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1. Introduction

Anthropogenic climate change is a global problem of un
dented scale [1]. China and other developing countries in
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a b s t r a c t

In a world with the need of climate protection through emission reduction, China’s domestic mitigation
will be put on the national agenda. The large-scale deployment of innovative technologies induced by cli-
mate policies is a key determinant for reducing emissions in an effective and efficient manner. A distin-
guishing feature of the Chinese energy sector (especially electricity generation), is that investment costs
are significantly lower than in other world regions. Represented in the methodological framework of the
augmented REMIND model, three promising mitigation technologies (also known as technology clusters)
in the electricity sector: CCS with advanced coal-generation technologies, nuclear, and renewables are
the focus of this study. The scenarios are designed to analyze the roles of these technologies and their
associated economic impacts under a climate policy (i.e., a carbon tax). Our results indicate that:

(1) Technology policies improving the techno-economic features of low-carbon technologies are
insufficient to restrain China’s increasing emissions.

(2) Carbon-pricing policies can effectively reduce emissions by making low-carbon options more
competitive than conventional fossil fuel alternatives. In the global carbon tax regime framed in
this paper, China’s mitigation potential is larger than that of any of other region and the peak of
emissions occurs earlier (by 2020) and is 50% lower than in the BASE scenario.

(3) CCS is important, but the window of opportunity for its deployment is limited to the near- to mid-
term future. It is important to lower the cost of the carbon tax by supplying CCS technology; how-
ever, the gains from CCS for the ‘‘myopic’’ fossil fuel sectors are limited, compared to the case
without CCS. Therefore, strong social support for CCS development should be implemented, if it
is to be an effective mitigation option.

(4) The cost of nuclear is a major determinant of the future development pattern in China’s power sec-
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tions at the national level. This commitment demonstrates that no
matter what climate policy regime is instituted by the interna-
tional community in the coming years, China’s mitigation strategy
will be put on the domestic agenda [2]. Furthermore, the Durban
Platform comprises a protocol signed by countries including China,
which states that they are going to take steps to negotiate a new
climate treaty by 2015, wherein a legally binding commitment
including all parties is expected to enter into force in 2020.

Integrating mitigation policies into national, social, and eco-
nomic policies and relying on innovative science and technology
are the pillars of China’s climate change mitigation strategy [3].
Technological advancement is a major concern in China and will
play a crucial role in the process of transforming the Chinese en-
ergy sector towards a low-carbon pathway. An analysis of the glo-
bal context is of particular interest because investment costs for
technology innovation in China are generally lower than in the rest
of the world (particularly OECD countries) [4,5]. This observation
applies to conventional coal-fired power plants as well as domes-
tically manufactured nuclear, wind turbines, and solar PV panels.
The effectiveness of carbon taxes to reduce emissions depends cru-
cially on the investment costs of alternative technologies and their
relative contributions to the energy supply. Although it is possible
to analyze the cost of electricity at the plant level, analyzing the
system-wide effects of carbon taxes requires a comprehensive
model that represents China and the rest of the world. This study
uses REMIND1 [8,9] for this purpose.

The nexus between technology dynamics, the effectiveness of
carbon taxes, and the associated costs of climate change mitigation
are the central research topics of this paper. We address three
questions: (1) what are we heading if focusing on technology per-
formance rather than directly addressing emissions in China’s cli-
mate policies (‘‘baseline’’ uncertainty)? (2) How are different
technologies and their performances related to their roles in the
energy (power) sector and the emissions time path? (3) What are
the key technologies and how do their characteristics affect the
scale, timing, and associated costs of reducing emissions?

This study uses REMIND, a long-term, global, multi-regional
model. Furthermore, it focuses on three technology clusters: (1)
CCS (carbon capture and sequestration) with advanced coal gener-
ation (super-critical and IGCC, integrated gasification combined cy-
cle) technologies, (2) nuclear, and (3) renewables (wind and solar
PV). These technologies, all in the power sector, are commonly re-
garded as China’s primary mitigation options, both in the short-
and long-term.

