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Abstract
Operators of coal-fired power plants with carbon dioxide capture and storage (CCS) can
provide energy for carbon dioxide (CO2) capture by increasing coal input (option i) or
reducing electricity output (option ii). Under the Clean Development Mechanism (CDM),
does a flexible option exist in the future to provide energy for capturing CO2? In this
study, we use a representative coal-fired power plant in China (600 MW) as a case study
to assess the options to be implemented and the corresponding economic performance
and emission reductions of coal-fired power plants with CCS. Both Monte Carlo
simulation and the net present value (NPV) methods are used in this study. The results
show that the flexible options yield an average NPV that is 57.36 and 48.07 million
Chinese Yuan more than the net present values of option i and option ii, respectively,
during three crediting periods. Additionally, the implementation of flexible options can
improve the emission reduction effect in coal-fired power plants with CCS and promote
the optimization of power systems. The priority for expanding the positive effects of
flexible options is for international climate change policy negotiators and policymakers
to formulate stricter international emission reduction policies with a high certified
emission reduction price. In addition, a good communication and coordination mecha-
nism between the coal-fired power plants and the administration of the power system are
required to ensure the efficient implementation of flexible options.
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1 Introduction

The need to address climate change has reached a global consensus (IPCC 2014). Many
countries have introduced regulatory policy schemes for carbon reduction (Abdi et al.
2018). However, in the foreseeable future, our world will still rely heavily on fossil energy
(IEA 2016b). Carbon dioxide capture and storage (CCS) technology is a potential approach
for mitigating climate change. Furthermore, without the contribution of CCS towards
achieving global atmospheric carbon dioxide (CO2) concentrations within a range from
430 to 480 ppm CO2 equivalent, the global emission reduction cost will increase by 138%
from 2015 to 2100 (IPCC 2015). However, due to high capital, operating and maintenance
costs, CCS technology is difficult to develop without the input of external income (Stigson
et al. 2012). In this context, the inclusion of CCS projects under the Clean Development
Mechanism (CDM) has been considered a financial incentive mechanism for developing
countries that wish to deploy CCS. Participants in the United Nations Framework Conven-
tion on Climate Change Conference of the Parties, Cancun, Mexico, December 2010
decided that CCS can be developed into CDM project activities (UNFCCC 2011). The
relevant methodology has been drawn up preliminarily and is being improved gradually
(UNFCCC 2013). An important aspect of CDM projects is the certification of emission
reductions. Similar to other types of CDM projects, the certified emission reductions
(CERs) of CCS projects are equal to the difference between baseline emissions and project
emissions and leakages (Global CCS Institute 2011; IEAGHG 2007; Philibert et al. 2007;
UNFCCC 2013). The CO2 emissions arising from the energy (electricity and heat) used for
CO2 capture

1 are the largest part of the project emissions.
As the largest CO2 emission sector in the world, the coal power industry will continue to

make up the largest market for CCS technology for a long time (CoalSwarm/SierraClub/
Greenpeace 2018; IEA 2017; IPCC 2014). The additional energy required to operate a CO2

capture system in a coal-fired power plant either reduces the power output of the plant or
increases the coal input (Supekar and Skerlos 2015). For coal-fired power plants operating
at a high capacity factor,2 there are two options to provide energy for CO2 capture. Option i
involves increasing the coal input: A capacity extension (i.e. a new auxiliary power plant) is
implemented to provide the additional energy needed for CO2 capture (IEAGHG 2007).
Option ii involves reducing the power output: The energy used by the capture system is
provided by the retrofitted coal-fired power plant with no capacity extension (IEAGHG
2007). For coal-fired power plants operating at a low capacity factor, there are also two
options to provide energy for CO2 capture. Option i involves increasing the coal input: The
energy used by the capture system is provided by the retrofitted coal-fired power plant,
resulting in a higher capacity factor (additional coal input). Option ii involves reducing the

1 A CCS project consists of the following three links: CO2 capture, transport and storage. The energy consump-
tion in CO2 transport is primarily concentrated in the booster stations, which are far from coal-fired power plants
(approximately 200 km) (IEAGHG 2005). In addition, the CO2 storage site is generally far from the coal-fired
power plants. This study assumes that the energy needed for both CO2 transport and storage is provided by the
power grid. Therefore, the energy consumption of the CCS project discussed in this study refers only to the
electricity and steam used during the CO2 capture process.
2 The capacity factor is the unitless ratio of the actual electrical energy output over a given period of time to the
maximum possible electrical energy output over that period (U.S.NRC 2018). This definition can be expressed in
the form of an equation as follows:
Capacity Factor = actual output of a power plant throughout the year (MWh)/(365 days × 24 h/day × full

nameplate capacity (MW)).
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power output: The energy used by the capture system is provided by the retrofitted coal-fired
power plant with no change in capacity factor (no additional coal input). Currently, CCS
operators are interested in partial capture instead of full capture (Li 2010). In other words,
the capture capacity is only enough to capture part (e.g. less than 25%) of the annual
emissions of a coal-fired power plant without CCS. Additionally, CCS operators will not
capture the residual emissions of the coal-fired power plants and the emissions generated by
the additional coal input. Under these circumstances, the CO2 emissions arising from the
energy used for CO2 capture are different under different options.

Option i: Under option i, new auxiliary power plant (or idle generating capacity) is fully
utilized for capturing CO2, thereby helping to maintain the power output. In this
context, the amount of coal used in power generation is greater than that used
before the CO2 capture system was installed. Therefore, other power plants in the
electricity system can maintain the stability of the power system without increasing
the power output. Consequently, the calculation of CO2 emissions arising from the
energy used for CO2 capture should be based on the CO2 emission factors of the
coal-fired power plants (IEAGHG 2007).

