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a b s t r a c t

China's power sector has become the largest contributor to China's carbon emissions because of its coal-
dominated power structure. Replacing fossil fuels with renewable energy is an effective way to reduce
carbon emissions and, therefore, a series of targets for renewable electricity generation have been put
forward in national plans. However, how these targets will be reached is unclear. This paper uses a Long-
range Energy Alternative Planning system (LEAP) model to explore the optimum development path of
China's power sector from 2015 to 2050, taking into consideration the impacts of the renewable energy
targets. Three scenarios are designed to examine the costs and benefits of developing renewable energy
and improving the technologies for renewable power generation, comprising a base scenario, a
renewable energy policy scenario and a technological progress scenario. The results show that the power
generation cost would increase by at least 2.31 trillion RMB and that CO2 emissions would be reduced by
35.8 billion tonnes during 2015e2050 if power generation follows current planning. Furthermore, every
1% increase in the capacity factors of renewable electricity would on average result in the cumulative CO2

emissions decreased by 979 million tonnes and average CO2 abatement cost decreased by 5.56 RMB/tCO2

during 2015e2050. Based on this study, several policy implications are proposed for the development of
power sector in China. Firstly, government may reconsider the current planning for gas-fired power and
nuclear power to reach low-carbon electricity generation. Secondly, adjusting the carbon price can offset
the additional cost of renewable electricity generation. Thirdly, promoting advanced technologies to
match renewable electricity generation can obtain greater economic and environmental benefits. Finally,
from the perspective of development potential, reducing the costs of solar power would be the emphasis
at this stage.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

China has become the largest contributor to CO2 emissions
around the world, accounting for more than a quarter of global CO2
emissions since 2009 [1,2]. This results mainly from the large
amounts of fossil fuels that are being consumed in progressing
China's economic development. In order to mitigate the associated
environmental issues, the Chinese government has set targets to
cut CO2 emissions per unit of GDP by 40e45% by 2020 and 60e65%
by 2030 relative to those of 2005 levels [3,4]. The power industry is
nvironment Policy Research,
.

the largest contributor to China's carbon emissions. In the past
decade, CO2 emissions in the power sector have accounted for
about 49.1% of China's CO2 emissions and 32.1% of the world's CO2
emissions because of the industry's coal-dominated power struc-
ture [5]. Therefore, turning to low-carbon electricity generation
would have a significant impact in terms of reducing emissions [6].
Due to the lack of natural gas and the safety of nuclear energy,
replacing fossil fuels with renewable energy could be an option for
achieving sustainable development of China's power sector [7e11].

At present, coal remains the main source for electricity gener-
ation in China. The share of coal-fired power in total electricity
generationwas about 69% in 2015 (see Fig. 1), which is much higher
than developed countries [12]. For instance, in 2015, the coal-fired
power accounted for 34%, 23% and 2% of the total power generation
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Fig. 1. Share of electricity generated by different technologies in China in 2015 Data
source: Planning and Statistics of China Electricity Council.
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in the United States (US), the United Kingdom and France, respec-
tively [13]. There is a large gap between China's performance in
clean power generation and that of other countries. In order to
improve its share of clean energy power generation, the Chinese
government has set a series of plans for nonfossil energy. These
targets aim to increase the share of nonfossil energy in the total
primary energy to at least 15% by 2020, according to China's 13th
Five Year Plan, and to 20% by 2030, according to US-China Joint
Presidential Statement on Climate Change [3,4]. More detailed
medium- and long-term planning for renewable electricity gener-
ation has been put forward. For example, there are plans for the
capacity of wind power and solar power to reach 210 and 110 GW
respectively, by 2020. However, there is no clear instructions
guiding the deployment of power generation technologies
(including both renewable and non-renewable technologies) to
achieve these plans. Moreover, the capital requirements and envi-
ronmental impacts accompany with these proposed plans are
unknown.

To answer these questions, this paper simulates the optimal
development path for the power sector, based on minimum costs,
using the Long-range Energy Alternative Planning system (LEAP)
model. First, the strategies for investment and operations under
current planning are proposed. The impacts of renewable elec-
tricity planning on costs and CO2 emissions are determined by
comparing a base scenario (BAU) and a renewable energy policy
scenario (REP). Further, technological progress in relation to
renewable electricity generation is considered. By comparing the
REP and a technology progress scenario (TechImp), the impacts of
technological progress on costs and CO2 emissions are assessed.

The structure of this paper is as follows. Section 2 provides
literature review and Section 3 presents the methodology and data.
In Section 4, we determine the optimal development path for
China's power sector and provide a discussion. Section 5 summa-
rizes the main conclusions and Section 6 puts forward corre-
sponding policy implications.

