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Abstract

Carbon capture, carbon utilization and storage (CCUS) technology is an important potential technical support for coal power
plants to maintain existing production structure while simultaneously achieving near-zero carbon emissions with the current
energy structure in China being dominated by coal. However, CCUS technology is still at the early demonstration stage, and
there are many uncertainties in the carbon trading market, technology and policy incentives that the traditional method is no
longer able to handle. Based on the binomial tree real option model, this paper establishes a CCUS technology investment
evaluation model that incorporates the uncertainties with carbon price, government subsidy, technological progress and
carbon dioxide utilization ratios into the model, and investigates the influence of government incentive on CCUS technology
investment in two scenarios in China. The numerical results in case study show that (1) If the subsidy is too low, no matter
how high the lower limit of carbon price is set, enterprises will not invest. (2) When the proportion of government subsidy
exceeds 0.33, a specific and accurate minimum carbon price is given to promote coal-fired plants immediate investment in
CCUS technology based on the model. (3) Only the government subsidies cannot stimulate CCUS investment at this dem-
onstration stage. These findings provide a reference for public policy decision-making and promotes the development and
large-scale deployment of CCUS technology in China.
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Introduction

One of the greatest challenges today to the sustainable
development of mankind is global warming. Increasing
greenhouse gas emissions is deemed as the most impor-
tant cause of climate warming with the increase in carbon
dioxide (CO,) emissions accounting for as much as 75% of
the total (Dubois and Thomas 2018). As one of the world’s
largest carbon emitters, China’s CO, emissions are mainly
concentrated in traditional industrial enterprises including
large coal-fired power plants that use coal as their main
raw materials. These coal plants had already contributed
97% of the CO, emissions from the electric power industry
(IEA 2015). In 2018, the coal power installed capacity in
China made up 60% of total installed generating capac-
ity and electricity generation about 70.31% of the total
generating capacity. To meet the increasingly growing
electricity demand in China, the coal-dominant position
in the power structure cannot be replaced in the foresee-
able future. Under this circumstance, the problem of how
to rapidly and effectively reduce CO, emissions from coal-
fired power generations and decrease the content of CO, in
the air, has been the focus of global attentions and R&D
efforts. As one of the most potential emerging emission
reduction technologies in the world, Carbon Capture, Uti-
lization and Storage (CCUS) technology, which involves
capturing CO, from a fixed source and then allocating it
to different intermediate utilization and/or final storage,
contributes to realizing zero or near-zero carbon emis-
sions (Elias et al. 2018). Energy Technology Perspective
2017 published by the International Energy Agency (IEA)
pointed out that CCUS projects should contribute at least
14% of the CO, reduction in order to achieve the 2 °C
reduction target (IEA 2019). Therefore, CCUS technology
has been identified as an important strategic choice for the
global response to climate change and plays a critical role
in carbon emissions’ reduction and sustainable transforma-
tion for industry in the world (IEA 2019).

Endeavor for promoting the large-scale deployment of
CCUS technology to curb the CO, emissions has gained
widespread attention in last decades. The CCUS trials
and demonstration projects already cover North Ameri-
can countries, Australia, Norway and China with growing
momentum. However, CCUS technology as the upgraded
system of carbon capture and storage (CCS) technology
by incorporating the utilization of CO, into the CCS con-
cept, is still at the early demonstration stage. Currently,
there only 38 large-scale CCS projects that capture more
than one million tons (Mt) of CO, emissions have been
built around the world (Fan et al. 2018). Among these
projects, there are still 25 projects in the construction and
development planning stages and only 13 projects are put
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into practice based on the report of IEA (IEA 2019). The
reasons for the current hysteresis development status for
CCUS technology are mainly that expensive investment
cost, technological immaturity with high energy consump-
tions and lack of effective policy and regulations to guide
(Fan et al. 2018), especially the large amount of uncertain-
ties related to the carbon trading price and government
supports (Wang and Li 2018). Therefore, it is particularly
necessary to establish an appropriate evaluation model
for CCUS technology investment that includes various
uncertain factors to properly assess the value of CCUS
investment and provide decision-making support for the
investment of coal power plants in China.