Option ii: Under option ii, the coal input for power generation is the same in coal-fired power
plants with and without the CO2 capture system. The reduction in the power
output is equal to the amount of energy consumed by the CO2 capture system. To
ensure the stability of the electricity system, the reduction in the power output of
retrofitted coal-fired power plants should be compensated by increases in the
power output of other power plants in the electricity system. Therefore, the
combined margin (CM) CO2 emission factor of the electricity system should be
used to calculate the total CO2 emissions arising from the use of energy for CO2

capture (Haefeli et al. 2004; IEAGHG 2007).

According to the calculation principle (UNFCCC 2015), the CM CO2 emission factor of the
electricity system is lower than the CO2 emission factors of coal-fired power plants. In
comparison, when option i is executed, a larger profit can be gained from power output,3

while less profit is obtained from the Certifified Emission Reductions (CERs). Figure 1
shows some differences between these two options in detail. Therefore, based on the
principle of profit maximization, does a flexible option (exploiting one of the two options
that yield larger integrated profits) exist in the future to provide energy for capturing CO2

under the CDM in developing countries? In addition, how do flexible options change the
economic performance and emission reduction effect of coal-fired power plants with CCS?
Here we point out that the economic performance of power production in our data is
expressed in the form of profit. Additionally, we assume that CER transaction is cost free
to incorporate this factor into the economic performance of power production. The income
from the CERs is considered profit in this study.

China, the world’s largest emitter of CO2 (Mi et al. 2017a; Mi et al. 2017b), is facing
huge pressure to reduce emissions. The emission reduction effect of CCS technology
could be attractive to China, where the coal power industry has been and will continue to

3 This study indicates that coal-fired power plants will be profitable; that is, more electricity will generate more
profits. Additionally, this study assumes that the profits and losses associated with the CCS project and coal-fired
power plant belong to a single enterprise.
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be the primary emissions sector (Zhang et al. 2014). Consequently, CCS technology is
likely to become increasingly attractive to China’s coal-fired power plants.

Therefore, based on the principle of profit maximization, we use a typical coal-fired
power plant in China as a case study to assess the options for providing energy to capture
CO2 under the CDM in developing countries and to evaluate the corresponding economic
performance and emission reductions of coal-fired power plants with CCS.

2 Literature review

High-energy consumption is an important factor that leads to the high cost of CCS
projects (Arranz 2016; IPCC 2005). In general, the energy cost accounts for approxi-
mately 8–27% of the total cost of CO2 capture (Broek et al. 2009; Company and
McKinsey 2008; Viebahn et al. 2012; ZEP 2011). The purpose of an enterprise is to
make a profit. The energy cost of CO2 capture is directly affected by both the amount of
energy consumed and the energy price. Ziaii et al. (2009) established a dynamic rate
model for the removal of CO2 from coal-fired power plants by mono ethanol amine
(MEA). Based on this model, the removal rate of CO2 can be increased by 1% under the
condition of reducing the steam rate (energy consumption). It is more efficient to reduce
the capture cost through the flexible operation of the capture rate than by simply
controlling the capture system to reduce energy consumption. Chalmers et al. (2009)
evaluated the feasibility of flexible operation of the capture system and pointed out that
there is no obvious technical obstacle to flexible operation. Patino-Echeverri and
Hoppock (2012) concluded that whether the benefits of flexible operation outweigh the
increased costs depends on the relationship between capital and operating costs and
cyclical electricity price differentials. Research by Wiley et al. (2011) showed that in a
market with cyclical electricity demand in New South Wales, flexible operation can
capture 50% of the CO2 generated by coal-fired power plants without reducing the net
amount of electricity supplied to the grid. In addition, the emission reduction cost with a

Fig. 1 Some differences between the two options. On the right side of the figure, we compare the profits from
electricity, profits from CERs and CO2 emissions arising from energy used for the CO2 capture under option i and
option ii
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flexible capture rate is lower than that with a fixed capture rate. The inclusion of CCS in
the carbon market or the CDM is considered to be an important means to promote the
development of CCS. Therefore, some studies on the CCS technology operation strategy
take into account carbon prices. Based on a multiple time scale control-optimization
framework, Abdul Manaf et al. (2016) evaluated the potential net operating revenue of
the flexible operation of a coal-fired power plant retrofitted with a post-combustion CO2

capture plant in response to changes in power plant load, carbon prices and electricity
prices. Research by Arce et al. (2012) found that application of dynamic optimization
approaches to exploit the time-varying values of wholesale electricity and CO2 prices can
lead to significant savings in the operating costs associated with post-combustion CO2

capture processes. This technology can reduce energy costs by 10%.
Flexible capture is considered a strategy to reduce the direct cost of CO2 capture

and improve the direct benefits of CO2 capture by controlling the capture rate. In fact,
under the CDM, coal-fired power plants with CCS can also improve their profits by
flexible options to provide energy for capturing CO2 in developing countries. This
operating mode considers both the amount of power output and the CERs, which
indirectly affect the economic efficiency of CO2 capture. In addition, this flexible
operating mode is an important part of the comprehensive mechanism to maximize the
economic efficiency of the capture system. However, this subject has not received
sufficient attention and in-depth research.