2. Literature review

A myriad of studies have highlighted the importance of
renewable energy in decarbonizing electricity generation world-
wide by examining the relationship between renewable energy use
and CO2 emissions. Some of the existing studies have analyzed the
impact of pollutant emissions targets on the power development
path. For instance, Koltsaklis (2014) presented a mixed-integer
linear programming (MILP) model for the optimal long-term en-
ergy planning of power generation system in Greece considering
the national environmental policy. The results show that the
installed capacity of wind turbines and solar plants need to reach
5452.4MW and 2123.7MW in 2020, and 8452.4MW and
2723.7MW in 2030 [14]. Barteczko-Hibbert (2014) developed a
multi-period MILP model to explore future pathways for electricity
supply in the United Kingdom considering the carbon reduction
targets. The results show that the percentage contribution of
renewable electricity will reach 40% in 2060 [15]. Anandarajah
(2014) analyzed the role of renewables to meet India's climate
change mitigation targets in 2050 using a multi-region global en-
ergy system model called TIAM-UCL. The results show that
renewable energy can play an important role to decarbonize the
economy, especially the solar and wind. The renewables will
contribute 63% of total CO2 reductions by 2050 [16]. Muis (2010)
developed a MILP model for the optimal planning of electricity
generation schemes to meet CO2 emission target in Peninsular
Malaysia. The study predicted that Malaysia has potential to
generate up to 9% of electricity from renewable energy based on the
available sources [17]. Further studies have directly analyzed the
impact of renewable energy consumption targets and capacity
planning on power development paths. For example, Park (2016)
explored the optimum renewable energy portfolio in Korea
considering the 3rd Renewable Energy Basic Plan using TIMES
model, which is one of the leading bottomeup models. The study
projected that the annual electricity generation amounts would
achieve 7205 GWh by solar power and 12268 GWh by wind power
in 2030 [18]. Georgiou (2016) proposed MILP energy model for the
long-term electricity planning of Greek power supply sector
considering renewable energy penetration target. The results show
that the share of renewable electricity generationwill reach around
50% after 2020 [19]. All these studies showed that developing
renewable energy can play an important role for reducing fossil-
fuel consumption and CO2 emissions, and national planning could
effectively promote the utilization of renewable energy.

Renewable energy development has attractedmuch attention in
China and many factors influencing electricity generation have
been considered. Some studies focus on the promulgated envi-
ronmental policy, particularly the pollutant emission target and the
nonfossil fuels consumption target. For instance, Qi (2014) analyzed
the impact of renewable energy development on energy and CO2
emissions considering renewable electricity target at that time. And
the computable general equilibrium (CGE) model, which is a top-
down model, is chosen and applied. The study found that tempo-
ral renewable electricity targets result in significant additional
renewable energy installation and 1.8% reduction of cumulative CO2
emissions from 2010 to 2020 [20]. Pan (2017) explored how to
transform China's energy system towards the 2 �C target until 2100
using GCAM model. The results show that renewable power would
dominate the electricity supply, accounting for 47e49% in 2050. In
2100, almost 90% of power is provided by non-fossil sources [21].
Zhang (2012) put forward a multi-period modelling and optimi-
zation approach to layout the development of power generation
technology considering carbon dioxidemitigation. The study shows
that renewable power and nuclear power accounts for more than 1/
3 and 1/2 of power generation by 2050, respectively [22]. In addi-
tion, other factors, such as taxes, subsidies and GDP growth have
been considered. Wu and Zhen (2016) evaluated the effects of
implementing two different subsidy programs for renewable
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energy development [23,24]. Chen (2011) evaluated the effects of
improving the resource potential of wind power and nuclear power
on power generation technology development [25]. Zhang (2014)
evaluated the effects of implementing four policies, which assumed
different CO2 emission caps, a carbon tax payment method and a
revenue acquisition method [26]. Lu (2015) explored China's wind
power development path considering “Twelfth Five-Year Plan” and
evaluated the impact of environmental parameters onwind power,
including effects on the GDP growth rate, the investment ratio cap,
the learning rate, the carbon permit price and the grid constraint
[27]. However, it can be seen that most studies are a little out of
dated, which have not considered the capacity planning proposed
in the latest and the most important 13th Five-Year Plan for Power
Energy Development in China. Although Cong, Chen (2013, 2016)
considered capacity planning for renewable electricity until 2020
and 2030, respectively, in their power generation planning models,
their studies focused on the power planning and had no in-depth
analysis of the impact of planning on emissions and costs [28,29].
Moreover, capacity factors of each electricity generation technolo-
gies are treated as fixed values in the previous studies. The impact
of capacity factor changes on the power development path for
China should also be taken into account with the technological
progress.

Regarding the methods widely used for exploring and evalu-
ating the development of renewable energy in the power sector in
existing literature, they can be summarized into two types, namely
top-down and bottom-up models. The CGE model is the repre-
sentative of the top-down model, which is able to analyze the
interaction between energy consumption, environmental influence
and economic outputs, but with an aggregate description of the
technologies [18]. While, the bottom-up model is superior on
simulating the details of technology development on the energy
consumption and environmental impacts [30], but alongside a poor
link with the whole economic system. From the perspective of
instructing the deployment of power generation technologies by
taking the renewable energy plans into consideration, the bottom-
up model seems to be more appropriate. Among them, the LEAP
model is a widely used model attributing to its simple maneuver-
ability. For instance, Kumar (2016) introduced the national power
planning of renewable electricity into study to explore the devel-
opment pathway of renewable electricity and accessed its impact

on CO2 emissions in India using LEAP model [31]. €Ozer (2013)
analyzed the CO2 mitigation potential in the Turkish electricity
sector using LEAP model [32].

Consequently, building on the existing literature and methods,
this paper considers the renewable electricity capacity plan
mentioned in the 13th Five-Year Plan for Power Energy Develop-
ment, other long-term national plans and technological progress in
renewable generation by adopting the LEAP model. Further, the
impacts of these plans and technological progress on power gen-
eration costs and CO2 emissions are analyzed. In this way, we aim to
provide a more comprehensive and accurate evaluation of renew-
able energy generation performance.
3. Methodology