These technologies have been reviewed and studied from the
economic perspective before in an separated manner (e.g. [10]
for CCS, [11,12], for renewable, and [13] for nuclear), or in a sys-
tematic modeling manner (e.g. [14,15] with Integrated Assessment
Models, [16–18] with economic or economic-technology hybrid
models, and [19–21] with bottom-up models, and other micro-
models, e.g. [22,23]. However, each technology cluster is now
changed with new attributes, e.g. subject to various uncertainty:
CCS technology is still in the pilot stage, and its application is con-
troversial in terms of the energy loss, potential damage to environ-
mental integrity, and safety if put into real operation [24–26]; The
integration of renewables into the power grid is critical, as now
China suffers from the curtailment of electricity from renewables,
and the cost of integration is a major concern [27]. Finally, nuclear
will likely become more expensive globally due to stricter safety
standards after the nuclear accident in Fukushima, Japan. All of
1 It should be noted that the model we use, REMIND is an integrated assessment
model (IAM) developed at Potsdam Institute for Climate Impact Research (PIK), and is
a central tool for energy and climate policy assessment, which is irrelevant to another
model REMIND with similar name, but used to ease optimizations of resource usage
in factories/production lines (http://code.google.com/p/tremind/), e.g. at [6,7].
these need to be re-assessed from the perspective of mitigation
contribution of various technologies in China. This study aims to
contribute to the existing literature, via systematically analyzing
technology and China’s role in climate change mitigation by exam-
ining climate policy responses and the economic uncertainties re-
lated to low-carbon technologies, within an economic-efficient
world, and explicitly considering the interaction between China
and the rest of world.

The scenarios are constructed to consider these issues specifi-
cally. The climate policies in this study are implemented via a
global carbon tax on the energy sector’s CO2 emissions, which
will be implemented after 2020 with an increasing trend over
time. The scenarios’ time horizon covers the entire 21st century,
but our findings are mainly focused on the period leading up to
2050.

The remainder of this paper proceeds as follows: Section 2
introduces the REMIND model and its extension, as well as the
technological heterogeneity across world regions. Section 3 de-
scribes the scenarios’ design and how they are related to the re-
search questions. Section 4 outlines the roles of the technologies
in providing energy services and mitigation, as well as the im-
pacts of their performances on the economic costs of mitigation.
Finally, Section 5 presents conclusions and policy implications
for technology development and climate change mitigation in
China.
2. Analytic framework

2.1. REMIND model

REMIND incorporates the economy, the climate system, and a
detailed representation of the energy sector. The resulting CO2-
emissions path minimizes mitigation costs for the world economy
by fully exploring the when- and where-flexibility of mitigation
measures, given the full tradability of emissions permits and the
inter-temporal equilibrium of the international capital market. A
substantial number of energy technologies (about 50) is available
in the energy sector module for the conversion of primary energies
to secondary energy carriers.

GDP (Gross Domestic Product) and population growth are two
major driving forces for most of economic models, as well as for
REMIND. As shown in Fig. 1, a region’s GDP is determined by a
nested production function with constant elasticity of substitution
(CES). Inputs at the upper level of the production function are la-
bor, capital, and final energy. Labor is provided by the population
at working age, which comes from UN population data 2010
(http://esa.un.org/wpp/unpp/panel_population.htm). An efficiency
parameter is assigned to each production factor in the various
macro-economic CES functions to finally determine the GDP
trajectory.

Carbon taxes are the climate policy applied in this study, so it is
worthwhile to illustrate the mechanism of carbon tax in the model
formulation. The tax is implemented as a penalty on emissions, i.e.
an incremental cost using the energy. The tax expenditure as part
of each region’s budget constraint is recycled in a lump-sum man-
ner. The model is solved iteratively with adjusted tax revenues un-
til these match the tax payments.

REMIND allows for the analysis of technology options and pol-
icy proposals for climate mitigation. The model and its results are
widely presented in economic journals, as well as the interdisci-
plinary and policy journals (see http://www.pik-potsdam.de/re-
search/sustainable-solutions/models/remind for details). For
detailed model descriptions and formulations, please refer to Leim-
bach [28] and Bauer et al. [29].

http://www.pik-potsdam.de/research/sustainable-solutions/models/remind
http://www.pik-potsdam.de/research/sustainable-solutions/models/remind
http://code.google.com/p/tremind/


Fig. 1. CES production function and linking with energy system in REMIND.

Table 1
Techno-economic parameters of regions with the lowest technology investment costs.

Life
time

Initial
investment cost
(2005$/kW)

Region with
lowest
investment cost

Source and remarks Rate for learning
technology (2005$/
kW)

PCC 40 610 China IEA (2010) [4], P48 –
PCC + CCS 40 1710 – Commercial-grade CCS unavailable; therefore, incremental cost of 1100 $/kW of

CCS is applied to the original technology using the post-combustion, Data from
Bauer (2005) [30]. The capture rate is 90%.

–

PC plus
oxyfuel

40 935 China Oxyfuel combustion. The carbon capture rate is 99%.

IGCC 40 1500 China Jiao (2007) [31] –
IGCC + CCS 40 1900 – 400 $/kW of CCS applied to the original technology, assuming syngas is used for

CCS, updated from Bauer (2005) [30]
–

Nuclear 40 2100 China IEA (2010) [4] –
Wind 25 1200 India IRENA (2012) [5], middle estimation based on the cost range in P30, Fig. 4.9. 12%
Solar PV 30 3000 China IRENA (2012) [5]. P23, Fig. 4.6. 20%

Note: All of the money value are real $ in 2005 after inflation adjustment.
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2.2. Representation of technologies

2.2.1. Energy and technology in the model
In REMIND, electricity is considered an input for stationary en-

ergy use and transport services, which is aggregated with other fi-
nal energy inputs. The aggregate of all final energy inputs is
combined with macro-economic capital and labor to generate
GDP in the macro-economic production function (Fig. 1).