The options to provide energy for capturing CO2 can be adjusted at any time during
the entire service life of coal-fired power plants. Which option will be implemented
depends on the power generation profit, the CM emission factor, emission factor of the
coal-fired power plant (or new auxiliary power plant) and the CER price. After several
rounds of global climate change negotiations, global climate policy remains uncertain
(Wei et al. 2014). Uncertainty in global climate policy will be reflected in the CER price
(Zhou et al. 2014). Thus, by what means do we judge the options in an uncertain
environment? The Monte Carlo simulation (MCS) is a widely recognized, comprehen-
sive and flexible method for analysing uncertainties (Chou 2011; Dueñas et al. 2011; Liu
et al. 2017; Vithayasrichareon and MacGill 2012). Based on the distribution function of
uncertainties and a large number of simulations, the probabilities of executing each
option and the corresponding economic and emission reduction effects of coal-fired
power plants with CCS can be obtained annually. In addition, how does the flexible
option impact the overall economic efficiency of the system over entire crediting
periods? The net present value (NPV) method fully accounts for the time value and
has been generally favoured in practical applications (Tang et al. 2017). The combination
of MCS and NPV can be used to simulate the probabilities of executing each option and
the corresponding economic and emission reduction effects of coal-fired power plants
with CCS in an uncertain assessment environment.

Based on a review of the literature, we state our contributions to existing knowl-
edge. First, flexible options for providing energy to capture CO2 in coal-fired power
plants are proposed under the CDM. Additionally, the critical CER prices for option
adjustment and the probabilities of executing each option (option i and option ii) are
discussed in detail. Finally, we analyse the economic and emission reduction effects of
coal-fired power plants with CCS under each option (option i, option ii and flexible
options).
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3 Method

3.1 Research framework

The object of this study is coal-fired power plants with CCS in developing countries. The
research issues raised in this study are based on two premises, which should be reasonably and
scientifically explained or confirmed. First, it is assumed that the CCS projects have already
been developed in the CDM. This assumption is based on the following two facts: (1)
participants in the Cancun climate conference in December 2010 decided that CCS can be
developed into CDM project activities (UNFCCC 2011) and (2) a relevant methodology has
been drawn up preliminarily and is being gradually improved (UNFCCC 2013). Second, most
operators do not capture the emissions resulting from additional coal input. Thus, based on the
principle of profit maximization, we assess the options for providing energy to capture CO2

under the CDM and the corresponding emission reduction effects in coal-fired power plants
with CCS in developing countries. Specifically, we address the following three issues: (1) the
critical CER prices for option adjustment, (2) the probabilities of executing each option (option
i and option ii) and (3) the economic and emission reduction effects in coal-fired power plants
with CCS corresponding to each option (option i, option ii and flexible options). In addition,
global strategies focusing on expanding the advantages of flexible options and avoiding the
disadvantages of flexible options are proposed. The research framework is shown in Fig. 2.

3.2 Assumptions

(1) There is no documentation available to specify the time interval between two
rounds of CER certifications and issuances. Communication with professional
researchers in the CDM project verification enterprise suggests that the CERs
will be certified and issued generally every half a year to 2 years. Therefore, the
emission reductions in the CCS are certified and issued once a year in this study.

(2) The CO2 emission factor and profit of coal-fired power plants are two key
parameters in this paper (Table 1). In many studies, the CO2 emission factor
of coal-fired power plants is set as invariant (Rubin et al. 2015; Zhang et al.
2014). In addition, we cannot obtain an accurate trend regarding the profit of

Fig. 2 Research framework
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coal-fired power plants. Therefore, the CO2 emission factor and profit of the
assessed coal-fired power plant are considered invariable in this study. The
subsequent sensitivity analysis will try to make up for the limitations associated
with this assumption.

3.3 Critical CER price for option adjustment and probabilities of executing each
option

The critical CER price will equalize the profits obtained by executing option i and
option ii and is determined by profits per megawatt hour, the CO2 emission factor of
the coal-fired power plant and the CM CO2 emission factor of the electricity system.
The probability of executing each option (option i and option ii) is the ratio of the
number of executions of each option to the total number of simulations, and this ratio
is determined by the actual CER price and the critical CER price.

CPCER:t ¼
ppower

e f coal−ef grid:CM :t

PRii
t ¼ nCPCER:t ≤PCER:t

N
PRi

t ¼ 1−PRii
t

8>>><
>>>:

ð1Þ

where CPCER. t denotes the critical CER price for option adjustment in year t (CNY
(Chinese Yuan)/ton); PRii

t is the probability of executing option ii in year t; PRi
t is the

probability of executing option i in year t; ppower denotes the profits per megawatt
hour of the assessed coal-fired power plant (CNY/MWh); efcoal denotes the CO2

emission factor of the assessed coal-fired power plant (tons/MWh); efgrid. CM. t indi-
cates the CM CO2 emission factor of the electricity system in year t (tons/MWh); τ1

Table 1 Key parameters and data affecting the flexible options

Key parameters Data Data sources

Installed capacity (MW) 600 /
Annual utilization hours (h) 4870 (Editorial Board of the China Electric

Power Yearbook 2008–2017)
CO2 emission factor of coal-fired

power plants (tons/MWh)
0.821 (Editorial Board of the China Electric

Power Yearbook 2006–2017; NDRC 2014)
Energy consumption during CO2

capture (MWh/ton)
0.306 (Feron 2006; IEA 2008)

Capture rate 80% /
Three crediting period (years) 3 × 7 (UNFCCC 2015)
Profits per MWh (CNY/MWh) 26.6 (Huaneng Power International Inc. 2016–2017)
CM CO2 emission factor (tons/MWh) See Table 4 Explained in the Appendix
Initial CER price (CNY/ton) 48.80 (Intercontinental Exchange 2018)
CER price volatility 0.30
CER price drift rate 0.05
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and τ2 are the starting (2018) and ending time (2038) of all crediting periods,
respectively, in which τ1 ≤ t ≤ τ2 (year); PCER. t denotes the CER price in year t
(CNY/MWh); and nCPCER:t ≤PCER:t is the number of times option ii is executed in year
t. After repeated experiments, the values of the simulated variables were found to
have stabilized when the number of Monte Carlo simulations (MCSs) is 10,000. N is
the total number of MCSs, which is set at 10000.

