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Abstract: Carbon capture and storage (CCS) technology is an attractive technique to help power
enterprises with carbon emission reduction. In this paper, a two-stage CCS retrofit investment in an
existing coal-fired power plant in China including the first stage (demonstration project) and second
stage (commercial operation) is taken as a case to decide when and whether to invest. Distinguished
from previous models, a binomial lattice compound real options model including the options to defer
and expand is established. Further, the accounting approaches to certified emission reductions (CERs)
based on the thermodynamics principle are first proposed concerning this model. We find the total
invest value under compound options model is less than zero, although greater than that by NPV
method. The results indicate carbon prices and subsidy policy, respectively, play a dominating role
in initiating the CCS investment at the first and second stage. The growth in government subsidy
at the first stage has obviously greater effects on decreasing critical carbon trading prices. Besides,
the minimum critical carbon price is 87.09 RMB/ton with full subsidy, greater than the current price
(56 RMB/ton). This also illustrates it is not the optimal occasion to invest in a CCS retrofit project for
power enterprises.

Keywords: carbon capture and storage (CCS); compound real options; investment evaluation;
power enterprise

1. Introduction

China has now become the largest CO2 emitter in the world [1]. Based on the International Energy
Agency (IEA), CO2 emissions caused by fuel combustion in China increased to 9134.9 Mt in 2014, 333%
growth compared with 1990. Especially, power generation from coal combustion was responsible
for 47% total CO2 emissions. Referring to the China Electricity Council, the generation capacity
of coal-fired power plants in 2016 was 4288.6 TWh, accounting for 71.6% of the whole generation
capacity [2]. In general, the development tendency of coal-fired power is still steadily rising. It is
believed that this trend is expected to last owing to increasing energy consumption [3–6].

Currently, developing renewable energy is the mainstream method for achieving emission
reduction. Most renewable energy could be considered clean because of no direct carbon emissions
during its using process. According to statistics by National Energy Administration, while using
renewable energy generates electricity instead of coal, each 1 kWh can reduce CO2 emissions by
0.7–0.85 kg. During 12th Five-Year period, there are 7 billion tons of emission reduction achieved by
renewable energy power generation, which is expected to be 14 billion tons with generating totally
1.9 trillion kWh electricity by renewable energy (hydro, wind, solar and biomass energy) during the
13th Five-Year period [7]. Although the carbon reduction effect with renewable energy is obvious,
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they fail to substitute for fossil energy absolutely due to technical limitation, resource endowment
and large energy demand: development of new energy resources such as solar energy, wind energy
and biomass energy are always restricted by technology and environmental conditions as well as
low efficiency and high cost; the scale of hydropower is limited by environmental conditions and
safety issues [8]. Given the potential huge power energy demand, Intergovernmental Panel on Climate
Change (IPCC) and IEA both consider carbon capture and storage (CCS) technology as the critical
mitigation measure in both developed and developing countries that highly depend on fossil fuels [9].
CCS technology has the advantage because of its non-intricate business relationship and almost zero
emission compared with contract energy management and electric vehicles [8]. With the coal share of
electricity mix being 60% in 2020, CCS retrofit has been deemed as an attractive emission mitigation
alternative for coal-fired power industry [10]. There is great potential for CCS implementation in
China including immense government support [3,11], coal-dominated energy structure [12] and large
geological storage capacity [13].

Many scholars have paid attention to the overall circumstances for development tendency,
benefits and problems of CCS implementation. Ming et al. [8] used SWOT (Strengths, Weaknesses,
Opportunities and Threats) method to demonstrate that CCS technology was a sound and workable
way to curtail CO2 emissions with the huge market and imperfect policy. Huaman and Jun [14]
analyzed global CCS technology activities such as Large Scale Integrated Projects (LSIP) and showed
the urgency of CCS demonstration in the world. Li et al. [15] elaborated on technology maturity
and sustainability, and external factors of carbon capture, utilization, and storage (CCUS) in China.
Lai et al. [16] studied the CCS innovation system, demonstrating knowledge development of CCS
performed well in China, but technology diffusion and market creation were relatively weak.

Considering strengths and weaknesses, power enterprises are faced with irreversibility,
uncertainty and flexibility of CCS investment [17]. The irreversibility means the CCS project will be
transferred into huge sunk cost once carried out. As CCS is still in the early stage of technological
development, the investment in it possesses considerable uncertainties. The high uncertainty from
the CCS investment denotes volatile CO2 prices and fuel prices, electricity tariff, power plant
lifetime, investment cost, operation and maintenance (O&M) cost, government incentive, technological
feasibility, etc., all of which affect investment to different degrees [18,19]. Flexibility means the timing of
CCS retrofit investment is flexible, which has an economic value during the decision-making period [3].
Therefore, it is crucial to have a thorough grasp of investment condition and select an appropriate
decision-making approach to reduce risk.