In recent years, some studies carried out the detailed
analysis of barriers to CCUS investment and had produced
a lot of valuable results in this field. The findings of these
studies have pointed out that the main problems limiting
the large-scale deployment of CCUS technology at present
are as follows: (1) high investment cost and difficulty in
financing (Zhang and Li 2015); (2) extra consumption of
electricity in coal-fired plants equipped with CCUS sys-
tem, which implies that the cost of generating electricity
will rise by 50% (Zhang et al. 2019); (3) imperfect carbon
emission trading schemes and insufficient government sub-
sidies (Zhang and Liu 2019). As a result, the rapid devel-
opment and commercialization of CCUS technology are
confronted with huge cost pressures in this context (Tapia
et al. 2018). In order to stimulate CCUS technology invest-
ment and effectively carry out the large-scale deployment
of CCUS project, it is particularly vital to evaluate the
CCUS technology investment and to investigate the imple-
mentation effects of different policy incentives such as
the government subsidy and the carbon price floor in the
carbon trading market.

Generally, the government subsidy has been widely
applied to alleviate the investment and abatement cost
directly for low-carbon technology and trigger the invest-
ment enthusiasm of power plants (Yang et al. 2019). Addi-
tionally, the price stabilization mechanism such as the car-
bon price floor in the carbon emission trading scheme seems
as an effective instrument to complement the carbon market
and is highly favored by some scholars (Zhang et al. 2016).

From the above-mentioned, our paper is to assess the
economic feasibility of CCUS technology investment in
two policy incentives for comparison the effectiveness and
to reveal the conditions under which the immediate invest-
ment can be triggered by combining the coaction of policy
package.

The remainder of this paper is organized as follows: sec-
tion two conducts the literature review among the existing
literature on investment decisions of CCUS technology. Sec-
tion three describes the methodology; section four conducts
the case study of investment in China; section five presents
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the results and discusses the findings and section six presents
the conclusions.

Literature review

In the past few years, many studies have mainly focused on
two different perspectives in CCUS technology investment
based on the real option method in the settings of different
uncertainties, which are analysis of economic feasibility and
different policies comparisons for CCUS investment, respec-
tively. First, in terms of CCUS technology economic evalua-
tion, scholars are increasingly using the real option method
to evaluate the value of CCUS investment allowing for the
irreversibility, uncertainty and management flexibility of
CCUS investment. These literature focus mainly on assess-
ing the economic feasibility of CCUS investment in different
settings. As a classic literature of CCS investment, Abadie
and Chamorro (2008) construct a two-dimensional binomial
tree model of CCS technology investment in super-critical
coal-fired power plants under the constraint of carbon emis-
sion and calculate the option value of the project. The criti-
cal value and strategy of carbon emissions allowance price
for CCS technology investment in coal-fired power plants
are obtained. Finally, based on the data from 2006 to 2007
in Europe, the sensitivity analysis of carbon trigger price
with allowance volatility, government subsidies, invest-
ment costs and other factors shows that coal-fired power
plants are not suitable for investment in CCS technology
at the current carbon trading price. Considering the price
uncertainties of electricity and natural gas, Elias et al. (2018)
assess the value of retrofitting CCS technology to natural gas
fired power plants and address the problems of whether and
when to retrofit the CCS project under the two alternative
technologies, i.e., post-combustion and oxy-fuel combustion.
The findings of the study show that the post-combustion
technology for the power plants is an attractive option when
the price of CO, is above 140 dollars per ton and the oxy-
fuel combustion would be selected if the price of CO, hits
185 dollars per ton. In addition, Yao et al. (2019) model the
evaluation of coal to liquid (CTL) with CCS retrofit option
by including the uncertainties of oil, coal and carbon price
in the investment environment and considering the manage-
ment flexibility on investment timing. The Shenhua project
as the case study is evaluated in their study and the results
show that the CTL project is economically unwise under
current carbon market and government support.