Energy supply is represented by the energy sector, which is
comprised of the production and conversion processes from pri-
mary energy to secondary energy, and secondary energy to final
energy, which are then linked with the bottom level of the CES
function.
2 The alternative augment on the model, e.g. introducing technology spillover on
part of the investment cost is an on-going work, and will not be included in this paper.
2.2.2. Heterogeneous investment costs across regions
The model used in this analysis is an augmented version of

ReMIND, where—to reflect the heterogeneous technology attri-
butes—regionally specific investment costs were introduced to re-
flect the heterogeneity of regions (Appendix A). This is determined
by the authors’ estimation based on various sources, mainly IEA
(2010) [4] and IRENA (2012) [5]. The investment costs of the tech-
nologies in the region with the lowest investment costs are illus-
trated in Table 1. Using this region as a reference, the techno-
economic parameters for the other regions are set by introducing
the appropriate adjustment factors. The adjustment principle
(i.e., the setting of this factor for some regions with insufficient
data), is detailed in Appendix A. Using this differentiation, every re-
gion is characterized by specific cost dynamics to reflect the heter-
ogeneity across the regions, even in the long-term.2
3. Scenario design

Our scenarios cover two dimensions: technology and carbon
policy. The research questions above suggest a comparison be-
tween two sets of scenarios: with a carbon tax and without a car-
bon tax. We use the same carbon tax trajectory for the different
technology cases, which allows us to analyze the emissions reduc-
tions achieved in the different technologies at the same marginal
abatement costs. It also allows us to analyze the macro-economic
impacts of this tax under different technology settings. The selec-
tion of ‘‘carbon tax’’, rather than other command-and-control mea-
sures (e.g. Technology mandates), or emission cap (e.g. burden
sharing regime) etc. as the mitigation policy in the paper, is some
simplified treatment, to avoid complex discussion that are beyond
the topics of the paper. That is, the objective of this study is to ana-
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Table 2
Overview of scenarios.

Without climate
policy (BASE)

With climate
policy (POL)

Pessimistic development (P) BASE-P POL-P
Reference BASE POL
Optimistic development (O) BASE-O POL-O
Optimistic key technology

scenarios (T)
BASE-T POL-T
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lyze the differential impact of technology availability and perfor-
mance in China.3

Within the technology dimension, we vary the assumptions
regarding the availability and performance of key low-carbon tech-
nology options in China, while keeping the assumptions in other
regions constant. Since these technologies diffuse into the energy
sector regardless of if there is a carbon tax, variations along this
dimension will affect both the policy and baseline scenarios. Ta-
ble 2 illustrates the setup of the scenario used in this study.

In the technology dimension, the uncertainties related to CCS,
low or high integration costs of renewables, and investment costs
for nuclear in China are included based on reasonable assumptions
regarding technology cost performance, which is a representation
of technological flexibility and uncertainty in the future.

For scenarios from Pessimistic (P) to Optimistic (O), the techno-
logical performance is improved, allowing for more flexibility in the
economic sector to react to the emissions penalty. The POL-T sce-
nario was developed to test if coal-based generation technologies
plus CCS can significantly reduce costs in the short-term (before
2030). Nuclear is the exception, as the cost set in POL-P and POL-
T increases due to the larger possibility of the standard upgrade
for nuclear power plants in China. The uncertainty of renewables
(mainly wind and Solar PV) is primarily related to the associated
integration cost and learning rate, here we emphasize the former,
given the learning rate has been widely discussed in the literatures
(for review, see [32]). There is a debate about how renewables
should be developed in China (i.e., decentralized vs. centralized
models; [33]), which will determine the scale of the integration
cost. Appendix B describes the different technology assumptions
of the three mitigation options in each case (see Table 2).

The policy dimension assumes either no carbon tax or a globally
uniform, exponentially increasing (5% annually) carbon tax with a
starting level of 30$/tCO2 (2005 price) in 2020. This relatively
aggressive climate mitigation policy is consistent with the
long-term target of limiting global warming to 2 �C [9] from previ-
ous modeling experience.