There exist many traditional methods to assess renewable energy projects, including net present
value (NPV), internal rate of return (IRR), return on investment, payback period, benefit–cost ratio, etc.,
of which the NPV method is commonly used to evaluate these investments [20]. Specifically, many
scholars used net present value (NPV) method to evaluate CCS retrofit investment previously [9,21–27].
The NPV means the sum of the present value of all cash flows produced by the project, and the decision
criterion to implement the project is NPV>0. Nevertheless, it could be non-profitable under NPV
rules when neglecting the irreversibility of sunk-cost, the uncertainty related to future cash flows,
and the flexible opportunity of CCS retrofit timing, which would underrate the investment value
based on static information [17,28]. Thus, traditional valuation methods are unsuitable for evaluating
power generation investments [20]. Different from above methods, real options approach (ROA)
remedies intrinsic deficiencies of NPV method and is appropriate for various energy projects with
the following characteristics: (1) high uncertainty; (2) great managerial flexibility; and (3) NPV near
zero [29]. The ROA reformulates the NPV so that the scenarios of great uncertainty, which compose
the investments, are considered. The total investment value (TIV) considering real options is the sum
of the static NPV and the value caused by management flexibility. The decision criterion of ROA is
TIV > 0.

ROA considers investors’ choice subject to flexibility when uncertainty and irreversibility exist.
Enterprises have the right to decide whether to invest CCS, so reducing risk and obtaining additional
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value of uncertainty [20]. Heydari et al. [30] developed a real options model in either full CCS or
partial CCS retrofits taking uncertain electricity, CO2 and coal prices into account and concluded the
optimum stopping boundaries were dramatically sensitive to carbon price volatility. Eckhause and
Herold [31] employed a stochastic dynamic programming to obtain optimal funding schemes for
project option of full-scale carbon capture plants in EU. By using dynamic programming and Monte
Carlo simulation, Zhou et al. [3] discussed policy uncertainty described by stochastic carbon price
under three representative types of technology to determine the best strategy for investing CCS in
China. Chen et al. [4] obtained impacts of subsidy for electricity on CCS investment and coactions
between carbon market and subsidy policy under uncertainties of carbon, coal and electricity prices
based on Monte Carlo simulation. The investment irreversibility in CCS retrofit implies an option
to defer, similar to an American financial call option. On this occasion, discrete real options model,
i.e., binomial or multinomial lattice model has an advantage over continuous model due to its greater
application for American options and other more complex types of options, and is usually employed
to assess CCS investment [17,19,32,33].

Reviewing existing literature, research on CCS retrofit valuation under ROA has been mainly
conducted on the single option model for the carbon capture phase and only considered as a call
option. In reality, CCS retrofit is a series of investment decision-making processes including initial
demonstration project stage and subsequent commercial operation stage, with obvious multi-stage
characteristics [34–37]. Each stage contains diverse kinds of options, with each option having
a certain spatial and temporal structure of dynamic correlation and mutual influence [38–40].
Sequential investment decisions consist of a series of real options with embedded managerial flexibility.
These multi-stage compound real options are comprised of mutually related investment opportunities:
the early upstream investment engenders potential downstream investment opportunity; meanwhile,
the downstream investment opportunity demands the acceptance of the upstream investment [41].
Each option in different stages is interrelated, and the total value of the project investment cannot be
equal to the simple addition of the individual option values [42].

Specifically, the CCS investment decision-making is a dynamic sequential process [43]. These two
stages of CCS retrofit investment are independent and interrelated. The power enterprise should decide
whether to continue or change the scale of investment after each stage of investment is completed [44].
It is apparent that CCS retrofit investment project has strong characteristics of compound real options.
Therefore, it is beneficial and necessary to assess CCS retrofit project with compound ROA to conduct
a more comprehensive evaluation. However, to the authors’ best knowledge, there is no previous
work employing a compound real options model to evaluate CCS retrofit investment.

Moreover, all of the previous studies use different emission factors to estimate certified emission
reductions (CERs), critical data in the evaluation model, based on different power generation unit
types (for example, 900 g/kWh [4,18], 893 g/kWh [10,17], and 762 g/kWh [19]). However, this will fail
to consider discrepancies in CO2 emissions caused by a specific coal-fired power plant using different
kinds of fuel and accounting ways, and CO2 emissions generated from desulfurization process may be
neglected. Therefore, it is necessary to use special calculation method of CERs considering specific
power plants, to make the whole investment feasibility analysis results more accurate.

To contribute to filling the gaps in the existing studies, we conducted this study from the following
aspects. Firstly, a sequential two-stage compound real options model using binomial lattice method
was established to value the CCS retrofit investment in an existing coal-fired power plant in China.
Three types of CO2 emission accounting approaches based on diverse conditions were proposed to
calculate CERs instead of estimate, which make the options model more realistic and results obtained
more precise. Secondly, we considered the uncertainties not only from external factors but also from
technology itself including: government subsidy, carbon price, coal price, investment and O&M cost.
Finally, the model considered the value of total options. Here, we discuss the impacts of government
subsidy under different scenarios at each stage on the critical carbon price to invest in CCS project,
which is helpful to the determination of when and whether to invest. Moreover, the focus was on
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determining respective decisive influential factors of initiating the CCS investment at each period.
This can be instructive to formulate corresponding policy to offer an incentive to invest.

Therefore, this paper sheds light on the current research in following points. It is the first try to
establish a compound real options model to evaluate CCS investment feasibility for power plants,
which has the typical two-stage investment characteristics, to conduct a more comprehensive and
suitable evaluation than previous single option models. Second, by exploring the relationship between
two options and their mutual influence on investment decision-making, we first determine respective
decisive factors of initiating CCS retrofit investment at each stage. Then, we discuss the impact of
subsidy policy on total investment value and critical carbon prices in different scenarios of government
subsidies. Third, we present a brief flue gas treatment process equipped with a post-combustion CCS
system in a coal-fired power unit. The highlight is that calculation approaches of CERs under different
conditions using the thermodynamics principle are distinguished from previous estimation methods
for CERs to make analysis results more accurate. The results obtained would be particularly useful in
providing appropriate timing for investment decisions under uncertainty as well as information for
power enterprises’ CCS technology evaluation and related policy-making.