3.1. Research framework

The research framework is presented in Fig. 2. First, a series of
basic data, including electricity demand, existing installed capacity,
power generation costs, resource potential and so on are entered
into the LEAP model as input data. With the goal of minimizing the
total costs (including investment and operation and maintenance
(O&M) costs), the appropriate development pathway in the power
sector is obtained by applying the LEAPmodel. Themodel considers
the following constraints, power demand, the capacity factors,
maximum capacity additions of each generation technologies, the
resource potential of all renewable energies. In addition, the na-
tional plans about renewable energy development are also taken
into account. Following configuration of the model, this paper de-
velops three scenarios, including the BAU scenario, the REP sce-
nario and the TechImp scenario, by considering different
constraints. We compare the optimal development paths derived
from the three scenarios to explore the impacts of renewable en-
ergy plans and technological progress in renewable electricity
generation on the total monetary costs and CO2 emissions in the
power sector. And a sensitivity analysis on some key parameters
(including total power demand, carbon price, fossil fuel price and
reduction rate of renewable investment cost) are further conducted
to test the robustness of simulation. Finally, major conclusions are
summarized and corresponding policy implications are put
forward.
3.2. LEAP model

The LEAP model was built by the Stockholm Environment
Institute in the 1980s [33]. Because the LEAP model is used to
simulate the entire energy system, it is also known as an end-use
energy consumption model [33]. Such a model is usually used to
calculate energy demand and GHG emissions in energy or nonen-
ergy sectors [34]. Because of its strong accounting functions, it is
also used to conduct socioeconomic cost-benefit analysis [35].
Since 2014, it has been possible to apply an optimization function of
LEAP model. The optimization function integrates the open source
energy modelling system (OSeMOSYS) model, based on linear
programming. “Optimization” is defined as the process of satisfying
the power demand with the lowest net present value (NPV) of
costs, including investment costs and variable and fixed O&M costs,
over the whole planning horizon [36]. The objective function is
defined as follows:

Minimize C ¼
X

ðct2Year;ci2TechnologyÞ

�
PGt;i � VOMt;i þ ICt;i

� FOMt;i þ ICAt;i*UIt;i
�
*ð1þ rÞ�ðt�2015Þ (1)

in which

C is the total cost of power generation during the whole time
horizon;
PGt;i is the power generation of technology i at year t;
VOMt;i is the variable O&M costs of technology i at year t;
ICt;i is the installed capacity of technology i at year t;
FOMt;i is the fixed O&M costs of technology i at year t;
ICAt;i is the installed capacity additions of technology i at year t;
UIt;i is the unit investment cost of technology i at year t;
r is the discount rate.

The main constraints are defined as follows:

X

i

ICt;i�8760�ORi � ð1� ELSÞ � PDt (2)

ORi � CFi (3)

ICAt;i � ICAt;i;max (4)



Fig. 2. Research framework.
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ICt;i � ICt;i;max i2ðnuclear; hydro; wind; solar; biomassÞ (5)

ICt;i � Pt;i i2ðwind; solar; biomassÞ t2ð2020;2030;2050Þ
(6)

in which
ORi is the operating rate of technology i;
PDt is the power demand at year t;
ELS equals to (power generation-power consumption)/power
generation;
CFi is the upper bound of operating rate of technology i;
ICAt;i;max is the upper bound of installed capacity additions of
technology i at year t;
ICt;i;max is the upper bound of installed capacity of technology i
at year t;
Pt;i is the planning installed capacity of technology i at year t.

Constraint (2) is a statement of the relation between installed
capacity and power demand. It means that the total power gener-
ation (

P
i
ICt;i*8760*ORi) deducting gap between power consump-

tion and power generation, should meet the electricity demand at
year t (PDt); Constraint (3) limits the ratio of the actual power
generation to the theoretical maximum power generation for
different technologies (ORi) must be less than the capacity factors
(CFi); Constraint (4) limits the expansion speed of each power
generating technology caused by the annual maximum capacity
additions (ICAt;i;max) because of finite equipment manufacturing
capacity; Constraint (5) ensures the cumulative capacities of the
nonfossil being within their maximum potential (ICt;i;max) because
of finite available resources; and the renewable energy policies are
taken into account in constraint (6) by setting a lower bound (Pt;i)
for wind, solar and biomass electricity, respectively.
3.3. Scenario design

Scenario analysis is the core use of the LEAPmodel [37]. Through
the development and comparison of different scenarios, the impact
of policy implementation and technological progress can be eval-
uated. In this study, we aim to answer the questions of how would
the development of renewable energy in the power sector pro-
posed in the latest national plans influence the technology
deployment of all power generation technologies, and what would
be the impacts on the energy consumption, CO2 emissions and
investment cost. To that end, the REP scenario is designed to
represent the effect of national plans for the renewable power
generation. BAU is set as the reference scenario which do not
consider the national plans for the renewable power generation.
Moreover, considering the operating efficiency of renewable tech-
nologies (e.g., wind and solar power) could be further improved in
the future, hence, in addition to REP scenario, we further design a
TechImp scenario to investigate the impacts of technology
improvement. Consequently, three scenarios are developed to
assess the impacts of capacity planning and technological progress
of renewable electricity. The details are explained as follows (see
also Table 1).

BAU: This scenario is not influenced by renewable power



Table 1
Scenarios and descriptions.

Scenario Capacity planning Capacity
factor (%)

2020 2030 2050

BAU Hydro power e e e 39.75
Wind power e e e 20.63
Solar power e e e 14.41
Biomass power e e e 52.53

REP Hydro power e e e 39.75
Wind power 210 GW 400 GW 1000 GW 20.63
Solar power 110 GW 400 GW 1000 GW 14.41
Biomass power 15 GW 20GW e 52.53

TechImp Hydro power e e e 40.15
Wind power 210 GW 400 GW 1000 GW 20.84
Solar power 110 GW 400 GW 1000 GW 14.55
Biomass power 15 GW 20GW e 53.06

Notes: All of the capacity planning figures for 2020 are cited from the 13th Five-Year
Plan for Power Energy Development; the capacity planning figures for wind power
and solar power in 2030 and 2050 are cited from China's Renewable Energy
Development Roadmap 2050; the capacity planning figures for biomass power in
2030 is cited from China's Power Statistical Yearbook.