The following section presents the model results using four
BASE scenarios and four policy scenarios. Moreover, BASE-PGas
and POL-PGas are developed and used to test the sensitivity of
gas prices, and POL-PBudget is added with an identical emissions
pathway to POL-O (more stringent cap on emission). Each of these
scenarios is based on the POL-P scenario. Section 4.1 depicts the
emissions and primary energy patterns and Section 4.2 emphasizes
the role of various technologies, their scales, and timings. Sec-
tion 4.3 discusses the economic impact due to technology variation
and the introduction of a carbon tax.
3 Another methodological advantage of the assumption of a globally uniform
carbon tax is that this avoids inter-regional redistribution of mitigation efforts
(measured in equal marginal abatement cost) if technology assumptions in China are
changed, compared to the global budget on emissions.
4. Results

4.1. The dynamics of emissions

4.1.1. Baseline scenarios
The scenarios show that due to continued economic growth,

relatively plentiful coal endowments, rather low investment costs
for conventional coal-fired power plants, and persistent inertia in
the energy system, China will steadily increase its emissions (in
absolute numbers and share of global emissions) over the next sev-
eral decades without a carbon tax. From 2025 to 2035, China’s
share of global energy-related CO2 emissions will peak at 32%,
compared to 20% in 2005, and will decline thereafter (Fig. 2). The
corresponding CO2 emissions in China will increase from 7.3 Gt
CO2 in 2010 to a peak level of 18 Gt CO2 in 2050, and will decline
thereafter due to the economic efficiency improvement and decar-
bonization of the energy system, and the decline of the population.
China’s largest share in global emissions occurs 15–25 years earlier
than its absolute emissions peak because other developing coun-
tries/regions, such as India and Africa, continue to increase their
emissions over a longer time horizon while their economies catch
up.

The increasing/decreasing availability of non-fossil energy tech-
nologies in BASE-P and BASE-O and cheaper coal-fired advanced
mitigation technologies (in BASE-T) results in minor changes to
emissions levels, which is relatively unaffected by the technology
performance change at hand (Fig. 3). This is because the rapid in-
crease of CO2 emissions is mainly triggered by the large supply
of competitive coal. With no emissions constraint, the option of
using low- or zero-emissions technologies is not yet attractive in
the baseline scenario cluster.

Using more coal, China is heavily reliant on imported coal from
Russia and the USA4; therefore, the foreign dependency rate of coal
will be greater and greater, as large as 70% by 2050. Although
domestical coal can be recovered on a large scale, cheap coal is
rather limited. Therefore, China’s reliance on coal is dependent on
relatively cheap coal imports, which will require large-scale trans-
port infrastructure investments in the future, as well as a concern
for security. Although the dependency rate seems surprisingly large
from today’s perspective, this finding is generally in line with other
studies (e.g. [35]) that projects China’s coal demand and supply
potential.

In sum, coal is cheap; therefore, coal conversion technologies in
China have a considerable competitive advantage over low-carbon
technologies. Without a price on carbon tax, variations in technol-
ogy assumptions will not affect the electricity generation mix to a
considerable extent until 2050. Hence, technology polices are
insufficient to achieve significant emissions reductions.

4.1.2. Policy scenarios
Compared to the baseline scenarios, the emissions patterns in

the policy cases are largely restrained by the increasing carbon
tax (Fig. 3). In POL-T and POL-O, energy CO2 emissions in China will
saturate quickly before 2020 at 9 Gt—approximately 50% of that in
the BASE scenario—and will follow a declining trajectory towards
negative emissions after 2070. This difference is due to the greater
flexibility of technology options in these scenarios. In the POL-P
scenario, the economic system loses some flexibility in the context
of a carbon tax due to the rigidity of the technological assumptions.
Therefore, the emissions peak is higher (0.2 Gt) in comparison to
the other policy scenarios. In this pessimistic scenario, emissions
will peak only by 2030 and decline thereafter.
4 The result is based on the way we frame the availability of coal in China. In
REMIND, some other regions have larger reserves of coal that are easy to extract,
especially the USA and Russia. See Bauer et al. (2013) [34] for more details.

marcelm
Rectangle



Fig. 2. China’s energy CO2 emissions share in the world between 2010 and 2100 in the BASE scenario.

Fig. 3. Energy CO2 emissions pathways in China for all scenarios.
While this difference exists across all the policy scenarios,
China’s largest share of global emissions occurs between 2020
and 2025 (27–28% of global emissions), which is slightly above
current levels. The carbon tax policy is effective for reducing emis-
sions globally, and most of China’s mitigation achievements will be
the result of reduced coal use.