2. Method

CCS investment process is dynamic sequential and can be divided into two stages:
(1) demonstration project stage; and (2) commercial operation stage. Four kinds of uncertainties
are considered: government subsidy, carbon price, coal price, investment and O&M cost. At the first
stage, CCS technology is not yet mature, with carbon trading market inefficient and government policy
not clear. Thus, large uncertainties exist in the carbon prices, investment cost, government subsidies,
etc. Thus, this stage of CCS investment can be regarded as a call option to delay. At the second stage,
CCS technology becomes more mature manifested by increasing capture rate, declining O&M cost,
and additional commercial utility income. Thus, the power plant will gain the future growth of the
option value. These two stages of CCS retrofit investment are independent as well as interrelated: the
early investment determines the investment time and scale in the post-stage decision-making; and the
existence of the latter can exert an influence on the value of previous investment.

CCS retrofit projects will be accepted if and only if they are profitable for investors. The power
enterprise should decide whether to continue or change the scale of investment after each stage of
investment completed [44]. It is apparent to see the CCS retrofit investment has strong characteristics
of compound real options. The framework for the whole investment decision-making is shown in
Figure 1.

2.1. CCS Technique Readiness and CO2 Emissions Accounting

A typical CCS system captures CO2 from industrial production, and transports compressed
CO2 to the storage location [45]. The stored CO2 can be utilized in enhanced oil recovery (EOR)
technology, enhanced coal bed methane recovery (ECBM), geological storage, gas fields, and saline
formations [15]. The capture part accounts for 70–80% of total investment cost. It consists of chemical
devices such as absorber and desorber which can be in-built when a new plant is established or added
to an existing plant at higher cost. When an existing power plant is retrofitted with CO2 capture, major
new technological units added to the original system are: (1) the absorption process: the flue gas
exiting the flue gas desulfurization (FGD) system is introduced into an inhibited chemical or physical
absorber–stripper system; and (2) the CO2 compression process: to facilitate the transport of CO2

captured from flue gas, gaseous CO2 needs to be compressed by the compression unit, which would
cause extra electric power consumption [3].

The CO2 capture has already been applied as the standard course in some industries, including
natural gas processing, coal gasification, and hydrogen production. However, as for coal-fired power
plants, some specific techniques have to be utilized to capture CO2 because their flue gases have low
carbon contents. Up till now, post-combustion carbon capture has been the most mature and widely
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performed capture process, containing separation and removal of the CO2 diluted in the flue gas from
the combustion of fossil fuels. Several options including chemical absorption, cryogenic separation,
calcium looping and adsorption are available. Installed downstream, the post-combustion capture
system can be added to existing power plants [9].
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More specifically, the flue gas treatment process of a coal-fired power unit with post-combustion
carbon capture is shown in Figure 2. As can been seen, CO2 emissions pertaining to CCS contain two
parts: coal combustion and desulfurization.
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Figure 2. Flue gas treatment process in a coal-fired power plant.

In terms of CO2 emissions from the coal combustion, different calculation approaches can be
selected according to different conditions, which is expressed explicitly in Figure 3 [46] and related
equations [47] are shown as follows.
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Qgr = Qcoal ×
(
Car − Aar × C

)
× 44

12
(1)

Qgr = Qcoal × Car × (1− ql)×
44
12

(2)

Qgr = Qcoal ×Qnet,ar × Cheat × R× 44
12
÷ 1000 (3)

where Qgr represents CO2 emissions from the coal combustion; Qcoal refers to consumption of the raw
coal; Car refers to the weighted average carbon content of coal; Aar stands for the proportion of ash
to coal; C is the average carbon content of ash; ql denotes the incomplete combustion heat loss (the
following reference values can be used without statistics: bituminous coal or lignite, 1%; lean coal,
1.5%; anthracite, 2.5%; and low-grade anthracite, 4%); Qnet,ar represents the received low calorific value;
Cheat is the carbon content of unit calorific value; R is the carbon oxidation rate (Based on Provincial



Energies 2018, 11, 1711 7 of 19

GHG Inventory Compilation Guidelines [48], the average of carbon oxidation rate for power boiler is
98%); and 44/12 is the ratio of the molecular weights of carbon dioxide and carbon.