3.4 NPV of integrated profits for a coal-fired power plant with CCS under different
options

To analyse the financial/economic issues directly under different options, this study
only calculates and shows the integrated profits that vary with the option adjustment.
The integrated profits under option i refer to profits arising from power output that
exceeds that under option ii and the loss of profits from CERs caused by the CO2

emissions arising from the energy used for the CO2 capture. The integrated profits
under option ii refer to the loss of profits from CERs caused by the CO2 emissions
arising from the energy used to capture the CO2.

IPi
oi:t ¼ vCO2 ⋅v

ccs
power⋅ ppower−ef coal⋅P

i
CER:t

� �
NPVIPi

oi:t
¼ ∑

τ2

t¼τ1
IPi

oi:t⋅ 1þ γð Þτ1−t−1

8><
>: ð2Þ

IPi
oii:t ¼ −vCO2 ⋅v

ccs
power⋅ef grid:CM :t⋅P

i
CER:t

NPVIPi
oii:t

¼ ∑
τ2

t¼τ1
IPi

oii:t⋅ 1þ γð Þτ1−t−1

8<
: ð3Þ

IPi
t ¼ max IPi

oii:t; IP
i
oi:t

� �
NPVIPi

t
¼ ∑

τ2

t¼τ1
IPi

t⋅ 1þ γð Þτ1−t−1

8<
: ð4Þ

where IPi
oi:t denotes the integrated profits in year t in the ith simulation when

executing option i (CNY); NPVIPi
oi:t

denotes the NPV of integrated profits in the ith
simulation when executing option i during the three crediting periods (CNY); IPi

oii:t
denotes the integrated profits in year t in the ith simulation when executing option ii
(CNY); NPVIPi

oii:t
denotes the NPV of integrated profits in the ith simulation when

executing option ii during three crediting periods (CNY); IPi
t denotes the integrated

profits in year t in the ith simulation under the flexible options (CNY); NPVIPi
t

denotes the NPV of integrated profits in the ith simulation under the flexible options
(CNY); γ denotes the discount rate; vCO2 denotes the amount of CO2 captured (tons);
and vccspower denotes the amount of energy consumed for capturing one ton of CO2

(tons/ton).
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3.5 CO2 emissions arising from energy used for the CO2 capture under different
options

Eoi:t ¼ vCO2 ⋅v
ccs
power⋅ef coal

TEoi ¼ ∑
τ2

t¼τ1
Eoi:t

8<
: ð5Þ

Eoii:t ¼ vco2 ⋅v
ccs
power⋅ef grid:CM :t

TEoii ¼ ∑
τ2

t¼τ1
Eoii:t

8<
: ð6Þ

Ei
opt:t ¼ vco2 ⋅v

ccs
power⋅if IPi

oi:t > IPi
oii:t; ef coal; ef grid:CM :t

� �
TEi

opt ¼ ∑
τ2

t¼τ1
Ei
opt:t

8><
>: ð7Þ

where Eoi. t denotes the CO2 emissions arising from the energy used for the CO2 capture in year
t when executing option i (tons); TEoi denotes the total amount of CO2 emissions arising from
energy used for the CO2 capture when executing option i during the three crediting periods
(tons); Eoii. t denotes the CO2 emissions arising from energy used for the CO2 capture in year t
when executing option ii (tons); TEoii denotes the total amount of CO2 emissions arising from
energy used for the CO2 capture when executing option ii during the three crediting periods
(tons); Ei

opt:t denotes the CO2 emissions arising from energy used to capture the CO2 in year t
in the ith simulation under the flexible options (tons); and TEi

opt denotes the total amount of
CO2 emissions arising from energy used for the CO2 capture in the ith simulation under the
flexible options during the three crediting periods (tons).

4 Research case and data

4.1 CER price volatility and drift rate

The CERs can be traded. Based on previous research (Fuss et al. 2008; Insley 2003; Zhang
et al. 2014; Zhou et al. 2010), this study assumes that the CER price exhibits random variation
that follows the rule of geometric Brownian motion as follows:

dPCER ¼ μ⋅PCER⋅dt þ σ⋅PCER⋅dw ð8Þ

where μ and σ are the CER price drift rate and volatility, respectively, and dw is the
independent increment of a standard Wiener process.

According to Park et al. (2014), the CER futures prices from the first quarter of 2009 to the
second quarter of 2017 at the Intercontinental Exchange in the EU were selected to calculate
the CER price parameters, as shown in Fig. 3. The CER futures prices from the third quarter of
2011 to 2012 should not be used for reference, due to their continuous and significant decline
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under the influence of various factors. Finally, the CER future prices from the first quarter of
2009 to the second quarter of 2011 and from the first quarter of 2013 to the second quarter of
2017 were selected. Due to the large difference between these two periods, the CER prices
during any given period may not be representative. An eclectic approach was chosen in this
study. The average of the CER prices, volatility and drift rate during the two periods were
selected as the initial CER price, volatility and drift rate, respectively, and then they were
converted to annual parameters, as shown in Eq. (9). In addition, the exchange rate of the Euro
to the CNY was 7.80 on 29 December 2017.

μ ¼ 4⋅μ1

σ ¼
ffiffiffi
4

p
⋅σ1

�
ð9Þ

4.2 Data and explanation

This study does not employ real-world projects as references. It is assumed that the installed
capacity of a coal-fired power plant is 600 MW (megawatts). Additionally, the annual capacity
factor and standard coal consumption rate of power generation are equal to those of coal-fired
power plants over 6 MW in China. The CO2 capture rate is 80%. In addition, some of the data
cannot be obtained directly from pre-existing research. In the following text, we explain the
basis for selecting the data for some key variables in detail.