In the policy scenarios, the energy system in the near- to mid-
term is characterized by the substitution of natural gas for coal.
This inter-fuel substitution is particularly important in the POL-P
case, where other low-carbon technologies are not as important.
Here, gas partially takes the role of nuclear and renewables, espe-
cially in the short- to medium-term. Thus, over the coming years,
China needs to double its gas supply every 5–7 years. In 2030,
gas consumption will reach 30 EJ/yr compared to 5 EJ/yr in 2010.
This will lead to a rapidly increasing dependency on imported
gas, with a share of over 70% by 2040. However, the effects of this
phenomenon will depend on the price of imported gas and China’s
ability to expand its infrastructure. The price factor is examined in
detail in Section 4.2.2 using a sensitivity analysis of the POL-P
scenario.
4.2. Role of generation technologies

4.2.1. Baseline scenarios
A robust finding across the baseline scenarios is that coal-based

generation is dominant throughout the time horizon (Fig. 4) until
2050 when coal becomes scarcer globally and world market prices
increase. As a result, shares quickly decline as competition from
non-fossil fuel technologies improves, particularly wind and solar.
In the BASE-O scenario, which has the largest availability of renew-
ables, the share of coal-fired generation in China’s total power mix
is still as high as 72% in 2050, which almost matches the current
level. Coal-power generation is, without a carbon tax, the most
competitive alternative in the range of uncertainties that we
tested. The share of natural gas is lower due to the high cost com-
pared to coal.

The roles of various non-fossil generation technologies are not
sensitive to technology assumptions before the middle of the
21st century in all of the baseline scenarios (see Fig. 5, also show-
ing the carbon emission of each scenario, accordingly).

The ranking of cumulative electricity generation (from highest
to lowest) from 2010 to 2050 in the baseline scenarios is as fol-
lows: coal, hydro, nuclear, wind, and solar (mainly solar PV) in
China (Table 3). This is the case regardless of whether the cost of
nuclear increases and the barriers for renewable integration are
high or low. Hydro and nuclear power currently have larger exist-
ing capacities than wind and solar technologies. Therefore, even if
the latter two technologies grow at faster rates than the former
two, it will take decades before the share of renewables will exceed
that of hydro and nuclear, which the baseline scenarios do not
consider.
4.2.2. Policy scenarios
The power mix in the policy cases results in a large deviation

from the BASE pathway. The electricity sector is fully decarbonized
before the end of the 21st century. The deployment of the three key
advanced technologies in the tax scenarios is now much larger and
covers a wider range (Fig. 6).

The scenarios with a rising carbon tax demonstrate a lower
activity level of electricity generation (approximately 15–21%
reduction measured in accumulated generation from 2010 to
2050), compared with the baseline scenarios. The reduction is
strongest in the POL-P case with a 21% contraction rate.

The structure of electricity generation also changes signifi-
cantly. In all the carbon tax scenarios, the stock of coal-fired power
begins to phase-out immediately after 2010 and phase-out com-
pletely before 2060. The use of coal with CCS is limited in the



Table 3
Sensitivity of cumulated electricity generation to key technology assumptions.

1950–2010 (cumulative) 2010–2050 (cumulative)

(Unit: EJ) Baselines With climate constrains (excluding POL-T) Optimistic technology (POL-T)

Min Max Min Max

Coal 131* 1444 1471 442 489 502
Oil 7 7 7 7 7
Gas 128 129 251 447 356
Hydro 27 149 149 199 201 200
Nuclear 2.3 62 72 170 322 152
Wind 0.4 19 33 106 143 145
Solar PV 0.01 1 7 126 172 173
Biomass 0.01 4 4 10 12 10

* Due to data unavailability, the number is the electricity generated from all fossil fuels, including gas and oil.

5 This means that China has the largest mitigation potential and a large share of
mitigation in the policy cases occurs in China. The region that achieves mitigation is
not necessarily the region paying the cost of mitigation.
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POL and POL-O scenarios. The technology is phased-in quickly, and
then it remains a niche market for a long time even in POL-T favor-
ing the cheap CCS, because the carbon tax penalizes residual emis-
sions; in fact, the penalty is high enough to drive up the cost of coal
with CCS above the supply costs of nuclear and renewables. There-
fore, the window of opportunity for CCS is limited, even with a car-
bon tax.

Another robust finding is that the carbon tax presents the larg-
est risk for the coal industry. Measured in cumulated generation,
the coal-power sector will shrink by 70%, measured in cumulated
electricity generation compared to the baseline scenarios. Coal-
fired generation will further shrink if the industry fails to adopt a
technologically and economically viable route to CCS (e.g., the
POL-P scenario); albeit, not by much (only a 3% accumulated elec-
tricity production difference across the POL cases). The gains for
the fossil fuel sector are limited compared to no CCS, especially
for ‘‘myopic’’ industry decision-making. Climate policy is crucial
for the fossil industry, however CCS availability can reduce the
negative impact only to some limited degree. These findings reveal
a strong policy implication for the role of CCS, which will be dis-
cussed in Section 4.3.

Nuclear’s contribution to electricity generation and mitigation
is highly dependent on its cost. Under the POL-P scenario, nuclear
costs increase by 2% annually. Thus, the cumulated electricity de-
rived from nuclear from 2010 to 2050 is only twice that of the BASE
level; however, it can reach about four times that level in cases
with no-increasing nuclear costs.