Table 2
Electricity demand from 2015 to 2050.

Year 2015 2020 2030 2050
Electricity demand (Trillion kWh) 5.7 7.2 11.3 13.3

Notes: The power demand for 2015 is cited from the China Electric Power Industry
Statistics; the power demand for 2020 is cited from the 13th Five-Year Plan for
Power Energy Development; the power demands for 2030 and 2050 are cited from
China's Power Statistical Yearbook.
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capacity planning, that is, the selection of the power generating
technology is solely based on achieving the minimum cost. Hence,
low-cost fossil fuel technologies are given priority.

REP: This scenario takes into account the capacity planning
mentioned in China's national plans, in which the expansion of
renewable power has been emphasized. It should be noted that
there is few potential remaining to develop hydro power in China
after a long-term development, and that hydro power is competi-
tive with fossil fuel power generation because of low cost. Hence,
the renewable power capacity planning that is considered in the
REP scenario does not include hydro power. In addition, because
biomass is not unconditionally cleaner and significantly cheaper
than fossil fuels [38,39], this scenario considers the definite
biomass power planning by 2030.

TechImp: This is a technology progress scenario. The capacity
factors of all renewable generation technologies (hydro, wind, solar
and biomass power) are improved by 1% in the TechImp scenario
compared to the corresponding capacity factors in BAU and REP
scenarios which are set as the maximum values from 2010 to 2015.
While all other settings in TechImp remain the same as that in REP
scenario. The capacity factor means the maximum operating rate
that is calculated as the ratio of the actual power generation to the
theoretical maximum power generation [40], which is affected by
the actual production load and the actual operating hours of the
equipment. As for the feasibility of improving the capacity factor of
renewable electricity generating technologies, many previous
studies have concluded that this can be achieved through both
technological improvements and more effective operations, taking
into consideration the specific conditions of power plants [40e42].
Moreover, the 13th Five-Year Plan for Renewable Energy Develop-
ment aims to promote the applications of advanced technologies,
such as flexible direct current transmission and energy storage
technology, in the renewable energy field. Over time, this may
contribute to solving the mismatch between renewable electricity
generation and power demand, consequently improving the ca-
pacity factors of renewable electricity. Therefore, this study regards
the improvement of capacity factors as representative of techno-
logical progress. Technology in this context refers to any of the
advanced technologies that can increase renewable electricity
generation and its utilization efficiency.

3.4. Data

This paper simulates the development path of China's power
generation from 2015 to 2050. Meeting the power demand during
this period is the ultimate purpose of the power plan. The power
demand data is cited from the 13th Five-Year Plan for Power
Development and China's Power Statistical Yearbook. As shown in
Table 2, 2030 is a demarcation point from rapid growth to slow
growth.

Data related to power generation, including technology pa-
rameters and cost data, are shown in Table 3. The power generation
cost comprises investment costs, fuel costs, fixed O&M costs, var-
iable O&M costs and externality costs. The investment costs and
O&M costs have a downward trend over time because of techno-
logical progress. There are a few points worthy of attention. First, as
can be seen in Fig. 3, the investment cost for gas-fired power is
lower than that for coal-fired power over the planning horizon,
because of the lower initial investment cost of gas-fired power
plants [26]. However, the scarce resource of gas and energy safety
issues limit the development of gas-fired power in China in the
past. Second, the generation costs for emerging wind, solar and
biomass power are high and enhanced by their short lifetimes. The
low capacity factors for wind power and solar power increase costs
even further. However, their cost reductions are more likely to
emerge for these technologies than for the traditional technologies
[43]. According to the assumptions of this study, the investment
cost for wind power will fall, such that it becomes the lowest cost
technology, even more so than gas-fired power, after 2044. Third,
nuclear power has a high investment cost, but it is cost-effective as
a result of its long lifetime and high capacity factor. Similarly, the
long lifetime of hydro power makes its power generation costs
lower. Taking into account the adverse impact on the ecological
environment, the migration of residents, and the occupation of
cultivated land required for hydro power [44], it is assumed that its
investment costs do not fall over time.

There is a maximum operating rates (capacity factors) for each
generating technology. In particularly, the capacity factors for the
renewable generation technologies are low and unstable because of
the great influence of natural conditions on their generation. Thus,
wind power and solar power have the lowest capacity factors. The
power capacity factors used in this paper are derived from the
maximum values of various power generating technologies during
2010e2015, reflecting both the recent level of various power
generating technologies and the recent state of natural conditions.

The discount rate in this study is set at 5%. Based on the differ-
ence between power consumption and power generation from
2010 to 2015, the energy loss rate is set at 0.6%. The planning
reservemargin is calculated as 30% according to historical data [32].
In accordance with the average trading price on the Beijing carbon
market in 2015, the carbon price is set at 41.18 RMB/tCO2 [45].
4. Results and discussion

4.1. The impacts of renewable energy development on installed
power capacity

Following the principle of cost minimization without any
renewable policy intervention (BAU scenario), the cumulative



Table 3
Data for the main inputs of the parameters.