(1) The CO2 emission factor of the assessed coal-fired power plant: The net standard coal
consumption rate is 0.311 tce/MWh (tons of standard coal equivalent per megawatt-hour)
for coal-fired power plants with installed capacities above 6 MW in 2018, based on the
extrapolation of 2005–2016 data (efcoal = 0.3788 − 0.0257 ln(2018 − 2004)) (Editorial
Board of the China Electric Power Yearbook 2006–2017). Given an emission factor of
standard coal of 2.64 tons/tce (tons per ton of standard coal equivalent) (NDRC 2014),

0
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)
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u
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Period 1 Period 2

Fig. 3 CER futures prices from the first quarter of 2009 to the second quarter of 2017 at the Intercontinental
Exchange (Intercontinental Exchange 2018). Period 1 indicates the time from the first quarter of 2009 to the
second quarter of 2011. Period 2 indicates the time from the first quarter of 2013 to the second quarter of 2017
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the CO2 emission factor of the coal-fired power plant is calculated to be 0.821 tons/
MWh.

(2) Profits per megawatt hour: This study calculated the profits per megawatt hour of coal-
fired power plants in China’s largest power generation group, Huaneng Power Interna-
tional Co., Ltd., from 2015 to the first half of 2017. In the calculation, the profitability of
each business segment is assumed to be the same (in which the income from the
electricity and thermal business section accounts for more than 99% of the total income,
and the coal-fired power business segment generates more than 94% of the total
electricity) (Huaneng Power International Inc. 2016–2017). Due to fluctuations in coal
prices in China, the average price over the past 3 years is taken to calculate the profits per
megawatt hour, yielding a value of 26.6 CNY/MWh.

(3) CM CO2 emission factor of the electricity system: China calculated the CM CO2 emission
factor of the electricity system in six regions (NDRC 2017). However, due to the lack of
available data, in this study, China’s electricity system is considered as a whole. First, we
calculated the operating margin (OM) emission factor and the build margin (BM) emission
factor according to the “tool to calculate the emission factor for an electricity system (version
05.0)” issued by the CDMExecutive Board (CDMEB) under the United Nations Framework
Convention on Climate Change (UNFCCC) (UNFCCC 2015). Then, the weighted average
method was used to calculate the CM CO2 emission factor of the electricity system. The
percentages of the OM emission factor and BM emission factor were 50% and 50% in the first
crediting period and 25% and 75% in the second and third crediting periods, respectively
(UNFCCC 2015). The detailed calculation process is shown in the Appendix.

5 Results and discussion

5.1 Critical CER price for the option adjustment and probability of executing each
option

The optimization of the power system structure is one of the primary directions for China
to achieve low-carbon development. In the future, low-carbon energy production, in-
cluding sources such as nuclear power, wind power and solar power, will develop rapidly
(IEA 2016b). The CM CO2 emission factor will continue to decline and will be lower
than the CO2 emission factor of coal-fired power plants. In addition, the profitability of
coal-fired power plants is low when the coal price is high. The critical CER price for the
option adjustment is not high on the whole, with values of 98.45 CNY/ton, 56.06 CNY/
ton and 55.06 CNY/ton during the first, second and third crediting periods, respectively,
as shown in Fig. 4.

The probability of executing each option (Fig. 4) is directly determined by the critical
CER price and the real CER price. The global pressure to reduce emissions is increasing,
and it calls for global climate negotiations to draw up more stringent emission reduction
policies. However, after several rounds of global climate change negotiations, the global
climate policy remains complicated (Wei et al. 2014). The CER price, which is expected
to increase in value, will be fluctuated. At the beginning of the first crediting period,
coal-fired power plants will basically not execute option ii because of the low CER price.
However, due to the expected increase in the CER price, the probability of implementing
option ii will continue to increase (from 0.05% to 21.38%) during the first crediting
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period. The probability of implementing option ii (47.32–49.35%) changes slightly
because of the decentralized distribution of the CER price (which is determined by the
principle of geometric Brownian motion) during the second and third crediting periods.

5.2 NPV of integrated profits under different options

The NPV of integrated profits under different options is shown in Fig. 5. In compar-
ison to option ii, option i, with higher power generation and emission factor values,
yields a broader NPV distribution. Due to the higher emission factor, the mean of the
NPV under option i is lower than that under option ii. However, under uncertain
emission reduction policy conditions (CER price), neither of their integrated profits is
always larger or smaller than the other. Compared with option i and option ii, the
flexible options yield more profits because the average NPV is increased by 34.61%
(57.36 million CNY) and 30.74% (48.07 million CNY), respectively.

Mean: -165.67 Mean: -108.31Mean: -156.38

NPV under option i (million CNY) NPV under option ii (million CNY) NPV under flexible options (million CNY)

Fig. 5 NPVof integrated profits under different options. The NPV under option i is shown in the left panel; the
NPVunder option ii is shown in the middle panel; the NPV under the flexible options is shown in the right panel
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5.3 The CO2 emissions arising from energy used for CO2 capture under different
options

The CO2 emissions arising from energy used for CO2 capture under different options are
shown in Fig. 6. Coal-fired power plants generate the highest CO2 emissions arising from
energy used for CO2 capture when executing option i. Compared with option i, option ii
yields 49.84% less CO2 emissions during the three crediting periods. In addition, under
the principle of maximum profits, the CO2 emissions are 1.56–40.77% lower than those
under option i. This result shows that unless the CER price during the three crediting
periods is always greater than the critical CER price, the integrated profits and CO2

emissions cannot be optimal at the same time.