Although wind and solar PV do not play a significant role in the
baseline scenarios, they become more promising in the policy
cases. In fact, the ranking completely changes due to the fast
reduction of investment costs that result from learning by doing
(Fig. 7 shows the dynamics of endogenous investment cost
changes). Renewable technologies rank above hydro in all the
POL cases and above nuclear in expensive nuclear cases (i.e.,
POL-P and POL-T). The 100% increase of wind and solar PV in the
near-term will lower the investment cost closer to the floor-cost
within two to three decades (Fig. 7). This will make wind and solar
PV technologies competitive with conventional power sources in
the policy cases. Therefore, after 2030, the installation of wind
and cheap solar PV, which has a lower floor-cost than wind, will
make up more than 25% of the electricity mix by 2050 and 50%
after 2070. The cumulated electricity generation from wind and so-
lar in the policy cases is on par with conventional fossil-fuel, and
makes up approximately ten-times that of the baseline scenarios
(Table 3). In all scenarios, the differences in the energy mix are
small after 2050 since all the policy scenarios result in solar PV
and wind playing dominant roles in the energy mix. Renewables
contribute substantially to emissions mitigation and are the
long-term option (significant deployment after 2030, especially
for solar PV) for deep emissions mitigation.
As mentioned in Section 4.1.2, the POL-P scenario is character-
ized by a significant increase in gas-use. This fast and significant
increase substitutes coal in the electricity sector and removes the
need for better coal-import infrastructure in China. If the availabil-
ity of gas imports is reduced (by increasing the transport cost by
50%), its utilization in the power sector is also reduced (i.e., the
POL-PGas scenarios). This is achieved by reducing the demand
for electricity by using other input factors in the CES structure
and substituting it with nuclear and solar PV (Fig. 6).

To summarize, the impact of the decline of technology flexibil-
ity on the effectiveness of the carbon tax (i.e., emissions reduc-
tions) is outstanding in the POL-P scenarios. Power sector
emissions are only reduced by about 90% of other policy cases.

With this in mind, we created another scenario to test the sensi-
tivity, POL-PBudget, where we constrained the emissions of the
power sector to the level of the POL-O scenario. This scenario is de-
signed to reveal, if technology performance is worse and how the
scale and timing of technology deployment changes, if we stick to
the emission level as low as POL-O. The results show that the total
electricity generation will contract to 78% of the BASE level, along
with the deeper expansion of nuclear and renewables, which will
replace natural gas, compared to the POL-P and POL-PGas scenarios.

4.3. Economic impact of technology variation and carbon policy

Economic impacts are of particular concern, because they indi-
cate which technologies should be supported by governments and
what the consequence of a climate policy commitment is. In the
carbon policy scenarios, economic impacts are measured as GDP
losses from BASE (no constraints on carbon emission) moving to
POL mitigation cases, which are discounted (5%) and aggregated
from 2010 to 2050 as a fraction of GDP in the baseline scenario.

The results show that GDP is barely affected in the baseline sce-
narios (Fig. 8). The main source of GDP loss is the carbon tax, which
results in approximately 2–2.4% of GDP loss by 2050 in China and
1–1.5% globally.

Due to variations in the cost of technologies, mitigation cost
differences range from 10% to 20% in policy scenarios. Where tech-
nology costs are high (e.g., the POL-P scenarios) cumulated GDP
loss is as high as 2.4%5 in China and 1.5% globally. With the lower
cost of mitigation technologies in the POL-O and POL-T scenarios,
GDP loss can be as low as 2.1% for China and less than 1% globally.

The interdependency of China with the rest of world is also ex-
plored (Fig. 9). Under the carbon tax regime, because China faces
inflexible mitigation conditions in POL-P, the burden on the other
world regions is heavier compared to POL scenario, and the GDP
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Fig. 4. Electricity generation mix for all scenarios.

Fig. 5. Cumulative electricity generation in China by source and corresponding
cumulative CO2 emissions from 2010 to 2050.

Fig. 6. Cumulative electricity generation compared to BASE from 2010 to 2050.
loss is over 500 billion US$ from 2010 to 2050 for the rest of world.
In contrast, the POL-O scenario shows that if China continues to de-
velop technological alternatives to coal and expands renewables in
the power sector, the entire world will benefit in two ways: (1) glo-
bal emissions and mitigation attributed to other regions will be
reduced and (2) China and other regions will experience higher
GDP, due to the lower mitigation cost and/or mitigation need.
The availability of advanced technologies to China not only bene-
fits itself, but also at the same time, adding value to the mitigation
efforts of others.