Parameters Coal-fired
power

Gas-fired
power

Nuclear power Hydro
power

Wind
power

Solar
power

Biomass
power

Data source

Capacity (2015) GW 900 66 27 320 121 42 13 [12]
Lifetime year 40 30 60 80 25 25 20 [22,46],
Capacity Factor 59.49% 36.37% 89.27% 39.75% 20.63% 14.41% 52.53% [12]
Maximum Capacity GW Unlimited Unlimited 400 540 1000 100000 50 China's Power

Statistical
Yearbook [22,47],

Maximum Capacity Addition GW 40 30 20 8 30 30 5 [22]
Efficiency 40.01% 50.11% 100% 100% 100% 100% 100% China's Power

Statistical
Yearbook

Investment Cost RMB/kW 4569 3249 13662 6637 8103 14788 7840 [44,48],
Reduction Rate of Investment

Cost
1.5% 1% 0 �0.11% 4% 5% 2% [44]

Fixed O&M Cost RMB/kW 133.3 100.8 600 105 310.9 216 390 [49]
Variable O&M Cost RMB/

kWh
0.028 0.031 0.028 0.007 0.014 0.00049 0.048 [49]

Reduction Rate of
O&M Cost

1% 0 0 0 1% 1% 1% [50]

Fuel Price 597.62RMB/
tce

3.22RMB/m3 157.25RMB/foot-
pound

e e e 600RMB/
tonne

Wind database [51],

Fig. 3. Investment costs of power generation technologies by source.

Fig. 4. Total amount and structure of instal
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installed capacities until 2050 will reach 100.8 billion kilowatts. It
will need 1878, 2842 and 3705 million kilowatts installed power
capacity for meeting the power demand in 2020, 2030 and 2050.
And in the above three years, as shown in Fig. 4, the respective
share of renewable electricity capacity is 30.4%, 23.3% and 27.1%.
The fossil fuel electricity account for a large proportion (between
62% and 65%) over the planning horizon. If taken into account the
expansion of renewable electricity following current national plans
(REP scenario), the installed power capacities for meeting elec-
tricity demand in 2020, 2030 and 2050 are respectively 1981, 3289
and 5112 million kilowatts. And the corresponding share of
renewable electricity is 36.3%, 39.2% and 50.7%, which shows a
rising trend. In contrast, the share of fossil fuel electricity decreases,
accounting for 57.2%, 50.8% and 41.5% in 2020, 2030 and 2050. The
capacity factors for renewable electricity are lower compared to
led power capacity in three scenarios.



Fig. 6. Installed capacity under the REP scenario by resource type.

Fig. 7. CO2 emissions under BAU and REP scenarios.
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other resources, especially for wind and solar power, which are
considered to be key technologies for development. Hence, under
the REP scenario, the cumulative installed capacities of all power
types become 124.5 billion kilowatts, which is 23.50% higher than
that under the BAU scenario. Further improving the capacity factors
of renewable electricity technologies by 1% based on REP scenario
(TechImp scenario) will increase the renewable power generation
in the condition of same installed capacity. As a result, the total
installed power capacity decreases for meeting the predetermined
electricity demand in the TechImp scenario, among which the coal-
fired power and biomass power decrease by 179 and 1 million
kilowatts respectively. The capacity structure under TechImp sce-
nario is similar to that under REP scenario, but with the share of
renewable electricity capacity increasing and fossil fuel electricity
decreasing slightly.

Figs. 5 and 6 show the development path of the installed power
capacity for different resource types under BAU and REP scenarios.
In BAU scenario, those cheaper power generation technologies will
be developed rapidly, with hydro power, nuclear power and
biomass power will reach their maximum potential in 2043, 2034
and 2023, respectively. In contrast, the installed capacity of wind
power and solar power will not be enlarged because of the high
costs. The solar power maintains the 2015 production scale and,
similarly, wind power maintains the 2015 production scale until
2043. After that, wind power's installed capacity begins to slightly
grow because its cost starts to be competitive. However, if following
the current mid- and long-term national planning for renewable
power generation (REP), the installed capacities of wind, solar and
biomass power will increase continually to reach the renewable
electricity capacity planning targets. In order to minimize the po-
wer generation cost under the constraint of promoting develop-
ment of renewable energy, the installed power capacity of hydro,
nuclear, gas-fired power will not change, but the accumulated
installed capacity of coal-fired power and biomass power will
decrease by 4912 and 7.5 million kilowatts, respectively. Due to the
larger capacity factor of coal-fired power compared to renewable
power, the reductions of coal-fired installed power capacity are less
than the additions of renewable installed power capacity. Conse-
quently, promoting the renewable power generation will result in
more installed power capacity for meeting the same electricity
demand.

4.2. The impacts of renewable energy development on total CO2

emissions

The CO2 emissions of the power sector arise mainly from coal-
fired and gas-fired power. As shown in Fig. 7, in the BAU scenario
Fig. 5. Installed capacity under the BAU scenario by resource type.
without efforts for developing renewable energy, the accumulated
CO2 emissions is about 154 billion tonnes from 2015 to 2050, of
which 84% from coal-fired power and 16% from gas-fired power.
The CO2 emissions have a rising trend in the whole planning ho-
rizon with a short-time downward trend during 2030e2034,
appearing an emissions peak at 4874 million tonnes in 2030. But
Fig. 7 also shows that the CO2 emissions start to rebound after 2034
because the nuclear power stop increasing, resulting the total CO2
emissions are likely to exceed the 2030 peak after 2050. In the REP
scenario that considers the specific planning on renewable power
generation, the total CO2 emissions will be 118 billion tonnes from
2015 to 2050. Among them, gas-fired power has the same CO2
emission path with BAU. About 43 trillion kilowatt hours of coal-
fired power are replaced by renewable electricity, bringing about
a 35.8 billion tonnes reduction of CO2 emissions compared to BAU
scenario. The CO2 emissions will peak at 2030 under REP scenario,
with 4092 million tonnes of CO2 emission generated. In 2050, the
CO2 emissions will decline to 2805 million tonnes, which is 1956
million tonnes less than that under the BAU scenario. This indicates
that the current strategy of developing renewable energy can help
reduce the total CO2 emissions and, meanwhile ensure that the CO2
emissions for the power sector will peak in 2030.