Second, the real option theory is proposed in previous
studies to compare the different policies for CCUS deploy-
ment and find out the effects of government policy on invest-
ment behaviors. For example, Chen et al. (2016) develop a
CCS investment model to analyze the impacts of subsidy for
electricity on the decision-making behaviors of coal-fired

power plants by using Monte Carlo simulation under the
framework of various uncertainties. Additionally, the com-
bined effects of the carbon market and subsidy policy are
considered in their model. The study findings indicate
that the impacts of subsidy on CCS investment are highly
dependent on the carbon market conditions. From the per-
spective of power generation companies, Guo et al. (2018)
comprehensively consider the investment incentive policies
of carbon tax, investment subsidy and clean electricity price
based on the real option method and innovatively introduce
clean electricity price as the policy variable to study the
optimal investment strategy in CCS technology. According
to the historical volatility of carbon price, the influence of
different policies on the critical carbon price of investment
is explored through the change of policy parameters in the
numerical simulation. Their findings show that the govern-
ment must increase investment incentives (i.e., raise the car-
bon tax; increase the proportion of government subsidy) to
encourage companies to invest in CCS projects at this stage
in China. Furthermore, Yang et al. (2019) compare differ-
ent types of subsidy schemes for CCUS investment under
different level of carbon price, including initial investment
subsidy, electricity generation subsidy and the utilization
subsidy of CO, in a real option framework.

However, to the best of our knowledge, the above lit-
erature ignores the incentivization role of the carbon price
floor policy in CCUS investment. Due to the uncertainty in
climate policy, the carbon price changes with the carbon
trading market environment, which increases the invest-
ment costs and risk and deters investment in low-carbon
technology. Therefore, as part of carbon market mechanism,
a carbon price floor plays an important role in stimulating
low-carbon technology investment, which ensures the mini-
mum return rate of investors and lowers the uncertainty in
future economic profitability from low-carbon projects in
long-lived power plants characterized by capital-intensive
(Brauneis et al. 2013). In practice, the carbon price floor
in the UK is an effective measure that exerts an important
influence on encouraging low-carbon energy investments
and plays a vital role in improving the carbon trading mecha-
nism (DECC 2011). Some studies show that the design of
the carbon price floor can effectively motivate power gen-
eration enterprises to invest in sufficient emission reduction
technologies (Richstein et al. 2014). For example, consid-
ering double uncertainties in power generation and carbon
price, Zhang et al. (2016) evaluate the CCS technology
investment with carbon price floor in the power generation
sector and use numerical simulation to study the influences
of the carbon price floor, government investment subsidy
and tax deduction on the optimal investment timing of CCS
for power generation companies. The findings indicate that
even if the subsidy is very high and the carbon price floor
is low, investors in power generation companies would not
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carry out the CCS technology investment immediately in
current market conditions.

Considering the gap in the aforementioned work and tak-
ing this logic as our research point, the objective of this
paper is to construct a binominal tree model based on real
options analysis to analyze China’s CCUS technology invest-
ment strategy by incorporating the uncertainties with carbon
price, electricity price, technological improvement, gov-
ernment incentives and different ways of carbon utilization
into the research framework. The real option approach in
an uncertain environment offers the management flexibility
for investors by delaying the investment decision to an opti-
mal timing, which is consistent with the reality. Moreover,
the model will evaluate the CCUS technology investment
through a case study in China from the perspective of power
generation companies and determine the optimal investment
strategy for the CCUS technology retrofitting under current
situations. In view of current investment environment with
immature CCUS technology and an inactive attitude toward
investment in CCUS, the government incentives measures
play a very important role in stimulating the development of
low-carbon technology in China (Fan et al. 2019). Therefore,
two different policy subsidy scenarios are considered in the
paper to investigate the effect of policy incentives on the
CCUS technology investment decisions for the power plants.
Specifically, the first setting is only government subsidy for
the initial investment cost of CCUS project without extra
economic incentives, and the other analyzes the coactive
effect of government incentive and the carbon floor, so as to
compare the distinct investment behaviors of CCUS technol-
ogy investment in the two settings.