5.4 Sensitivity analysis

There may be uncertainty in the CER price volatility, CER price drift rate, profits per megawatt
hour, CO2 emission factor of coal-fired power plants and the CM CO2 emission factor of the
electricity system for various reasons. To analyse the impact of these uncertainties on the
results, a sensitivity analysis is conducted with a 10% change in each variable.

5.4.1 Impact on the critical CER price for option adjustment and probabilities
of executing option ii

The sensitivities of each key parameter’s effects on the critical CER price for option adjust-
ment and probabilities of executing option ii are shown in Figs. 7 and 8. Two opposite changes
in the critical CER price and the probabilities will be contributed by an increment and a
reduction in each variable. Next, we focus on the changes brought about by a reduction in each
variable. The critical CER price has nothing to do with the real CER price (i.e. the CER price
volatility and drift rate). However, the reduction in the drift rate results in a decline in actual
CER prices, and it decreases operators’ interest in option ii. The distribution of CER prices
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Fig. 6 CO2 emissions arising from the energy used for capturing CO2 under different options. The data in the
orange text box in the upper left corner of the figure are the CO2 emissions arising from the energy used for
capturing CO2 when option i and option ii are executed during the three credit periods
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becomes more concentrated with the decrease in volatility, which makes the probabilities of
executing option ii decrease and then increase. The decline in the profit of electricity
production leads to a strengthening of interest by companies to make option ii. The CM
emission factor and the CO2 emission factor of coal-fired power plants will bring about
opposite changes in the critical CER price and probabilities of executing option ii, especially
during the first crediting period. Overall, most of the time, the options are primarily influenced
by the CO2 emission factor of coal-fired power plants.

5.4.2 Impact on the NPV of integrated profits under flexible options

The impact on the NPV of integrated profits is shown in Fig. 9. Next, we also focus on the
changes brought about by a reduction in each variable. The loss of profits from the CERs has a
clear negative correlation with the drift rate, as does the NPV of integrated profits. The most
intuitive effect of volatility on NPV is reflected in the concentration of the NPV distribution.
Additionally, decreases in volatility do not affect the average NPV under both option i and
option ii, but they result in a small decrease in the average NPV under the flexible options. The
profits per megawatt hour have a significant impact on the NPV under option i. As a result, the
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NPV under flexible options will generally decline as the profit of electricity production
declines. The CM CO2 emission factor and CO2 emission factor of coal-fired power plants
play roles in option ii and option i, respectively. Their decrease will eventually increase the
NPV under flexible options, but the CO2 emission factor of coal-fired power plants has a
greater impact.

5.4.3 Impact on CO2 emissions arising from the energy used for the CO2 capture

The impact on the CO2 emissions arising from the energy used for CO2 capture is shown in
Fig. 10. We also focus on the changes brought about by a reduction in each variable. The
change in CO2 emissions is not as obvious as that of the NPV of integrated profits. The
decrease in the CO2 emission factor of coal-fired power plants and the CM CO2 emission
factor results in a reduction in CO2 emissions, which are determined by the joint effect of the
change in the emission factor and the probability of executing each option. For the other three
variables, changes in the CO2 emissions arising from the energy used for the CO2 capture are
dependent on only the probability of executing each option.

5.5 Discussion

Thorbjörnsson (2014) pointed out that the coal-fired power plants will consume 20–35% more
coal to supply the same amount of electricity under CCS than they would globally without
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Fig. 9 Impact on the NPV of integrated profits under flexible options. The horizontal histogram in the middle
shows changes in the mean of the NPV caused by changes in the variables
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CCS. This result is based on the assumption that the energy consumption of the CCS is all
provided by coal. From the research results of this paper, this statement is not sufficiently
comprehensive. Operators of CCS will implement flexible options for providing energy in the
future. Compared with option i, option ii indirectly increases the consumption of low-carbon
electricity. For a 600-MW plant in China, compared with option i, flexible options increase the
emission reduction effect by 0.53–13.7% during the three crediting periods (from 2018 to
2038). If 2.2% of all installed capacity above 30 MW is equipped with CCS in China, which
would meet the emission reduction requirements for 2018–2038 of the power sector with CCS
(approximately 1 billion tons) (CoalSwarm/SierraClub/Greenpeace 2018; IEA 2015; IEA
2016a; IEA 2018), the emission reduction caused by the flexible options would be 5–130
million tons. From the perspective of developing countries around the world, the contribution
of flexible options towards mitigating climate change would be even greater. In addition, the
faster the development of low-carbon electricity (nuclear power, wind power, solar power, etc.)
is, the earlier the adjustment from option i to option ii. From this perspective, CCS and low-
carbon electricity will not be antagonistic but will instead reinforce and promote the develop-
ment of low-carbon power systems in developing countries. Therefore, we suggest that more
attention should be paid to the flexible options to provide energy for capturing CO2 under the
CDM. There is no doubt that a high CER price is essential to expand the positive effects of the
flexible options. Thus, the first group to focus on flexible options should be international
climate change policy negotiators and policymakers, who should work towards stricter
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Fig. 10 Impact on the CO2 emissions arising from the energy used for CO2 capture under flexible options. The
horizontal histogram in the middle shows changes in the mean of the CO2 emissions from the consumed energy

Mitigation and Adaptation Strategies for Global Change (2019) 24:1483–15058 5 51498



emission reduction policies. It is believed that the phenomenon of low CER prices due to
differences in climate change negotiations is only temporary. Under stricter emission reduction
policies, developed countries need to purchase more CERs from developing countries through
the CDM, which will push up the price of CERs. It is the operators of coal-fired power plants
with CCS who directly decide whether to implement flexible options. To maximize revenue,
operators should be informed of the options to be implemented based on the evaluation
methods and framework constructed in this study. The research framework and methods are
applicable not only to China’s coal-fired power plants with CCS but also to those in all
developing countries.

