N
N

N

HAL

open science

Delaying the introduction of emissions trading
systems-Implications for power plant investment and

operation from a multi-stage decision model
Jian-Lei Mo, Joachim Schleich, Lei Zhu, Ying Fan

» To cite this version:

Jian-Lei Mo, Joachim Schleich, Lei Zhu, Ying Fan. Delaying the introduction of emissions trading
systems-Implications for power plant investment and operation from a multi-stage decision model.

Energy Economics, 2015, 52, pp.255-264. 10.1016/j.eneco.2015.11.009 . hal-01265934

HAL Id: hal-01265934
http://hal.grenoble-em.com/hal-01265934
Submitted on 1 Feb 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


http://hal.grenoble-em.com/hal-01265934
https://hal.archives-ouvertes.fr

Delaying the introduction of emissions trading sygms — Implications for power
plant investment and operation from a multi-stage @écision model

Jian-Lei M@, Joachim Schlei®f? Lei zhi#, Ying Far®"”
@Center for Energy and Environmental Policy Resedradtitute of Policy and Management,
Chinese Academy of Sciences, Beijing 100190, China
® Eraunhofer Institute for Systems and InnovationeResh, Karlsruhe 76139, Germany
¢ Grenoble Ecole de Management, 12, rue Pierre SEni# 127 - 38003 Grenoble, France
4Virginia Polytechnic Institute & State Universi4061 Blacksburg, Virginia, USA
" Corresponding author: Ying Fan, E-mail: yfan@casgmen, ying_fan@263.net

Abstract

Relying on real options theory, we employ a mwdtig decision model to analyze the effect of
delaying the introduction of emission trading sgsgETS) on power plant investments in carbon
capture and storage (CCS) retrofits, on plant dperaand on carbon dioxide (CO2) abatement.
Unlike previous studies, we assume that the investrdecision is made before the ETS is in
place, and we allow CCS operating flexibility foevm power plant investments. Thus, the plant
may be run in CCS-off mode if carbon prices are. loMe employ Monte Carlo simulation
methods to account for uncertainties in the prioe€0O, certificates, other inputs, and output
prices, relying on a realistic parameterizationd@upercritical pulverized coal plant in China. We
find that CCS operating flexibility lowers the ardl carbon price needed to support CCS
investment because it renders CCS investment tesgersible. For a low carbon price path,
operating flexibility also implies that delayingetintroduction of an ETS hardly affects plantCO
abatement since the plant operator is better ofth@asing emission certificates rather than
operating the plant in CCS mode. Interestingly,léov carbon prices we find a U-shaped relation
between the length of the delay and the economiaevaf the plant. Thus, delaying the
introduction of an ETS may make investors worse off

Key words: power plant investment; regulatory uncertainty;ltistage decision, operating

flexibility; real options theory; emissions tradji@CS; China



1. Introduction

Following the introduction of the EU Emissions Tiragl System (ETS) in 2005, many emerging
and developed countries are planning to introducglas ETS in the future (IEA, 2010; The

World Bank, 2014). However, several of these caestare hesitant with regard to whether and
when they will implement such a system. Among athtfreir future climate targets are unknown,
due in part to the slow progress of the United dtei climate negotiations. In addition, countries
are considering alternative domestic policies, bsedamplementing an ETS is a highly complex
process, requiring new institutions that challeagisting regulatory and organizational practices.

For example, China, the world’s largest emittelgodenhouse gases, has undertaken substantial
efforts to mitigate carbon dioxide (GO emissions (National Development and Reform
Commission [NDRC], 2012) and is considering implativg a national ETS in the future,
depending on, among other things, the successvehsiecal pilot carbon markets, which are
being built during the Twelfth Five-Year Plan (262015) (People’s Republic of China [PRC],
2011; see also NDRC, 2011). Because the outcontieesé pilot markets is not yet known and
because China, like many other countries, prefertake on more ambitious greenhouse gas
targets under the United Nations Framework Conwarititer rather than sooner, the future of a
national ETS in China is highly uncertain (Jotz012; Wang, 2012).