Improving the capacity factors of renewable electricity will
result in further decline of coal-fired power generation. As shown
in Fig. 8, when the capacity factors of all renewable generation
technologies are improved by 1% on the basis of REP scenario,
hydro, wind, solar and biomass power increase by a total 557, 331,
220 and 70 billion kilowatt hours, respectively. In the case of the



Fig. 8. The impact of improving the capacity factors of renewable electricity on power
generation.
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constant power demand, coal-fired power generation falls by 1178
billion kilowatt hours. Hence, in TechImp scenario, coal consump-
tion for power generation decreases by about 362 million tonnes of
coal equivalents, and the accompanying CO2 emissions from coal-
fired power decrease by 982 million tonnes compared to REP sce-
nario. It can be confirmed that the renewable electricity techno-
logical progress play an important role on energy conservation and
emission reduction.

4.3. The impacts of renewable energy development on total power
generation costs

Without any renewable policy intervention (BAU scenario), the
total power generation cost is 33.04 trillion RMB from 2015 to 2050.
As shown in Fig. 9, 62.81% and 10.53% of the power generation costs
are used to generate coal-fired and gas-fired power. The power
generation cost for renewable electricity is only accounting for
9.03%. Taking into account of renewable energy development, the
total power generation cost from 2015 to 2050 under the REP
scenario is 35.36 trillion RMB, which is 2.31 trillion RMB higher
than that under the BAU scenario. This gap can be seen as the
additional cost required for developing renewable electricity. In
REP scenario, the power generation cost for renewable electricity
accounts for 26.24%. It is caused by the substitution of wind power
and solar power for coal-fired power and biomass power. Hence,
the power generation costs for coal-fired power and biomass power
are 3982 and 7 billion RMB less than that under the BAU scenario,
respectively. In contrast, the power generation costs for wind and
Fig. 9. The difference in power generation costs between three scenarios.
solar power in the REP scenario are, respectively, 2576 billion RMB
and 3726 billion RMB higher than that under the BAU scenario.

In the case of improving the capacity factors of the renewable
electricity technologies by 1% on the basis of REP scenario, total
power generation cost will reach 35.22 trillion RMB, 133.36 billion
RMB less than the cost in REP scenario. On the one hand, the
renewable energy power generation costs increase by 3.34 billion
RMB, mainly as a result of increase in O&M costs and, to a lesser
extent, biomass fuel costs. On the other hand, both the installed
capacity and the generation of coal-fired power fall simultaneously,
affecting investment costs, fuel costs, and O&M costs of coal-fired
power. In total, the coal-fired power generation cost falls by
136.69 billion RMB. As a result, the overall power generation cost
under TechImp scenario is reduced by 133.36 billion RMB
compared to REP scenario. It can be confirmed that the renewable
electricity technological progress also has a significant impact on
cost savings.
4.4. The impacts of renewable energy development on abatement
costs of CO2

The cost of mitigating unit environmental negatives, such as CO2
emissions, can be expressed in terms of abatement cost. It is the
sum of the difference in annual costs, divided by the annual CO2
emission savings [52]. There are studies defining this difference in
costs and CO2 emissions as the gap between reference system and
the cleaning system [53]. This paper defines the CO2 abatement cost
as the ratio of the cost additions to the CO2 emission reductions of
the scenarios which take into account renewable energy policy
(REP and TechImp) compared with the reference scenario (BAU).

As shown in Fig.10, the annual average CO2 abatement cost has a
downward trend under the REP and TechImp scenario. If the
renewable energy policies are implemented (REP scenario), 35.8
billion tonnes of CO2 savings and 2312 billion RMB of cost additions
are distributed over the planning horizon. The CO2 abatement cost
can be calculated by cost additions and CO2 savings. The annual
average CO2 abatement cost continues to decline at an annual rate
of 5.56%. The annual average CO2 abatement cost is as high as
355.57 RMB/tCO2 (tonnes of CO2) in 2016, but it falls to 252.33 RMB/
tCO2 by 2020 and 3.86 RMB/tCO2 by 2050. According to the defi-
nition in the existing study [54], the average CO2 abatement cost
from 2016 to 2020 is 284.64 RMB/tCO2, which declines to 64.53
RMB/tCO2 over thewhole planning horizon. Improving the capacity
factors of renewable generation technologies, the annual average
CO2 abatement cost is 182.09 RMB/tCO2 in 2016, 173.48 RMB less
than that under the REP scenario, and it decreases to 2.55 RMB/tCO2
Fig. 10. CO2 abatement cost in the REP and TechImp scenario.



Fig. 12. The impact of varying capacity factors of renewable electricity on cumulative
fossil fuel consumption and CO2 emissions.

Fig. 13. The impact of varying capacity factors of renewable electricity on total power
generation cost and average CO2 abatement cost.
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by 2050, 1.31 RMB less than that under the REP scenario. Over the
whole planning horizon, the average CO2 abatement cost for the
TechImp scenario is 59.19 RMB/tCO2, which is 5.34 RMB less than
that under the REP scenario. This implies that improving the
renewable electricity technologies can reduce power generation
costs and CO2 emission, obtaining greater economic and environ-
mental benefits.