The findings of the model indicate that only government
subsidy cannot motivate CCUS investment at this demon-
stration stage under current economic conditions. Addition-
ally, although combined with the minimum carbon price,
the low-carbon technology investment would still not be
stimulated in the case of lower government subsidy. The
CCUS technology investment can only be encouraged if the
proportion of government subsidy exceeds 0.33. Further-
more, a specific and accurate minimum carbon trading price
will be given to promote coal-fired plants immediate invest-
ment in CCUS technology based on the actual data in the
model. The results obtained can provide both a more real-
istic assessment of CCUS project for investors in the power
sector and suggestions for the policy-makers in China to
improve policy performance and perfect the carbon market
mechanism based on the calculation analysis in a case study.

Consequently, the main contributions of the paper may
be concluded as follows: first, the present study provides an
innovative perspective on how to promote the current CCUS
retrofitting investment and development by combining with
different policy schemes under uncertainty. And specific
policy incentive schemes are determined considering the
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coaction of the government subsidy and the carbon floor.
Second, different impacts of incentive policies involving
the government subsidy and the minimum carbon price
on the CCUS technology investment in two scenarios are
analyzed in the case study. Third, uncertainties including
carbon price, government subsidy, technological advance-
ments and carbon dioxide utilization ratios are considered
in the model. Finally, we perform in-depth investigation the
investment strategy of CCUS technology by using a variety
of latest input data from the existing economic and techno-
logical conditions in the 600 MW ultra-supercritical coal-
fired power station and provide useful information both for
power enterprises and related policy-makers. The results
obtained are of great practical significance to improve the
national low-carbon technology subsidy policy and mecha-
nism, perfect the carbon trading market system, and achieve
the national carbon emission reduction target earlier.

Methodology

CCUS technology refers to the use of carbon capture tech-
nology to first separate, collect and compress CO, from
power plants and other emission sources, and finally either
transport it to storage sites or put it into new production
processes for recycling and reuse to reduce carbon dioxide
emissions and prevent climate warming. Compared with
CCS technology, it is a new trend of upgrading technology
and can turn waste CO, into valuable materials with eco-
nomic benefits through its utilization in the field of geology,
chemistry, physics and biology.

The traditional investment decision-making methods
including the discounted cash flow (DCF), net present
value (NPV) and internal rate of return (IRR) are used to
evaluate the CCS project (Renner 2014; Santos et al. 2014).
Generally speaking, the greater the risk and uncertainty in
the investment project, the lower the potential value of the
project investment will be in a risk neutral world. The NPV
method uses the future cash flow and discount rate gener-
ated by the investment project to calculate the initial value
of the project at the initial time, and determines whether the
project is worth to investing or not based on either a positive
NPV or a negative NPV, which the decision is now-or-never
under NPV rules without consideration of irreversibility of
investment, uncertainty in future cash flows and the flexible
investment timing. Thus, the reasons for the inapplicability
of CCUS technology project in terms of traditional invest-
ment decision-making methods are as follows. Firstly, NPV
assumes that the investment is reversible that there is no
sunk cost, i.e., the investment cost can be recovered at any
time. Secondly, the NPV method is discounted at a fixed
discount rate, and the cash flow generated by the project can
be estimated based on the probability measure. Thirdly, the
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traditional NPV method ignores the flexibility of manage-
ment in CCUS technology investment under the assumption
that investment is a now-or-never option. Therefore, if the
NPV method is used to evaluate CCUS investment projects,
there may be two consequences. One consequence is that
investment opportunities will be lost due to ignoring the
benefits from uncertainties faced by the project, because the
investment project for using CCUS technology in coal-fired
power plants not only has economic benefits, but also have
both environmental and social benefits. The other conse-
quence is that uncertainties for CCUS technology investment
projects related to future cash flow are neglected, which will
underrate the investment value and lead to investment fail-
ure, neither of which would be wanted by investors.

Investment in CCUS technology in coal-fired power
plants has the characteristics of investment irreversibility,
uncertainty in future cash flow and technical progress and
flexibility in CCUS investment which make the investment
decision for CCUS technology in coal-fired power plants
have real options’ characteristics. When the option value
of CCUS technology investment project is considered, the
greater the uncertainty in future income from the project,
the greater the option value of real option. Therefore, this
paper introduces real options analysis based on the binomial
tree into investment projects and constructs an investment
decision-making model for CCUS technology in coal-fired
power plants. The real option method is suitable for invest-
ment decision evaluation in uncertain environment, and its
essence lies in the managerial flexibility, which indicates
that decision-makers of coal-fired enterprises have different
options to exercise investment decisions under the uncertain-
ties in government policies, coal prices and carbon prices.

