissions of onshore wind power.

Wind Turbine Material Tons
synthetic resin 154

Rotor fiberglass 106
pigging 190

iron 480

steel 560
. silicon dioxide 9.6

cabin

copper 9.1
fiberglass 0.9
synthetic resin 1.3

tower steel 2100

Transformer Substation

silicon dioxide 0.6

transformer steel 11
copper 4.8

computer - 5
Bauarbeit
Drum tower concrete 8300
foundation rebar 990
lectri bstati concrete 160
electric substation rebar 79
Operations and Maintenance

synthetic resin 52.1
blade fiberglass 35.9
silicon dioxide 0.72

dynamo copper 79

steel 17
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