Desulfurization is a necessary process for coal-fired power plants, in which widely used wet
desulfurization through calcium carbonate will produce CO2 emissions. The CO2 emissions from
desulfurization can be expressed by Equation (4):

Qse = QCaCO3 ×
44

100
= QLStone × kCaCO3 ×

44
100

(4)

where Qse stands for CO2 emissions from limestone consumption by wet desulfurization; QCaCO3

denotes the calcium carbonate consumption; QLStone represents the limestone consumption; and kCaCO3

is the calcium carbonate content in limestone (the coefficient is 92% when there is no statistical value).
Therefore, by determining the calculation method of CO2 emissions in coal-fired power plants

according to relevant data obtained, the total CO2 emissions correlated with CCS are shown in
Equation (5):

Qt = Qgr + Qse (5)

2.2. Compound Real Options Model

Based on [29], an extended binomial lattice is employed to appraise CCS investment assuming
variables in this model are uncorrelated. This model has a good applicability for solving this complex
multi-stage real options value. A two-stage CCS retrofit investment decision framework is shown in
Figure 4.
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Vk (k = 1, 2) represents the present value of the cash flow at the end of the stage k; Ik denotes the
investment at the stage k (i.e., the exercise price in the financial option); Ck is the value of the real
options of the stage k; and ti (i = 0, 1) is the investment decision point. In Figure 4, the effective date of
the real options C1 is t0, and the expiry date is t1, so the execution of C1 at t1 will produce a cash flow
increment of V1 and the real options C2. Further, at the t2 moment, the execution of C2 will generate
cash flow increment V2 and the next real options.

In the binomial lattice framework, Vk is assumed to follow a geometric Brownian motion (GBM):

dVk = µkVkdt + σkVkdZ (6)

where µk and σk, respectively, stand for the rate of return and volatility of the stage k; dZ is the
independent increment of a Wiener process designated by dZ = εt

√
dt, where εt is standard normally

distributed random variable with εt ∼ N(0, 1).
To estimate the volatility parameter in implementing a real options model is much tougher

than financial assets [41]. The method using Monte Carlo simulation is established by means of a
hypothetical distribution of one-period returns to estimate the volatility parameter in compound real
options [29,41,49], as described in Appendix A.

After the first investment, the cash flow discounts to the time t0 resulting V1. After a time step
of t1, the initial V1 increases to V1

+ with risk-neutral probability p1 and rising range u1, or decreases
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to V1
− with probability (1 − p1) and dropping range d1. Similarly, during the second investment

period, V2 will be obtained when expected cash flow discounts to the time t1, and after a time step
of t2, V2 rises to V2

+ with the risk-neutral probability p2, or drops to V2
− with probability (1 − p2),

with V1 remaining unchanged. Figure 5 shows changes in the asset value of the two-stage CCS
retrofit investment.
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After calculating the volatility (σk), the following equations are used to get the risk-neutral
probability pk and changing range at each stage:

uk = eσk
√

∆t. (7)

dk = e−σk
√

∆t. (8)

pk =
er f ∆t − dk
uk − dk

(9)

where r f denotes the risk-free interest rate; ∆t is the time step in year.

2.3. Options Value and Investment Value of the Model

Based on previous research [4,10,17–19] and the actual situation, four main uncertainty factors
are considered: carbon price, coal price, investment and O&M cost, subsidy policy. The uncertainty
factors modeling can be seen in Appendix B.

At the second stage (T2), power enterprises are responsible for the capture, transportation and
storage of CO2. The returns V2 can be expressed as follows:

V2 = PcQc
2 + PeQe + VEOR − P f Q f − IO&M − CT − CS (10)

where Pc represents the carbon price; Qc
2 is CERs at period T2; Pe represents clean electricity tariff due

to decarbonization; Qe represents clean electricity generation; VEOR stands for returns on EOR (here,
we donot consider returns from ECBM, because, at present, ECBM is in research stage in China and not
being demonstrated [8]); P f represents the coal price; Q f represents the additional fuel consumption
responsive to efficiency penalty; IO&M denotes O&M cost; and CT and CS are transportation and
storage cost, respectively.

Combined with the binomial lattice model of options value and the backward induction method
(see Figure 6), the second real options C2 value should be solved firstly. The investment I2 at time t1

(the execution of C2) will generate the cash inflow increment, which is discounted to time t1 obtaining
V2. The underlying asset value of C2 is V2. Based on binomial lattice pricing method and risk-neutral
pricing principle, the value of C2 can be obtained by Equation (11):

C2 = e−r(t2−t1)
[
p2 ·max

(
V+

2 − I2, 0
)
+ (1− p2) ·max

(
V−2 − I2, 0

)]
(11)

where r represents the discount rate.
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Then, solve the value of the option to defer (C1). In the demonstration phase (T1), the exercise
of C1 will produce the cash inflow increment value V1 and the real options C2 at time t1, and the
underlying asset value of C1 is the sum of V1 and C2. The calculation of C1 can be expressed as follows:

C1 = e−r(t1−t0)
[
p1 ·max

(
V+

1 + C2 − I1, 0
)
+ (1− p1) ·max

(
V−1 + C2 − I1, 0

)]
(12)

It is assumed that power enterprises with CCS system will only be responsible for CO2 capture
in the demonstration phase [19]. The cash inflows of this stage are mainly from CERs revenue under
CDM mechanism and clean electricity returns. The cash outflows mainly incorporate O&M cost and
additional coal consumption due to the efficiency penalty. The returns V1 can be shown as follows:

V1 = PcQc
1 + PeQe − P f Q f − IO&M (13)

where Qc
1 denotes CERs at period T1.

Accordingly, the options value of the two-stage project can be obtained by Equation (14):

C = C1 + e−rT1 C2 (14)

The TIV based on ROA includes two parts: the NPV and the real options value (ROV). As a
result, the decision rules of CCS investment under ROA are illustrated in Table 1. TIV and NPV can be
calculated by Equations (15) and (16):

NPV =
T

∑
t=0

e−rt(CI − CO) (15)

TIV = NPV + C (16)

where CI and CO represent cash inflows and outflows, respectively.