During the operation period of CCUS technology project
in the coal-fired power plant, assuming the investors are all
rational, and the project investors make decisions by maxi-
mizing the economic benefits of the coal-fired power plant.
From the perspective of investors in coal-fired power gen-
eration enterprises, decision-makers can describe the prob-
lem as the maximization of the sum of expected discounted
profits during the investment period. Total investment costs
(cash outflow) mainly includes the initial capital cost of
CCUS technology in the construction period, operation and
maintenance (O&M) costs, an increased fuel consumption
cost due to the capture system during the operation period,
transportation cost and storage cost after capturing CO,. The
income consists of electricity sales revenue, CO, utiliza-
tion revenue and carbon emission reduction income in the
carbon trading market. Therefore, the net annual profits of
CCUS retrofitting investment in coal-fired power plants can
be expressed as follows:

Annual benefits = p. - g, +p. - g. + Vo, —

where p, denotes the electricity tariff (RMB/kWh), g, is
the annual amount of electricity generated by the coal-fired
plants assuming that annual production capacity is fixed
(kWh), p. is the carbon price in the carbon trading market
(RMB/ton), ¢, is the annual amount of certified emission
reduction for coal-fired plants (ton), V,, is the annual utili-
zation revenue of CO, (RMB), C; denotes the initial invest-
ment cost in CCUS technology (RMB), A is the proportion
of government subsidy for the initial cost of investment and
0 < 4 <1, Cygu is the operation and maintenance costs
(RMB), C; is the transportation cost of CO, (RMB) from
the coal-fired plants to the storage station, Cq represents the
sequestration cost of CO, (RMB) in the storage station, ¢ is
the utilization rate of CO, and C, is the increased fuel con-
sumption cost after CCUS technology investment (RMB).

The CO, utilization in CCUS technology under cur-
rent circumstances includes EOR (enhanced oil recovery),
ECBM (enhanced gas recovery), CO, bioconversion, CO,
chemical synthesis (Wood 2015), microalgae oil produc-
tion technology and beverage additives. In 2014, mechan-
ical manufacturing accounted for 50% of CO, consump-
tion, food additives for 20%, 10% for the oil field, and
others occupy for 20%. According to the data from the
Zhuo Chuang Information (ZCI 2018), we classify the
CO, utilization into two types, the industry use and food
use. Food use accounts for 80% of CO, utilization and the
industry use makes up 20%. The CO, utilization price is
the price of CO, in the consumer market, and it varies
greatly in different regions of China.

Suppose the selling price of industrial CO, is p,;, and
the selling price of food CO, is py,, then the average price
of CO, utilization p, can be expressed as

Py = (ps1 X 80% + pyy, X 20%) )

Assume that g, denotes the annual amount of certified emis-
sion reduction for coal-fired plants and the utilization rate
of CO, is &, then the CO, utilization income is described as
follows:

Veu = €4.Ds (3)

The costs of CCUS retrofitting investment in coal-fired
power plants include the design of CO, capture system,
the acquisition of capture equipment, acquisition of CO,
adsorption reagents and transportation costs based on the
selected transportation ways, e.g., pipeline and highway/
railway transportation after CO, separation and compres-
sion. In addition, the operation and maintenance costs of
CCUS technology include the cost of adsorption materials
and maintenance fees during the operation of the capture

C,— (1= M)C; = Cogm — Cr — (1 — &) Cs (1)
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system. Furthermore, the sequestration of captured CO,
involves storage in depleted oil and gas reservoirs, inacces-
sible coal seams, and deep saline aquifers which adds extra
handling costs to the total investment costs (Rehman and
Meribout 2012).