This regulatory uncertainty affects investment sliecis in the electricity sector, in particular. The
electricity sector contributes more than 41% ofttital energy-related G@mission of the world,
and 50.1% for China (IEA, 2013a). As such, powenfd are included in all foreseeable ETS.
Carbon capture and storage (CCS) technology isarfor realizing large-scale reductions in £0O
emissions in the power sector and thus for meegimipitious emission targets (IEA, 2007b;
2013b). According to the IEA (2015), CCS contrilsui% of the cumulative emission reduction
required to meet the 2°C target compared to théness-as-usuad°C scenario. The mitigation
cost without CCS would increase by 138%. Yet addi@fs to any process increases the capital
costs required to capture, compress, transport, shmik CQ. Operating costs also increase,
particularly because CCS implies a loss in producéfficiency. Finally, CCS technology suffers
from a lack of social acceptance and regulatorynéaork (e.g., for sequestration) in many
countries. Thus, investors in CCS currently facestantial market, policy, and technology
uncertainties (e.g., Hirschhausen et al. 2012, 2867a). Because of the high capital expenditure
and the irreversibility of the CCS investment, it plant investors may prefer delaying CCS
investments (Abadie and Chamorro, 2008). Likewkss;ause of higher operating costs, plant
operators may prefer to suspend CCS operationsafterthe plant has been retrofitted with CCS
technology (Davison 200Mo and Zhu, 2014). Compared with a regulation imiva technology
standards or a carbon tax, an ETS introduces additiuncertainty, because the price of ,CO
certificates is determined by the market and isknotvn with certainty in advance.

In this paper, we model investments in new powanisl and operating the plant as a long-term,
multistage decision problem, in which the decisibreach stage may be affected by the decision
in the preceding stage (e.g., Markusson and Haseel®010). In the first stage, before a
regulation (in our case, implementation of an EiEShtroduced, the investor (e.qg., utility) invests
in a new power plant; in the second stage, afterdlgulation becomes known, the utility decides
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whether to retrofit the plant with CCS; in the thistage, once input and output prices are known,
the utility decides whether to operate the CCS aniio suspend operating CCS temporarily. At
each stage, the utility may also decide to closegtant for good.

Few scholars have evaluated the effect of climabddicyp uncertainty on investments in
fossil-fuelled power plants. Blyth et al. (2007)mtnstrate that uncertainty about future climate
policy creates a risk premium which increases #rban price required to stimulate investment in
CCS. Employing a real options approach, Yang e{(24108) find that climate policy risk can
become significant if there is a short time betwaduture climate policy event and the time when
the investment decision is made. By implementiregitie long-term climate change policy, the
government can reduce this risk. Abadie and Cham(2008), among others, point out that
installing a CCS unit in a coal-fired power plapeoating in a carbon-constrained environment is
not profitable under current climate polityalsh et al. (2014) use an analytic real optionsleho
with time-dependent investment costs to investigiaetiming of CCS investment. Their findings
suggest that higher carbon price volatility incesashe critical carbon price, i.e. the price of
carbon above which investment must be made immaddiaather than keeping the option to
invest open. Zhang and Wei (2011) present a rd@rmpbased carbon capture investment model
to investigate the timing of investments while alilog for uncertainty in carbon prices and in the
CCS technology. They find that the prospects ofitetogical improvements in CCS will delay
investment. Also relying on a real options-basediehoZhu and Fan (2011) conclude that the
current investment risk of CCS is high and thanalie policy uncertainty has a greater effect on
CCS development in China than uncertainty reladeidviestment or fuel input costs. Zhang et al.
(2014) employ a trinomial tree model based on ogdions theory to calculate critical carbon
prices for investment in CCS retrofit in China.tEle and Nasakkala (2010) analyze investments
in gas-fired power plants, considering the sigaificuncertainty in future market prices for fuel
and CQ, as well as in future investment and operating figixy. Allowing for stochastic prices of
electricity and natural gas, they show that opegatilexibility may significantly affect the
decision to invest in a new plant. Models allowfog operating flexibility also reflect real-world
CCS plant operation more adequately (e.g., Chaleteas. 2009). Mo and Zhu (2014) develop a
model for investment in CCS retrofits of existingamis in which carbon capturing can be
switched off to analyze the impact of a carbonefloor policy on CCS investment and €O
abatement. Based on a multi-factor real optionsehBwhlfs and Madlener (2011) find that low
carbon prices in particular render investment irbea-capture-ready (CCR) plants less attractive
than investment in a conventional plant with arlatgrofit. Finally, Xun et al. (2014) rely on a
real options model with multiple uncertainties &ride the optimal technology choice among the
competing generation technologies CCS, combinete ayas turbine (CCGT), wind power and
nuclear under different market conditions.