Table 1. The investment decision rules under ROA.

TIV Decision Rules

TIV > 0 TIV > NPV (ROV > 0) To defer
TIV = NPV (ROV = 0) To invest

TIV = 0 NPV < 0 To abandon theoretically

3. Data Collection and Case Study

Currently, diverse power generation techniques exist among pulverized coal (PC) plants in China.
Ultra-supercritical PC and supercritical PC plants are strategically selected by the power sector for
new capacity additions coupled with pollution control technologies. Based on the national industry
policy, 600 MW and larger-capacity units are required for thermal power generation in the future.
A developing trend of clean and high-efficiency power generation technologies is inevitable [50].
Therefore, we choose supercritical PC as the representative technology for the conventional coal-fired
power plant.
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An existing 630 MW supercritical coal-fired power generation unit located in China with
post-combustion capture technology was an applied case of CCS retrofitting evaluation. Technological
parameters of power generation for accounting CO2 emissions and performance of CCS system were
from internal observed data and experimental results of this power plant. Other critical data such as
carbon and coal prices, investment cost and returns and the rest necessary parameters, were obtained
from previous research or set by this paper. The investor considers retrofitting the CCS system in
2017, with the time step being one year. Meanwhile, the lifetime of the power plant is assumed to
be 40 years, 15 years for the demonstration phase and the remaining 25 years for the commercial
phase [4]. To simplify the analysis, it was assumed that emission reductions obtained from CCS system
are CERs [17,19]. In addition, the electric production was assumed unchanged after CCS retrofit [10].

According to the parameters provided (Table 2), the volatile content of coal and other industrial
data are not measured by the power plant except for the low calorific value of coal, so Equation (3) can
be applied to calculate CO2 emissions from coal combustion. Table 3 shows the accounting results of
the CO2 emissions from one power unit in 2016.

Table 2. Parameters of CO2 emissions.

Coal
Consumption/(Ton)

Limestone
Consumption/(Ton)

On-Grid Energy/(Million
kWh/year)

Received Low Calorific
Value/(MJ/kg)

1,564,171.13 32,134.58 3278.77 18.406

Table 3. CO2 emissions of one power generation unit (ton).

Coal Combustion Desulfurization Total

2,893,568 13,008 2,906,576

Since 2013, China has opened seven carbon trading pilot cities, and the nation-wide carbon trading
market was formed at the end of 2017 [51]. However, China’s carbon trading market is not yet mature,
with existing deficiencies: the exchange platform between these seven cities are independent of each
other, with no unified market pricing mechanism; and the scale of the pilot market is unbalanced [46].
For this reason, the CERs from power plants due to CCS retrofit are mainly traded at European Climate
Exchange, the largest carbon trading market over the world, through the CDM under the Kyoto
Protocol. That is, if the CO2 emissions of power plants are below the required level, the CERs can be
sold to the international market [19]. Here, the European carbon prices are used to estimate relevant
parameters. As for another uncertainty, fuel prices, Bohai-rim steam-coal prices are known as “coal
price wind vane” in China. Thus, this kind of steam coal with calorific value of 5500 kcal/kg, having
great transit and trading volume in the Bohai Sea ports, is representative of countrywide coal price [19].
Based on equations calculating the drift and volatility [17], the concerning parameters of carbon prices
and coal prices are obtained: Pc

0 = 47.978 (the daily average price of 6.222 €/ton from 30 August 2012
to 25 August 2017 was used as the initial carbon price; here, 1 € is equal to 7.711 RMB according to
the average exchange rate of the euro to the RMB during this period, i.e., 47.978 RMB/ton) RMB/ton,
µc = −0.087965, and σc = 0.6359663; P f

0 = 479.592 (we considered the weekly average price of Bohai-rim
steam-coal with calorific value of 5500 kcal/kg during the period from 22 March 2015 to 12 September
2017 as the initial coal price) RMB/ton, µ f = −0.079779353, and σ f = 0.092909373.

We collected technological data from related techno-economic assessment literature. These
parameters are shown in Table 4, showing the fundamental parameters of the model in this paper.
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Table 4. Fundamental parameters used in this model.

Parameter Description Values Notes

T1 Demonstration project stage 15/years Set by this paper.
T2 Commercial operation stage 25/years Set by this paper.
QE Annual power generation 3278.77/million kWh Observed data.
Qc CO2 emissions 2,906,576/t Calculation result.
ρ1 Capture efficiency at period T1 90% This capture efficiency is based on [4,19].
ρ2 Capture efficiency at period T2 95% IPCC [45].
ξ Storage efficiency 85% IPCC [45].

UI1 Unit investment at initial time of T1 4395.77 RMB/kW Set by [19].
I2 Investment at initial time of T2 138,516/104 RMB Set by [52].
RE Returns on EOR project 39,399/104 RMB Set by [52].
Fc coal consumption 1,564,171.13/t Observed data.

rf Risk-free rate 4.24% The average of benchmark one-year fixed deposit rate
from 1990 to 2015 [53].

r Discount rate 8% Set by the general construction project investment rate
of return [30,54,55].

α Technology uncertainty about investment cost 0.05 Referring to [27].
β Technology uncertainty about O&M cost 0.057 Set by [56].