The uncertainty of investment in CCUS technology pro-
jects in coal-fired power plants is mainly due to the impact of
technological progress on costs. First, investment in CCUS
technology in coal-fired power plants will affect the genera-
tion capacity, operation cost and energy consumption cost of
power plants. Second, the installed scale of coal-fired power
plants and the technology employed makes a big difference in
the investment and operating costs of carbon capture system.
Combined with above two points, the uncertainty of CCUS
technology will affect the total investment value (ENPV) of
the CCUS project because of its uncertain cost. Although
CCUS technology has been continuously developed and dem-
onstrated, which has accumulated a lot of data and technical
experience, the most important factor now hindering invest-
ment in CCUS technology in coal-fired power plants is still
its high cost.

It is assumed that there exists learning effect in CCUS
investment process, and the investment cost changes with the
learning effect. Arrow (1962) constructed an LBD (learning
by doing) learning curve model that described the reduction in
the average cost per unit of output along with either increase in
output or the accumulation of labor experience.

Most of the research results indicate that the new energy
industries, such as photovoltaic power generation and wind
power generation, also conform to the learning curve model.
Currently, CCUS technology is still at the demonstration stage.
According to the current development speed, studies indicate
that CCUS technology may not be widely promoted until after
2020. Experience will be accumulated in the CCUS technol-
ogy demonstration stage, thus reducing the investment cost
and the operation and maintenance costs of CCUS technol-
ogy in coal-fired power plants. Therefore, it is assumed that
the initial investment cost of CCUS technology for coal-fired
power plants is C!, and the initial operation and maintenance
cost after investment is C(z). CCUS technology has technical
progress with the learning curve. After ¢ years, the construc-
tion cost of the coal-fired power plant investment project is C,
and the operation and maintenance cost is Cg\- Technical
improvements gradually reduce the cost of CCUS technology,
so the investment cost and operation and maintenance costs
are uncertain. Since the technical learning rate affecting the
investment cost and the operation and maintenance cost var-
ies, the two types of costs can be expressed, respectively, as:

1 -
G =C, = 4

0

@ Springer

2 X K
Coam = c0<x—> ®)

0

where x, and x are the cumulative installed capacity in the
year ¢ after the installation of CO, capture equipment in a
coal-fired power plant and the cumulative installed capac-
ity in the base year respectively. Given the scale of coal-
fired power plants, the cumulative capacity of the industry
to install CO, capture equipment replaces the cumulative
capacity of individual coal-fired power plants. And « and f,
respectively, are learning capacity parameters reflecting the
effect of technology progress on the investment cost and the
operational maintenance costs.

Additional energy consumption is required to support
CO, capture equipment after the investment in CCUS tech-
nology in coal-fired power plants. It is assumed that coal
consumption represents the energy consumption of CCUS
system in power plants. A power plant equipped with CCUS
system will consume approximately 10-40% more energy
than it would without (Niu et al. 2014). According to related
data, 80% of the production costs of coal-fired power plants
in China, come from coal (Li 2020). Therefore, it is reason-
able to use the amount of coal consumption as additional
energy consumption in the CCUS system in the power plant.
If the coal price is p,, and the annual amount of fuel added
for the operation of the capture system is g,, the additional
fuel consumption cost is C,, which is described as follows:

C, = P4, (6)

As more than 40% of enterprises consider the impact of the
carbon price in their long-term investment decisions, the
carbon price in the carbon trading market is an important
factor affecting the investment income of CCUS technology
for power generation enterprises. For the convenience of
analysis, it is assumed that the extra carbon allowances cre-
ated after CCUS retrofitting investment in coal-fired power
plants can be traded in the carbon market without consid-
eration of the intermediate cost, thus, the carbon price is
the main influencing factor on the incomes of CCUS tech-
nology investment project. Due to the initial establishment
of the national unified carbon trading market, which was
launched in December 2017, the carbon trading market has
great uncertainty and randomness and will fluctuate with the
carbon demand in the future. Most studies have shown that
the carbon price p, follows a non-stationary stochastic pro-
cess and is subject to a Geometric Brownian Motion (Wang
and Qie 2018), which obeys

dp. = ppdt +o.p.dz (7

where p_ refers to the carbon price at ¢ time (RMB/ton), .
and o, respectively, represent the drift rate and volatility rate
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of the carbon price, and dz is independent increments of the
Wiener process and follows the normal distribution N (0, 7).