The positive effects of flexible options may be accompanied by some negative effects. The
stability of a power system is the foundation of social and economic development (Darwish
et al. 1977). Although the option adjustment for every coal-fired power plant will not have a
strong impact on the stability of the power system due to differences in adjustment time
(critical price), some impact is still likely to occur. Therefore, coal-fired power plants should
make a pre-judgement about the option and communicate with the administration of the power
system in a timely manner. In addition, the operation and planning of the power system should
prepare for a situation in which coal-fired power plants will (want to) adjust the option.
Flexible power system control mechanisms and the reasonable planning of the installed
capacity may be regarded as good choices.

6 Conclusions

This study evaluated the options for providing energy to capture CO2 in coal-fired power
plants under the CDM in developing countries and assessed the corresponding economic and
emission reduction effects of coal-fired power plants with CCS. Compared with the means
proposed in previous studies, involving a flexible capture rate to maximize the economic
efficiency of CO2 capture, this study proposes another method from a new perspective.
Because of the current extremely low CER prices, coal-fired power plants will implement
option i. However, with the further increase in pressure to reduce emissions, adjustments from
option i to option ii are likely to emerge. The critical CER price for option adjustment is not
high, with values of 98 CNY/ton, 56 CNY/ton and 55 CNY/ton during the first, second and
third crediting periods in China, respectively. Compared with option i and option ii, the flexible
options yield more profits because the average NPV of coal-fired power plants (600 MW in
China) with CCS is increased by 57.36 and 48.07 million CNY, respectively. In addition,
compared with option i, flexible options increase the emission reduction effect by 0.53–13.7%
during the three crediting periods.

In addition, we have discussed and refined the systematic global strategies for expanding
the positive effects of flexible options and avoiding the disadvantages of flexible options. If
large-scale coal-fired power plants (above 30 MW) are equipped with CCS in developing
countries, which would meet the emission reduction requirements of the power sector with
CCS, the flexible options will increase the emission reduction by 5–130 million tons. In
addition, flexible options will also promote the optimization of power systems in developing
countries. Therefore, international climate change policy negotiators and policymakers should
give full recognition and attention to the option to provide energy for capturing CO2 under the
CDM and its positive impact. The priority for expanding the positive effects of flexible options
is for international climate change policy negotiators and policymakers to formulate stricter
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international emission reduction policies. We believe that a high CER price is essential to
expand the advantage of flexible options. However, the stability of the power system will be
more or less affected by flexible options. A good communication and coordination mechanism
between the coal-fired power plant and the administration of the power system is necessary to
ensure the smooth implementation of flexible options.

Judging whether to make an option adjustment is based on the results of scientific
calculations. This proposed method is suitable for evaluating the option to provide energy
for capturing CO2 in developing countries under the CDM. In addition, the differences in the
amount of CERs caused by the option adjustment will affect the investment decision with
regard to CCS technology, which is not considered in the current research (Zhang et al. 2014;
Zhou et al. 2010). We believe that our analysis can provide support for more comprehensive
research on CCS technology investment decisions in the future.
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Appendix

The calculation of the operating margin (OM) CO2 emission factor and the build margin (BM)
CO2 emission factor reference the method used in China. The data after 2016 are obtained
from “China Energy and Electricity Outlook” (State Grid Energy Research Institute 2017).

The calculation method for the combined margin CO2 emission factor in year t is as
follows:

ef grid:CM :t ¼ if t < 2025; 50%⋅ef grid:OM :t þ 50%⋅ef grid:BM :t; 25%⋅ef grid:OM :t þ 75%⋅ef grid:BM :t

� �
ð10Þ

(1). OM CO2 emission factor

In reference to the current method adopted in China (NDRC 2017), the OM CO2

emission factor should be the average of the last 3 years before the start of each crediting
period. In addition, when the ex-ante option (which has been defined in the tool to
calculate the emission factor for an electricity system (version 05.0)) is chosen, the
emission factor is determined for each crediting period, making monitoring and recalcu-
lation during the crediting period unnecessary. This study assumes that the station service
power consumption rate for coal-fired power plants and natural gas-fired power plants
are equal. Power generation can be used as a substitute for the power supply to calculate
the OM CO2 emission factor. In addition, the proportions of natural gas-fired power
generation (less than 5%) and oil-fired power generation (less than 1%) are both small.
The annual OM CO2 emission factor is calculated according to the year’s coal-fired
power generation, natural gas-fired power generation and the emission factors of coal-
fired power plants and natural gas-fired power plants, as shown in Table 2. The CO2
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Table 2 Parameters and data re-
quired to calculate the OM emission
factor for each crediting period.
These parameters and data are ob-
tained from the State Grid Energy
Research Institute (2017), Editorial
Board of the China Electric Power
Yearbook (2006–2017), IPCC
(2005) and NDRC (2014). The data
in the table in italics, boldface and
bold italic emphases are used to
calculate the OM emission factors
of the first, second and third
crediting periods, respectively

Time
(year)

Coal-fired power Natural gas-fired power

Power
generation
(billion MWh)

Emission
factor
(tons/MWh)

Power
generation
(billion MWh)

Emission
factor
(tons/MWh)

2015 3.90 0.8372 0.17 0.3710
2016 3.91 0.8313 0.19 0.3710
2017 4.32 0.8258 0.25 0.3710
2022 4.45 0.8037 0.40 0.3710
2023 4.52 0.8001 0.43 0.3710
2024 4.59 0.7966 0.44 0.3710
2029 4.37 0.7814 0.57 0.3710
2030 4.25 0.7787 0.59 0.3710
2031 4.15 0.7762 0.61 0.3710