UT Unit transportation cost 100/RMB 1 Set by [17].
UO&M Unit O&M cost 13.78 RMB/MWh Based on [57].

US Unit CO2 storage cost 50/RMB 2 Set by [17].
ω Energy consumption ratio (%) 32% 3 IPCC [45].
Pe Clean electricity tariff 0.015/RMB Refering to desulfurization electricity price [17,19].

1 In this study, we assumed that the power plant site is adjacent to the oil-field. Based on [58,59], the transport cost
will be almost 80 RMB/ton for every 100 km by 2020. Considering the thickness of the pipe steel or other technical
limitations, the transport cost is also believed to be almost 20€/per ton (120 RMB/ton) [26,60]. In this case, referring
to [17], the average 100 RMB/ton is set as the transportation cost in our paper; 2 According to [58], the storage cost
is slightly less than 50 RMB/ton by 2020. Indeed, storage costs were assumed to be higher because the search for a
site is more complex and longer than envisaged, and the requirements in terms of surveillance are rather on the rise.
Therefore, based on [17], we set this cost as 50 RMB/ton to be more realistic; 3 Based on IPCC [45], a power plant
equipped with a CCS system (with access to geological or ocean storage) would need roughly 10–40% more energy
than a plant of equivalent output without CCS, of which most is for capture and compression. Specifically, the range
reflects three types of power plants: for Natural Gas Combined Cycle plants, the range is 11–22%; for Pulverized
Coal plants, 24–40%; and for Integrated Gasification Combined Cycle plants, 14–25%. We used the average of 24%
and 40% to represent energy consumption ratio, i.e., 32%.

4. Results and Discussion

4.1. NPV Method

Firstly, the situation without government subsidies was considered, i.e., subsidy coefficient η = 0.
The annual cash flow can be obtained during two investment stages (Tables 5 and 6). Based on Equation
(15), the total NPV of two stages is −360,904 × 104 RMB, which is far less than zero, thus not available
under traditional DCF rules.

Table 5. The cash flow statement of the demonstration project phase.

Capital Flows 2017 2018 2019 2020 2021 2022–2029 2030 2031 2032

Cash inflows/104 RMB 0 16,412 15,444 14,558 13,746 . . . . . . 8918 8581 8273
Cash outflows/104 RMB 276,934 26,432 24,496 22,704 21,044 . . . . . . 10,663 9891 9176

Net income/104 RMB −276,934 −10,020 −9052 −8146 −7298 . . . . . . −1745 −1310 −903

Table 6. The cash flow statement of the commercial operation phase.

Capital Flows 2033 2034 2035 2036 2037 2038 2039–2054 2055 2056 2057

Cash inflows/104 RMB 8161 47,287 47,037 46,808 46,598 46,406 . . . . . . 44,785 44,746 44,710
Cash outflows/104 RMB 147,029 47,247 46,677 46,150 45,661 45,207 . . . . . . 41,024 40,906 40,797

Net income/104 RMB −138,868 40 360 658 937 1199 . . . . . . 3761 3840 3913

4.2. Compound Real Options Models Analysis

Based on Equations (A1)–(A5), Crystal Ball software was used for calculating the volatility of
rate of return after 50,000 Monte Carlo simulation trials. We obtained the standard deviation of r̂ in
Equation (A5) and the result is σ1 = 0.19 in demonstration phase and σ2 = 0.2 in commercial operation
phase. Consequently, the fluctuation range and risk-neutral probability are: in demonstration phase,
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u1 = 1.2092, d1 = 0.8269, and p1 = 0.5661; and, in commercial operation phase, u2 = 1.2214, d2 = 0.8187,
and p2 = 0.5578.

As aforementioned, we assumed the CCS retrofit is supported without government subsidy. Next,
the scenario that government subsidy changes with the gradient of 10%, as the government would
diminish subsidy with the rising of CCS installed capacity, was considered [19]. Therefore, we set
government subsidy for the first stage being η1, the subsidy for the second phase being η2. According
to Equation (11), the options to expand (C2) based on diverse scenarios of subsidy are shown in Table 7.

Table 7. Values of C2 under different subsidies.

η2/% 0 10 20 30 40 50 60 70 80 90 100

C2/104 RMB 0 0 0 0 0 0 0 375 1048 1890 2733

The results in Table 7 indicate that C2 is more than zero as the subsidy coefficient η2 changes
from 70% to 100%, reflecting the increase in government subsidy is beneficial to CCS investment.
Therefore, the government subsidy plays a dominating role in determining whether to expand the
investment in commercial operation phase. Then, the backward induction method was employed
to solve the value of C1, indicating the cash flow of demonstration project stage are always negative.
Based on Equation (12), the value of C1 is always zero under different C2 values no matter how η1 and
η2 change. The results reveal that the current carbon prices and high cost are not supportive to invest
CCS, so, at this stage, volatile carbon prices may play a leading role on whether to invest CCS retrofit
or not. (as coal prices in China are relatively stable recently [61], we do not consider its influence on
investment decision-making of CCS investment).

Under different scenarios of government subsidy that η1 and η2 change with the same gradient of
10% at both two stages, the NPV, ROV and TIV considering real options are shown in Table 8.

Table 8. Investment values under different government subsidies.