Although the development of renewable energy in the power
sector will bring about some CO2 emission reductions, the average
CO2 abatement cost is very high in the short term. With techno-
logical innovations in renewable electricity generation, the net
benefits will gradually increase. However, to strengthen the
competitiveness of renewable electricity, some market and
administrative measures are required, such as conducting an
emissions trading market and subsidizing the renewable electricity
generator to make up for economic losses and garnering public
support for renewable electricity development [28,55,56].

4.5. The impacts of varying capacity factors of renewable electricity

With the development of energy storage technology, renewable
energy can be used more efficiently. However, there might be large
uncertainty for the renewable technologies, especially for the wind
and solar power, resulting in a likely decreasing operation effi-
ciency of renewable electricity plants. Therefore, the impact of
varying capacity factors of renewable electricity (the capacity fac-
tors are improved by �5% ~5%) on installed capacity, fuel con-
sumption, CO2 emissions, power generation cost and CO2
abatement cost during 2015e2050 is further estimated. As shown
in Figs. 11e13, a 1% improvement of the capacity factors of
renewable electricity would result in a reduction of about 5.74
million kilowatts of coal-fired power installed capacity, and result
in an increase of the share of renewable power installed capacity by
about 0.068% in 2030. Due to the increase of renewable electricity
generation, the cumulative fossil fuel consumption would be
reduced by 362 million tce and the CO2 emissions would be
reduced by 979 million tonnes. In additions, changes in capacity
factors of renewable electricity would also affect the power gen-
eration cost. When the capacity factors of renewable electricity
increase by 1%, the power generation cost would decrease by 133
billion RMB, and the average CO2 abatement cost per tonne would
shrink by 5.56 RMB/tCO2. It can be further confirmed that
Fig. 11. The impact of varying capacity factors of renewable electricity on installed
capacity and the share of renewable power installed capacity in 2030.
improving the renewable electricity technologies has positive
impact on cost saving and climate mitigation.
4.6. Sensitivity analysis of key parameters

To draw a more comprehensive picture, in this part, we will test
the sensitivity of key parameters, including total power demand,
carbon price, fossil fuel price and reduction rate of renewable in-
vestment cost, on the results of power generation technology
development, power generation cost and average CO2 abatement
cost based on REP scenario. For power generation technology
development, the results of installed capacities in 2050 are taken as
the representative results for explanation, while the power gener-
ation cost and average CO2 abatement cost are the results covering
the full planning horizon.
4.6.1. Power demand
As can be seen from Fig. 14, due to low power generation cost,

the installed capacity of coal-fired power would increase by 23.35
million kilowatts in 2050 when the total power demand increases



Fig. 14. The impact of changes in power demand on installed power capacity (a) and cost (b).
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by 1%, while the installed capacity of other technologies would
remain unchanged. In addition, the corresponding power genera-
tion cost and the average CO2 abatement cost per tonne would
increase by 529.49 billion RMB and 22.52 RMB, respectively. It can
be confirmed that controlling the rise of power demand can sub-
stantially reduce coal-fired power generation, thus cut the power
generation cost and CO2 emissions. However, it would not promote
the improvement of renewable power generation in 2050.

4.6.2. Carbon price
As shown in Fig. 15, when the carbon price increases by 1%, the

solar power installed capacity would increase by 0.75 million
kilowatts in 2050, while the installed capacity of other technologies
would remain unchanged. The power generation cost would in-
crease by 22.44 billion RMB and the average CO2 abatement cost
per tonne will increase by 0.62 RMB as the carbon price rising by
1%. Hence, as the response to the carbon price increment, the solar
power should be installed, but with more power generation cost.

4.6.3. Fossil fuel prices
In the REP scenario, the fossil fuel prices, including coal price

and natural gas price, are assumed to be unchanged. In this part, the
fossil fuel prices are allowed to show an increasing or decreasing
trend. As shown in Fig. 16, as the growth rate of fossil fuel prices
increasing by 1%, the coal-fired installed capacity would be reduced
by 16.76 million kilowatts in 2050. However, there is no impact on
gas-fired installed capacity if the growth rate of fossil fuel prices is
more than �2%. If it is equal to or less than �3%, the gas-fired
installed capacity would decrease to about 600 million kilowatts
Fig. 15. The impact of changes in carbon price o
in 2050 due to the increase of coal-fired power. For renewable
electricity, the installed capacity of solar power would increase by
74.44 million kilowatts in 2050 when the growth rate of fossil fuel
prices increases by 1%; while other renewable electricity would not
be affected. Hence, increasing fossil fuel prices will promote the
development of renewable electricity. However, the total power
generation cost is likely to increase by 1.35 trillion RMB and the
average CO2 abatement cost per tonne would increase by 47.49
RMB.

4.6.4. Investment cost of wind power and solar power
In the REP scenario, the reduction rate of wind and solar in-

vestment cost are assumed to be 4% and 5%. In this part, higher
reduction rates of investment cost will be assumed. As can be seen
from Fig. 17, the installed capacity of solar power would increase by
5.38 million kilowatts in 2050 when the reduction rate of wind and
solar power investment cost increases by 1%. In additions, the po-
wer generation cost would be reduced by 18.03 billion RMB and the
average CO2 abatement cost per tonne would be 0.53 RMB less.
Hence, lowering the investment cost of renewable electricity is
conducive for promoting the development of renewable electricity
and meanwhile savings cost.

4.6.5. Summary
It is effective way to promote the development of renewable

electricity by increasing carbon price and fossil fuel prices and
developing renewable electricity generation technology to reduce
the investment cost. The fossil fuel prices are the most significant
factor that impact on the power generation technology
n installed power capacity (a) and cost (b).



Fig. 16. The impact of changes in fossil fuel prices on installed power capacity (a) and cost (b).