Using China as an exemplary case study, we simbtatethe timing of introducing C{emission
regulation affects the economic value of the inwestt, as well as an investor’s decision to
retrofit CCS and to operate CCS. In particular, explore whether delayed regulation makes
investors better or worse off. Although our metHodw relies on real options theory, allowing for
stochastic (and correlated) prices of electriaityal, and C@ certificates, our approach differs
from the extant literature in two important resgedtirst, we assume that the power plant
investment occurbefore the regulation is in place, which is a realistiersario for many projects.
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Second, in addition to allowing for flexibility ithe timing of the CCS investment and the option
to close the plant permanently, our model allows@€S operating flexibility. These features
add complexity but allow for some novel insight&st we find that CCS operating flexibility
lowers the critical carbon price and is thus comito investing in CCS power plants. Second,
delaying the introduction of the ETS hardly affeCts, abatement if the carbon price is low. Third,
we find a U-shaped relation between the economiigevaf the new plant and the length of the
delay of ETS. Thus, a delay in the ETS may actuallgke investors worse off, which is
counterintuitive at first.

We organize the remainder of this article as foloun Section 2, we develop a generic
real-options-theory—based model, governing powantpinvestment and operating decisions
under multiple uncertainties. In Section 3, we pneésthe key assumptions for power plant
investments in China, which enter our simulatiolms.Section 4, we present and discuss the
simulation results, and in Section 5, we offer smmecluding remarks.

2. Modeling power plant investment under uncertainy

In our model, the utility is assumed to make decisiabout its investment in and operation of the
plant in each period to maximize the economic valfithe project, while under uncertainty. The
plant lifetime can be divided into three stages,sshewn in Figure 1. Timing flexibilities on
decommissioning the plant in advance and retmofjittthe plant with CCS as well as CCS
operating flexibility were incorporated. In Stageal the beginning of the plant lifetime in period
To, the utility invests in a new power plant. Constion of the plant is assumed to take two years
until completion in T. A CO, emission regulation (i.e., ETS) will be introdudadr,. Between T
and T,, the utility may decide to decommission the planadvance if it anticipates that ongoing
operations of the plant will lead to a negativehcliew in the future. In Stage 2, fromy ¥ 1
onward, the plant operator first decides whethetedcommission the power plant. If the plant is
not decommissioned, the utility decides whetheretnofit the plant with CCS immediately or
delay the retrofit until some time.*T(T, — T, — T). In Stage 3, after the CCS retrofit is
implemented (i.e., from, T 1 to T), at the beginning of each period, thktyidecides whether to
decommission the plant. If the plant is not decossioned, it decides whether to operate the plant
in CCS mode or in non-CCS mode. Next, we preseatfdhmal decision problem backward,
starting with the final stage.