Table 3 Parameters and data re-
quired to calculate the BM emission
factor for each crediting period.
These parameters and data are ob-
tained from the State Grid Energy
Research Institute (2017), Editorial
Board of the China Electric Power
Yearbook (2006–2017), IPCC
(2005) and NDRC (2014). The data
in the table in italics are used to
calculate the BM emission factor of
the first crediting period. The data
in the table in boldface are used to
calculate the BM emission factor of
the second and third crediting
periods

Time
(year)

Installed
capacity of
thermal
plants
(thousand
gigawatts)

Total
installed
capacity
(thousand
gigawatts)

Emission factor
of the optimal
efficiency for
coal-fired pow-
er plants
(tons/MWh)

Emission factor
of the optimal
efficiency for
natural gas-
fired power
plants
(tons/MWh)

2014 8.89 13.70 / /
2015 9.66 15.25 / /
2016 10.13 16.46 / /
2017 10.48 17.78 0.7598 0.3413
2019 10.87 19.39 / /
2020 11.37 20.55 / /
2021 11.52 21.46 / /
2022 11.77 22.56 / /
2023 12.11 23.60 / /
2024 12.41 24.69 0.7328 0.3413

Table 4 CM CO2 emission factor (unit: tons/MWh). The data in the table in italics, boldface and bold italic
emphases are the OM emission factor, BM emission factor and CM emission factor of the first, second and third
crediting periods, respectively

Time (year) efgrid. OM. t efgrid. BM. t efgrid. CM. t Time (year) efgrid. OM. t efgrid. BM. t efgrid. CM. t

2018 0.8097 0.2919 0.5508 2029 0.7636 0.2075 0.3465
2019 0.8097 0.2919 0.5508 2030 0.7636 0.2075 0.3465
2020 0.8097 0.2919 0.5508 2031 0.7636 0.2075 0.3465
2021 0.8097 0.2919 0.5508 2032 0.7293 0.2075 0.3379
2022 0.8097 0.2919 0.5508 2033 0.7293 0.2075 0.3379
2023 0.8097 0.2919 0.5508 2034 0.7293 0.2075 0.3379
2024 0.8097 0.2919 0.5508 2035 0.7293 0.2075 0.3379
2025 0.7636 0.2075 0.3465 2036 0.7293 0.2075 0.3379
2026 0.7636 0.2075 0.3465 2037 0.7293 0.2075 0.3379
2027 0.7636 0.2075 0.3465 2038 0.7293 0.2075 0.3379
2028 0.7636 0.2075 0.3465
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emission factor of natural gas-fired power plants remains unchanged at 0.371 tons/MWh
(IPCC 2005).

ef grid:OM :k ¼
∑
k1−1

t0 ¼k1−3

cgcoal ⋅e f
0
coalþgggas ⋅e f

0
gas

cgcoalþgggas

� 	
t0

3
ð11Þ

where efgrid. OM. k denotes the OM CO2 emission factor in crediting period k (k = 1, 2, 3)
(tons/MWh); k1 denotes the initial year of each crediting period (year); t′ denotes the past
3 years before the start of each crediting period (year); cgcoal denotes coal-fired power
generation (billion MWh); gggas denotes natural gas-fired power generation (billion

MWh); ef
0
coal denotes the average CO2 emission factor of the total coal-fired power

plants in the electricity system, ef
0
coal ¼ 2:64⋅ 0:3788−0:0257ln t−2004ð Þð Þ (tons/MWh);

and ef
0
gas denotes the average CO2 emission factor of the total natural gas-fired power

plants in the electricity system (0.371) (tons/MWh).

(2). BM CO2 emission factor

The calculation of the BM CO2 emission factor for each crediting period is based on option 1
(which has been defined in the tool to calculate the emission factor for an electricity system (version
05.0)). For the first and second crediting periods, the BMCO2 emission factor is calculated based on
the data from the year before each crediting period. For the third crediting period, the BM CO2

emission factor calculated for the second crediting period should be used. Therefore, we only
calculated the BMCO2 emission factor of the first and second crediting periods.We chose coal-fired
power plants and natural gas-fired power plants to represent thermal power plants. In referencing the
current method adopted in China (NDRC 2017), the calculation process for the BM CO2 emission
factor is as follows:

1) Using the datum from the last year to calculate the proportion of CO2 emissions from
coal-fired power generation and natural gas-fired power generation.

2) The CO2 emission factor of thermal power generation is calculated based on the
abovementioned proportion and the emission factor of the most advanced commercialized
technology. We assume that the CO2 emission factor of the advanced power plants is 8%
lower than the average.

3) Then, the BM emission factor can be obtained by multiplying the emission factor of
thermal power by the proportion of thermal power in the newly added 20% installed
capacity of the electricity system.

ef grid:BM :k ¼
niccoal;k1 þ nicgas;k1

nictotal;k1

cgcoal⋅ef
0
coal⋅ef

oe
coal þ gggas⋅ef

0
gas⋅ef

oe
gas

cgcoal⋅ef
0
coal þ gggas⋅ef

0
gas

 !
k1−1

ð12Þ

where efgrid. BM. k denotes the BM CO2 emission factor for crediting periodk(k = 1, 2)
(tons/MWh); nictotal:k1 denotes the total newly installed capacity over the time range that
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reaches or exceeds 20% of the installed capacity of the previous year (MW); niccoal:k1 denotes
the newly installed capacity of coal power (MW); nicgas:k1 denotes the newly installed capacity
of natural gas-fired power (MW); ef oecoal denotes the CO2 emission factor of the optimal
efficiency of coal-fired power plants (tons/MWh); and ef oegas denotes the CO2 emission factor

of the optimal efficiency for natural gas-fired power plants (tons/MWh).
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