Net present value of CCUS technology investment

Assume that the life time of coal-fired power plants is T
years, investment in CCUS technology begins at ¢ = ¢,
and the time taken for construction is 1 year. CCUS tech-
nology system is put into use after installation of CCUS
devices until the end of the life time of a coal-fired power
plant. In other words, the running time of CCUS technol-
ogy system is from ¢, + 1 to the life time 7. During this
period [, + 1, T] investors can evaluate the value of the
project in each year and make a decision whether to invest
in a CCUS retrofitting project at the beginning of each
year. We suppose the base discount rate is to be r, and the
residual value of CCUS technology capture equipment to
be zero by the end of the lifetime of the coal-fired power
plant. Then, the net present value of CCUS technology
investment is described as follows:

T
NPV = Z Pebe + P4 +Epq. — prg (1 + ro)ro—t

t=ty+1
T
= DG /%) + Cr+ (1= ECI + rp)o™
t=ty+1
— Cy(x,/x0)™*(1 = (1 + rp)o
®)
If a continuously compounded interest rate is adopted, that
is e’ =1 + ry, the NPV can be rewritten as

1- ero(tU—T

)
NPV =(p.q, + ped. + EPsdc — Pr4y) —[C3x,/x0)™”

e —1
T)
— Cy(x,/x)™*(1 = A)e’0
)]

1 — e0lto—
+Cr+(1-6C]
e —1

Binomial tree model-based real options analysis

The real option method has management flexibility and
considers the time value of the investment in CCUS tech-
nology in coal-fired power plants. The delay option value
represents the option value brought by the uncertainty of
the carbon price for the investment in CCUS technology in
coal-fired power plants. We first employ the binomial tree
model to simulate the process of the carbon trading price
and assume that the initial carbon price is p.(0,0). The
time step is At, and there are two possible carbon prices at
each time step. In other words, after the At time interval,
p.(0,0) either goes up to p.(1, 1) by a specific factor u with
the risk-neutral probability p or goes down to p.(1,2) by a

specific factor d with the probability g, where p + g =1,
u>1and Ar > 0,0 < d < 1. By analogy, the node p_(i,)
after n time steps At, there is an n+ 1 tree node, which
represents an n+ 1 possible carbon price. For the node
p.(i,)), i denotes the number of periods and j is the state
of carbon price. The up and down factors are calculated
using the volatility, o, the time step At and the risk-free
rate r and the risk-free probability p can be expressed as

erAt_d
u—d

p= (10
where u = e"\/E, d= i

According to the above ideas, the investment value at
each binomial tree node in each period can be calculated
according to Eq. (9):

!
NPV

=max(NPV;,0) (0<i<n i<j+1) (11)
where n is the number of the option periods.

When the NPV of the CCUS technology investment is
negative at node (i, ), the investor will not invest and wait
until the NPV turns positive, which the NPV is the invest-
ment value in CCUS technology investment.

The total investment value ENPV of CCUS technol-
ogy for coal-fired power generation under uncertainties
containing the real option is calculated by step by step
backward from the last node to the current node and it is
expressed as follows:
ENPV.,, =max{ NPV, .

0<Litnj<i+1)

[PNPV 15 + qNPV(i+1J’)]€_rAt}

12)
Overall, the investments in CCUS technology of coal-fired
plants are considered as an American call option and are
only exercised if it brings the positive revenue. Based on the
real option theory, the ENPV consists of NPV plus the defer
real option value (ROV), that is,

ENPV = NPV + ROV (13)

In general, the calculation process is summarized as
follows:

Step 1 calculate the carbon price at each node in a bino-
mial tree of CCUS investment including the defer option.
Take current carbon price as the benchmark price and
multiply by either u or d, respectively. The two param-
eters u and d are obtained from the historical data of
China’s seven pilot carbon markets from 2013 to 2017.
Step 2 bring the carbon price obtained at each node in
Step 1 into the expression of net present value (NPV),
and calculate NPV of CCUS investment at each node
according to Eq. (10).
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Step 3 according to Eq. (11), decisions are made at each
node, relied on the positive or negative NPV. when the net
present value is negative, it indicates that investors give
up the investment.