η1, η2/% 0 10 20 30 40 50 60 70 80 90 100

NPV/104 RMB −360,904 −328,305 −295,706 −263,107 −230,508 −197,909 −165,310 −132,711 −100,112 −67,513 −34,914
C/104 RMB 0 0 0 0 0 0 0 113 316 569 823

TIV/104 RMB −360,904 −328,305 −295,706 −263,107 −230,508 −197,909 −165,310 −132,598 −99,796 −66,944 −34,091

Table 8 indicates that the TIV considering options value are larger than that under NPV standard
when compound ROV are greater than zero. This illustrates compound ROA considers uncertainties
of the CCS project and improves the investment value by managerial flexibility, which has obvious
superiority over the traditional DCF method. It also reflects when evaluating the CCS investment
with ROA, even if the government gives the full subsidy, the TIV is still negative. Therefore,
the investor should consider deferring the investment. Under the current carbon trading market
and CCS technology level, full investment subsidies are not enough to stimulate power enterprises to
invest in CCS, unless carbon prices increase to a high critical value to offset great cost.

The above analyses show that, under the current carbon price level, the government will face with
a high cost pressure to promote CCS technology through providing subsidies. If the government gives
no subsidy and forces the CCS retrofit, power plants will suffer serious economic losses. Therefore,
it is necessary to analyze the influence of carbon price on CCS investment decision. Learning from
the quadrinomial model of CCS investment decision-making study in [19], we can obtain that only
when the government subsidy coefficients in the demonstration phase (η1) are 90% and 100%, the CCS
investment is available. The results in Table 8 also demonstrate C2 is positive as the government
subsidy coefficient is greater than 70%. Thus, we can only consider the case that η1 changes from
90% to 100% and η2 changes from 70% to 100%, to study the effects of government subsidy on critical
carbon price. Based on [52], the carbon prices that meet values of C1 and C2 are both greater than
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zero are critical carbon prices. Given this condition, critical carbon prices under different government
subsidy coefficients are shown in Table 9.

Table 9. Critical carbon prices under different government subsidy coefficients.

Pc/(RMB/ton)

η2/% 70 80 90 100

η1 = 90% 195.67 194.89 193.92 192.95
η1= 100% 89.81 89.03 88.06 87.09

In Table 9, when η1 = 100%, no matter how η2 changes, the critical carbon prices are stable at
around 90 RMB/ton, with minor decrease as η2 increases. However, when η1 drops to 90%, the critical
carbon prices are almost twice as much as that when η1 = 100%. Meanwhile, the growth in η2 also
causes much more minor reduction in the critical carbon price. It reflects that the reduction range of
critical carbon price with 100% subsidy at the demonstration stage is a little bigger than that with
90% subsidy.

This changing trend is very illuminating. Specifically, on the one hand, in the first phase when
CCS technology is not yet mature, capture efficiency is relatively low and relevant cost are strongly
high. The subsidy from the government may provide great benefit at this stage, so only 10% decline of
it can induce approximately double increase of critical carbon price. On the other hand, in the second
phase, CCS technology will be increasingly mature, with capture efficiency higher and investment and
O&M cost lower. This will encourage power enterprises to be willing to expand the scale of investment
and responsible for the transportation and storage of CO2, forming economies of scale and achieving
good economic returns. Hence, the rise in the government subsidy at the second stage may have a
relatively small impact on the critical carbon price.

More specifically, the current carbon price is 56 RMB/ton, less than the critical carbon price of
87.09 RMB/ton with full government subsidy at both two stages. That is, even if the government
renders full subsidy, the power plants will not invest CCS project under real options decision rules.

5. Conclusions

This paper presents an investment feasibility study on the CCS retrofit project in an existing
630 MW supercritical coal-fired power generation unit, considering the overall investment environment
in China. This paper takes uncertainties of carbon price, coal price, investment and O&M cost and
government subsidy into consideration. The compound real options model applied in two investment
stages was developed to help power enterprises with optimal decision-making on CCS investment.
A combination of traditional NPV method and binomial lattice of ROA was employed to improve the
whole research framework. The relationship between critical carbon price and government subsidy was
analyzed as a price measure. According to above analyses, several instructive conclusions emerged.

(1) The two-stage compound real options model includes a call option to delay at the demonstration
project stage, and an option to expand at the commercial operation stage. This model
considers the irreversibility, uncertainty and flexibility of CCS retrofit investment remedying
intrinsic deficiencies of NPV method, and explored interrelated mutual connection between
two investment stages which is more suitable than the single real options model. However,
the investment value including options value is still far less than zero. It proved that now this is
not the optimum moment to invest CCS retrofit project.

(2) In the commercial operation phase, the power plant should expand investment by undertaking
CO2 transportation, storage and EOR project, to achieve additional income if the government
provides enough fund incentive. However, in the demonstration project phase, the government
subsidy makes no sense to CCS investment. The current carbon price and high construction
sunk-cost may play a significant part in deferring CCS investment.
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(3) The critical carbon price will diminish as the government increases subsidy proportion at both
two stages. Furthermore, reduction in the subsidy at the demonstration project stage can cause
greater growth in critical carbon price than that at the second stage.

These conclusions are illuminating to attract attention from policy-makers in China. Specific
implications are summarized as follows in aspects of policy, capital, and technology to slash cost,
enhance efficient investment, and perfect laws and regulations regarding CCS investment.