Economic losses are significantly larger in POL-P than in POL,
POL-O, or POL-T. This shows that variations in nuclear and renew-
able performance only imply small changes in the optimal emis-
sions time paths and cumulative discounted losses. The
availability of CCS is the dominant factor affecting social economic
loss, and accounts for most of the 0.3% difference in GDP between
POL-P and POL. This is mainly because renewables and nuclear are
phased-in much later, and is less important in the discounted va-
lue. In contrast, if CCS is available and cheap, it can supply low-car-
bon electricity in the near-term, which allows a smaller deviation
from cheap fossil fuel use from the BASE pathway, and therefore
results in a smaller cost.

If CCS is not available, the whole society will experience higher
costs with higher saturation levels (0.2 Gt higher than with CCS).
Moreover, in Section 4.2.2, we can see that CCS unavailability
only reduces gross fossil-fuel use by 3% further in the policy sce-
nario because it is the best short-term option and there are no
appropriate alternatives to CCS; therefore, the energy system be-
comes more inflexible responding to carbon pricing in its absence.
From this perspective, CCS is important for lowering compliance
costs.
5. Discussion and conclusions

Without a carbon tax, China’s emissions will increase steadily
over the next several decades. Lowering the costs of nuclear and
renewable energy will not change this result. This conclusion is ro-
bust for the first half of the century. The main reason is that fossil
fuels and the related conversion technologies — particularly coal
and coal-fired technology in China — remain much cheaper than
the low-carbon alternatives. The phase-in of advanced wind and
solar PV has already begun because of strong policy incentives
from the government. However, the modeling shows that without
a carbon tax, the pace and potential of these alternatives will be
limited in an economically-rationale world.

On the contract, if a globally uniform carbon tax that increases
exponentially from the level of 30US$/tCO2 in 2020 is imposed,
China’s mitigation potential is larger than that of any of other re-
gion and the peaking of emissions will be earlier (in 2020 rather
than 2050 or later). Furthermore, China’s peak emission level will
be 50% lower than in the BASE scenario without a carbon policy.

The effectiveness of technology policies for reducing emissions
in the near-term and triggering improvements of low-carbon



Fig. 7. Capital cost dynamics of all the scenarios.
technologies (via learning-by-doing) is crucial to reducing the cost
of complying with the climate target. A carbon tax will result in a
2.4% GDP loss for China in scenarios where nuclear and renewable
integration are expensive and where CCS is not available (i.e., POL-
P). This figure could be as low as 2.1% if technology polices can
effectively reduce the costs of key technologies, especially if CCS
can be available.
The role of nuclear will largely be determined by the cost of
investment. China has already regulated the construction of
nuclear reactors: only third-generation technology standards are
accepted, and the AP1000 technology cluster is dominant [36].
We expect that the cost of nuclear energy will escalate in China
as safety standards for nuclear power-plants increase, which will
significantly affect diffusion patterns in the power sector (Bauer



Fig. 9. Cumulative GDP difference, compared to POL between 2010 and 2050,
Bil.US$ (2005).

Fig. 8. Discounted GDP loss in the baseline and policy scenarios.
et al., 2012a). Nevertheless, domestic manufacturing can cut the
cost of nuclear by over 70% [37], which is the crucial factor to make
nuclear a competitive alternative to coal-fired generation.

Wind and solar PV are cutting-edge technologies that are enter-
ing the commercialization stage. Under a climate policy, they are
expected to become competitive within one decade through the ef-
fects of learning-by-doing, if they continue to receive widespread
support for their expansion. Renewables will be the long-term
choice for decarbonizing the electricity sector, given their increas-
ing competitiveness over time and the fact that they produce zero
emissions. However, they will only contribute at a notable scale to
China’s mitigation strategy after 2030 because now they have a rel-
atively low presence in the market.

CCS is important for reducing the economic impact of climate
change mitigation, but its window of opportunity is limited to
the near future, because other options, such as renewables, will be-
come more competitive over time. CCS is important for lowering
compliance costs, but is not effective enough for the fossil fuel
industry to maintain its market share. Strong support for CCS is
necessary if its mitigation effects are desired.

In summary, there is no single technological solution option to
climate mitigation. However, without climate policies, China will
continue to use coal on a large scale. Climate change mitigation
in the Chinese power sector is mainly concerned with reducing
CO2 emissions from coal. This study suggests the importance of a
CCS-support program to contribute to short-term mitigation in
the absence of other acceptable options. The cost dynamics of nu-
clear power plant construction will determine the future of China’s
power sector. Renewables are the most important long-term solu-
tion for deep emissions mitigation although, significant deploy-
ment will only occur after 2030, especially for solar PV. Creative
policies such as alternative investment, technology innovation,
and climate protection strategies should be explored to provide
the best available information to policy-makers about appropriate
long-term solutions.

This study reveals three areas for further research. First, in this
paper, individual regions learn and reduce investment costs in a
fragmented way without inter-regional spillover, even in the
long-term. This removes the complexity of inter-regional interac-
tion for the advanced technologies. The effect of research and
development, technology transfers, and global convergence/diver-
gence on investment costs is beyond the scope of this country-level
study; however, it is a worthwhile topic for future research on glo-
bal issues and technology transfer policies.