Fig. 17. The impact of changes in reduction rate of wind and solar investment cost on installed power capacity (a) and cost (b).
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development. However, the impact of changes in carbon price is not
obvious due to the current low carbon prices. Moreover, solar po-
wer is frequently influenced by the change of key parameters in
terms of installed capacity in 2050. Hence, solar power would be
the key of development in the long-term future due to its rapid
reduction of power generation cost and large resource potential.

5. Conclusions

The power industry is the largest CO2 emitter in China, hin-
dering China's progress in achieving sustainable development. A
series of renewable energy targets and renewable electricity plans
have been announced to achieve sustainable development in the
power sector in China. However, how to achieve these plans and
what are their costs and benefits remain unanswered questions.
This paper uses LEAP model to suggest the optimal development
path for China's power sector from 2015 to 2050, taking into ac-
count the renewable energy development plans. By comparing
three scenarios, the impacts of renewable electricity planning and
technological progress on power generation costs and CO2 emis-
sions are evaluated. Both renewable electricity planning and tech-
nological progress were mentioned in the latest Five-Year Plans.
Main conclusions are as follows:

(1) The fossil fuel-dominated power structurewould be changed
under the guidance of renewable energy policies in China.
Under renewable electricity planning, the share of emerging
renewable energy power, including wind, solar and biomass
power, in installed capacity will increase to 18.17% by 2020.
In order to minimize power generation costs, the shares of
hydro, nuclear, coal-fired and gas power should be 18.17%,
6.41%, 46.34% and 10.90%, respectively. In 2050, the share of
emerging renewable energy power in installed capacity will
further increase to 40.10%. The shares of hydro, nuclear, coal-
fired and gas power should be 10.56%, 7.82%, 22.61% and
18.90%, respectively.

(2) The development of renewable generation can reduce CO2
emissions and save fossil fuel consumption, but it will in-
crease power generation costs. During the period 2015 to
2020, the development of renewable electricity according to
the 13th Five-Year Plan for Power Energy Development will
result in a reduction in CO2 emissions of about 595 million
tonnes, but with additional power generation costs of 169
billion RMB. This means that China needs to pay 284.64 RMB
for every tonne of CO2 emissions reductions. During the
period 2015 to 2050, the national renewable energy planwill
lead to a reduction of about 35.8 billion tonnes of CO2

emissions with CO2 emissions peak at 2030, but at an addi-
tional cost of 2312 billion RMB. That is, the average CO2

abatement cost is 64.53 RMB/tCO2 over the full planning
horizon. It can be seen that the high power generation costs
of renewable electricity would continue to 2050 if there is no
technological progress or other policy interventions.

(3) Improving the capacity factors of renewable electricity gen-
eration technologies is an effective way to reduce the cost of
renewable energy development and increase environmental
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benefits. Compared with the case without changes in ca-
pacity factors (REP), every 1% increase in the capacity factors
of renewable electricity would on average result in the share
of renewable electricity installed capacity increased by
0.068% in 2030, the cumulative CO2 emissions reduced by
about 979 million tonnes, power generation costs reduced
about 133 billion RMB and average CO2 abatement cost
decreased by 5.56 RMB/tCO2.

(4) Increasing the carbon price and fossil fuel prices, and
developing renewable electricity generation technology to
reduce investment cost are effective measures to promote
the development of renewable electricity, especially the solar
power.
6. Policy implications

Based on the above conclusions, four policy implications are
proposed for the power sector development in China.

(1) If regarding the renewable development targets proposed in
the latest 13th Five-Year Plan for Power Energy Development
and the middle-long term plans as the priority in China's
power sector, under the principle of cost minimization, our
results are different from the national planning of capacity
for coal-fired power, gas-fired power and nuclear power. The
installed capacity of coal-fired power in our result is 182, 194
and 44 GW less than that in national planning in 2020, 2030
and 2050, respectively. However, the installed capacity
development of gas-fired power and nuclear power in na-
tional planning is hysteretic relative to our results. For
instance, the installed capacity for gas-fired power and nu-
clear power are plan to reach 110 GW and 58 GW by 2020
according to national planning but 216 and 127 GW,
respectively, according to our results. Hence, government
may reconsider the current planning by properly reduce the
capacity for coal-fired power and promoting gas-fired power
and nuclear power, so as to reach low-carbon electricity
generation and less cost.

(2) The average CO2 abatement cost caused by promoting
renewable electricity generation, is much higher than the
current carbon price of Beijing emissions trading market,
especially in the short term. Therefore, to promote the
development of renewable energy in China's power sector,
some measures, such as the promotion of an emissions
trading market, adjustments to the carbon price and sub-
sidization of renewable electricity generators, are required to
offset the additional cost.

(3) Policy aiming to improving capacity factors for each power
generation technologies should be promoted. For those non-
renewable electricity generation technologies, the improve-
ment of their capacity factors can be achieved by increasing
production load and the actual operating hours. While for
renewable electricity generation technologies, improving
their utilization efficiency is more feasible for enlarging the
capacity factors, considering their capacity factors are diffi-
cult to change because the natural resource is finite and
renewable electricity generation may mismatch with elec-
tricity consumption. Some advanced technologies, such as
flexible direct current transmission and storage technology,
can allow more renewable electricity to be used. Hence, the
promotions of advanced technologies can increase the ca-
pacity factors of renewable electricity generation technolo-
gies, obtaining greater economic and environmental
benefits.
(4) Due to the great potential of the installed capacity increment
and cost reduction, the solar power will play an important
role in CO2 emissions reduction in China's power industry in
the future. At this stage, it would be helpful to allocate more
R&D funding to achieve technological breakthroughs which
can further shrink the investment costs of solar power.
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