6. Policy Implications

First, the development of CCS technology should be vigorously promoted for the purpose of
reducing investment cost. Currently, the main obstacle to the application of CCS technology is the high
cost. The introduction of foreign advanced technology, equipment and operational experience can
accelerate the CCS advance in promotion and application process of China’s coal-fired power plants,
but inevitably will bring additional considerable cost. Hence, both the government and the power
enterprises should pay attention to independent research and development of CCS technology, to
implement independent intellectual property rights and truly drive a significant reduction in carbon
capture cost.

Second, because of great cost and low current carbon prices, investment in CCS can mainly be
achieved with strong financial support from government including: investment subsidy and clean
electricity tariff. However, investment subsidy will bring high financial expenses for the government,
which can be decreased by tax transfer strategy. Currently, there has been no carbon tax mechanism in
China. The tax charged can be used as subsidy for CCS investment. As for clean electricity tariff for
decarbonization in power plants, it has not existed in China until now. Consequently, the government
should formulate an efficacious subsidy policy, a reasonable clean electricity price system, and an
effective carbon tax mechanism to improve the enthusiasm from power enterprises.

Third, carbon trading scheme should be perfected. Investment in CCS project will produce
many CERs, which can bring substantial benefits offsetting part of investment cost. Meanwhile, high
volatility of carbon prices can also cause investment postponement under large investment uncertainty.
Hence, the government should develop efficacious carbon trading market, improving bargaining
power at the market to enhance carbon prices for power enterprises, while lessening the volatility of
carbon prices to alleviate investment pressure. Given the nation-wide carbon trading market has been
formed recently, in the future, the investment environment for CCS project will be improved in China.
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CCS carbon capture and storage
CDM clean development mechanism
CERs certified emission reductions
DCF discounted cash flow
ECBM enhanced coal bed methane recovery
EOR enhanced oil recovery
FGD flue gas desulfurization
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GBM geometric Brownian motion
IEA International Energy Agency
IPCC Intergovernmental Panel on Climate Change
IRR internal rate of return
LSIP large scale integrated projects
NPV net present value
O&M operating and maintenance
PC pulverized coal
ROA real options approach
ROV real options value
TIV total investment value

Appendix A. Estimating the Volatility Parameter of the Model

Hypothesize an investment process (see Figure A1), including an initial investment cost (I) and series of
expected cash flows (An), n = 1, 2, . . . , T. The present value of future cash flows from period n to T and from
period n + 1 to T are denoted as PWn and MVn, which can also define as present worth at time n and market value
at time n, respectively. The gross worth at period n (PWn) should contain the current cash flow An. The relation
between present value and market value can be presented as follows:

PWn = MVn + An (A1)

where n = 0, PW0 = MV0 and A0 = 0.
For n = 0, the present value can be expressed as Equation (A2) using continuously compounded interest:

PWn =
T

∑
t=n

Ate−r(t−n) (A2)

which can also be shown as:
PWn = (MVn−1)er (A3)

in this case, the rate of return is indicated as a random variable which is distributed as r~N(µr,σr
2), the selection

of types of distribution being arbitrary here. Parameter r can be estimated by Equation (A4):

r̂ = ln
(

PWn

MVn−1

)
(A4)

To get the volatility relevant to the full investment cycle, the equation for the rate of return with n = 1 is
shown as follows:

r̂ = ln
(

PW1
MV0

)
(A5)

Therefore, the standard deviation of the simulated return distribution represents the estimate of the volatility
parameter in a compound real options model. This method is generally applicable because any type of input
distribution can be assumed for random variables in the simulation.
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Appendix B. Uncertainty Factors Modeling

The carbon price is assumed to behave in the light of Geometric Brownian motion (GBM) as in
Equation (A6) [10,18,30,62,63]:

dPc = µcPcdt + σcPcdZc (A6)

where µc and σc, respectively, denote the drift and volatility of carbon price. The expected value of carbon price is:

E(Pc
t ) = Pc

0 eµct (A7)

where E(Pc
t ) refers to the expected price of CO2 at time t; and Pc

0 is the initial carbon price.
Based on research in the past [19,64,65], GBM can perform well for simulating the changing process of coal

price in China, which is expressed as Equation (A8):

dP f = µ f P f dt + σ f P f dZ f (A8)

where µ f and σ f , respectively, denote the drift and volatility of coal price. The expected value of coal price is
shown as follows:

E
(

P f
t

)
= P f

0 eµ f t (A9)

where E
(

P f
t

)
represents the expected price of coal at time t; and P f

0 denotes the initial coal price.
The drift and volatility of carbon price and coal price can be obtained by the historical volatility calculation

method due to its full historical data [17].
Before CCS technology achieves large-scale promotion, technological advances will reduce the investment

cost and O&M cost [12,17,19,27]. Meanwhile, it is supposed that the government provides investment subsidy for
CCS retrofit, with the subsidy coefficient being set as η (0 ≤ η ≤ 1). Thus, the investment cost and O&M cost can
be expressed as follows:

It = I0 × e−αt × (1− η) (A10)

I0&m
t = I0&m

0 × e−βt (A11)

where It represents capital cost of CCS retrofit at time t; I0 is the base year’s capital cost; α is the influencing
parameter for technology advance in capital cost; IO&m

t denotes O&M cost at time t; I0&m
0 refers to O&M cost at

initial time fulfilling CCS retrofit; and β is the parameter reflecting technology improvement on O&M cost.
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