Second, we highlight that a uniform, increasing CO2 tax cover-
ing all regions and sectors uniformly, which have important and
critical impacts on the evolution of energy system, is really a strong
assumption. Disconnect of this assumption necessary to achieve
the 2� target and the realistic climate protection regime is obvious.
Given our emphasis focused on the technology dimension, the role
of this uniform tax is indeed a simplified treatment, in order to pro-
vide a benchmark for the analysis and policy implication. So far,
delayed mitigation action, fragmented climate policy and incom-
plete climate policy participation are more realistic. If these devia-
tions from idealized policy assumptions are considered, the results
of the paper might be changed, e.g. in term of the pace for entering
the market of the low carbon options. This work has partly been
done (e.g. [9]) and will be conducted further with the new develop-
ment of the model and policy agenda.

Third, our assumptions regarding the techno-economic perfor-
mance of energy technologies could be viewed as controversial.
Some of our conclusions are robust (e.g., the importance of CCS
and the long-term importance of renewables), while others are
dependent on our key assumptions regarding the dynamics of
investment costs (e.g., the role of nuclear and grid-associated
renewables). Associated cost along with new grid construction
reflecting the integration necessity of renewable expansion, the



Appendix A. Regional adjustment factor for the lowest investment cost and adjustment principle

Region Country
group/
typical
country

Remarks on adjustments Adjustment factor for coal-
fired generation

Adjustment
factor for
wind

Adjustment
factor for
SPV

Adjustment
factor for
nuclear

IGCC IGCCC PC PCC PCO

EUR Good data source 1.1 1.1 3.0 1.7 3.0 1.6 1.3 1.5
RUS Russian Relatively good data source.

Nuclear in RUS is generally
cheaper because the technology is
already owned, and other options
are slightly more expensive than
in the US and EUR.

1.1 1.1 3.3 1.8 3.3 1.6 1.3 1.1

USA United
States

Good data source. Investment
level is generally higher due to
strict regulations, expensive labor,
and other factors.

1.6 1.5 3.2 1.8 3.2 1.6 1.3 1.2

JPN Japan Pattern is similar to USA. 1.1 1.1 4.1 2.1 4.1 2.2 1.3 1.1
CHN China Significantly cheaper for thermal

power because it is produced
domestically; cheaper than
renewables and nuclear.

1.0 1.0 1.0 1.0 1.0 1.2 1.0 1.0

IND India Poor data availability in most
cases, so uses the cost level of EUR
due to less technological capacity.

1.1 1.1 3.0 1.7 3.0 1.0 1.0 1.5

AFR South
Africa

High cost for thermal and nuclear
due to less practice, moderate for
hydro and other options.

1.1 1.1 3.0 1.7 3.0 1.6 1.2 1.5

LAM Brazil Partly from IEA (2011) and others
similar to IND.

1.1 1.1 2.0 1.3 2.0 1.6 1.3 1.5

MEA Middle
East

Pattern is similar to AFR. 1.1 1.1 3.0 1.7 3.0 1.6 1.3 1.5

OAS Southeast
Asian

Pattern is similar to IND. 1.1 1.1 3.0 1.7 3.0 1.6 1.3 1.5

ROW Rest of
world
(mainly,
Korea and
Canada)

No change. 1.1 1.1 3.0 1.7 3.0 1.6 1.3 1.5

Note: The investment value was based on the market exchange rate. Author’s estimation based on [4,5].

Appendix B. Parameters for the investment costs of electric generation technologies

Pessimistic development (P) Reference Optimistic development (O) Optimistic clean coal
technology scenarios (T)

Coal + CCS CCS unavailable CCS unavailable CCS available Cheaper combination of CCS
with coal-fired generation
available (investment cost
declines by 10% compared to
the BASE scenario); IGCC is
cheaper, with a 2% annual
decline in investment costs.

Renewable Grid construction demand for
integration is 20% more than
BASE; floor-cost for learning

Grid capacity expansion
needed for 2/3 electricity
transmission from

More decentralized
electricity model; integration
grid demand is improved by

Same as reference case.



Appendix B (continued)

Pessimistic development (P) Reference Optimistic development (O) Optimistic clean coal
technology scenarios (T)

technologies is limited to
120% of the BASE level.

increased wind and solar
PV power generation.

80% in the BASE scenario;
learning rate is 10% larger
than in the reference case.

Nuclear Investment cost increases by
2% annually from 2010 to
2030.

Investment cost is
2500$/kW

Same as reference case. Investment cost increases by
2% annually from 2010 to
2030.

S. Zhang et al. / Applied Energy xxx (2013) xxx–xxx 11
dynamics of nuclear investment costs should be reviewed more
carefully through specific case studies.
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