Step 4 according to Eq. (12), the investment value con-
taining the delayed option is calculated step-by-step from
the last time step to the current time step using the back-
ward recursion method, and the current ENPV obtained
is the total value plus the delayed option value. According
to formula (13), the defer option value of CCUS project
investment is calculated.

Investment decision rules for CCUS technology
in coal-fired power plants

The option to delay is employed to evaluate an investment
project for CCUS technology in a coal power plant according
to the characteristics of CCUS technology investment. The
defer real option is treated as an American call option that
allows investors in coal-fired power plants to invest at any
appropriate time during the life time of the option. There-
fore, it is necessary to calculate the ENPV of the investment
project at any possible investment point, then compare with
investment value at each node, and finally decide whether
to either invest immediately or to delay. Based on the real
options method, the ENPV of CCUS technology project
includes the NPV of the investment project itself and the
defer option value of project, as shown in formula (13).

The investment decision rules for CCUS technology in
coal-fired power plants are shown in Table 1. According to
Table 1, the two scenarios are chosen to execute the option
to delay, which NPV of the project is greater than 0O, the total
investment value is greater than the net present value or the
NPV is less than or equal to 0 and ENPV is greater than 0,
respectively.

When the NPV of the project is greater than 0 and the
ENPYV of the project is equal to NPV, investors in coal-
fired power plants should invest immediately, that is the
critical condition for the investment of coal-fired power
plants. The conditions for immediate investment in CCUS
technology are that the NPV is equal to the ENPV and the
NPV is greater than 0. Only when NPV is less than 0 and

Table 1 CCUS technology investment decision rules for coal-fired
power plants

Project net present Project value including ~ Decision-making

value/NPV defer option/ENPV

NPV >0 ENPV > NPV Delayed investment
NPV >0 ENPV=NPV Immediate investment
NPV <0 ENPV>0 Delayed investment
NPV <0 ENPV=0 Give up investment
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the ENPV =0, the CCUS technology investment will be
abandoned.

Case study for CCUS investment in China

In this section, a case study from China’s ultra-supercritical
coal-fired power station is introduced to intuitively ana-
lyze the optimal investment strategy for power plants under
uncertainties. First, the case description on the ultra-super-
critical coal-fired power is given in subsection, the basic
data collection and parameters estimation are presented in
subsection, then the impact of technological progress on
investment costs is analyzed in subsection, and finally the
future trend of carbon utilization is estimated in subsection.

Case description

Supercritical and ultra-supercritical coal-fired power units
are the future development trend of coal-fired power gen-
eration in China. Suppose that an existing supercritical
coal-fired unit PC benchmark power station has been put
into operation. Under the constraints of the national car-
bon emissions reduction policy, the government requires
coal-fired power plants to conduct carbon emissions reduc-
tion. The coal-fired power plants have two choices. One is
that when the carbon emissions exceeds the limited carbon
quota, the power plants buy the carbon quota in the national
unified carbon trading market, but the total production cost
increases. The other is that coal-fired power plants invest
CCUS technology for reduction of carbon emissions and
sell the carbon quota set by the government in the carbon
trading market to cover the investment cost. We assume that
the coal-fired power plants have chosen to invest CCUS tech-
nology for carbon emissions reduction and then evaluate the
economic viability. The life time of the supercritical coal-
fired power plant is 40 years and the coal-fired power plant
has been built for 10 years, investors will consider invest-
ing in CCUS technology project in 2018. Assuming that the
expiration time of the defer option is 10 years, the invest-
ment project still has 20 years to operate after investing in
CCUS technology, and the time step of the model is 1 year.

Data collection and the parameters estimation
of carbon price

The benchmark parameters and data of coal-fired power sta-
tions are shown in Table 2, including parameters, symbols,
parameter values and value descriptions.

As for the carbon price parameter estimation, since the
national unified carbon trading market was launched at the
end of 2017, there is