! Apart from the timing of the investment decisionr sodel differs from Mo and Zhu (2014) in othepiontant
facets. In particular, we built a three-stage madednalyse investment in a new power plant, whkiteand Zhu
(2014) employ a two-stage decision model to explEsS retrofit to an existing power plant.
2 Timing flexibility means that the utility can clmshe optimal point in time to implement a decisioorder to
maximize the economic value of the investment (@eg:ommission the plant, or retrofit the plant w@eS), by
repeating the decision on whether to implemenminediately or to delay in each period of the reSpectage
until the utility either finds the optimal point time, or gives up the option at the end of th@eetve stage. The
timing flexibility to retrofit the plant with CCS isnly valid during the second stage. The timing ifidity on
whether and when to decommission the plant exiatingl the entire lifetime of the plant after theami is
constructed.
3 We assume the utility invests in a CCS retrofitémigd T, and that the retrofit takes one year to be coraglet
4



Figure 1. The power plant’s investment and opematiiecision process (The decision process
during the lifetime of a power plant is modeledtiree stages, and the decision at each stage is
affected by the electricity, fuel and carbon masRet
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2.1Stage 3:FromT+1toT

From T, + 1 onward, similar to the previous stages, thétyutmay first decide whether to
decommission the plant in advance in any period, &mot, the utility may decide whether to
operate the plant in CCS mode or not. The utikyeats these two decisions in each period until
the plant is decommissioned or the end of stager8adched. The utility is assumed to maximize
the net cash flow in each period. The decision leratfor each period in Stage 3 then becomes:

Capature CO,, if CF=<CR~ .
Suspend CO, Capature,if CF=c>CF° (1)

where CR“ and CR™ are the cash flows when operating in CCS modenaneCCS mode,

respectively, in periotl® The optimized cash flow is then

4 It is assumed that the cost of switching betwéendperation modes is zero. Appendix A detailscéileulation
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CF, = MAX (CFtSCC,CFtCC) (2)
The utility closes the plant in periddf the expected net present value (NPV) of nehdésv

from continuing to operate the pIam/3, is less than the NPV from decommissioning thatpla

NP\/tA.5
Decommissionthe plant, if E (V3)<NPVA
{Conti nue operating the the plant,if E (/3)>NPV,A (T +12t=T). 3)
Here, V,® can be expressed as
V.’ = CF, +e ™ MAX(NPV,, E (V,)) )

wherer is the discount rate, anédkt is the time step. The optimized economic valugdriodt is
Ft3 = MAX(NPVIA, E(\/t3)) . 5)
Equation 5 then becomes the basis for the decaddont whether to retrofit the plant with CCS in

Stage 2. The boundary condition M‘g in the last period T is
Vv =CF,. 6)

The boundary condition in Equation 6 allows’ and F° to be solved backward.

2.2 Stage 2: Fromt+1to T,

Unless the utility decides to decommission the tplarmust decide whether to retrofit the plant
with CCS immediately or to delay the retrofit. Inetlatter case, the utility pays for all €O
emissions in that period. If the utility investsQCS in period {from T, + 1 to T,), the total NPV
is
NPV = e—l‘F3 _CCCS—outIay (7)

t 1

t+1 t

CCCS—outI ay
t

where is the investment cost of a CCS retrofit in peripdnd F.>, is the expected

NPV of the future net cash flow from period (t + tb) T, after retrofitting the power plant
(Equation 5). If the utility delays the retrofibe total NPV of the investment opportunity becomes

Vtz — CFtBR re™ MAX(NPVHM, E (thm ), (8)

where CFtBR is the cash flow before a CCS retrofit in peribéind after the government

of net cash flow in each periodCR ™ and CF*“.

5 These decision rules are based on a dynamic pt@ine approach (and not on a myopic NPV approaaf,
the timing flexibility and hysteresis effect aré&éa into account. Similarly, the decision ruleg9y (11), and (15)
also employ the dynamic real options approach.sioplicity, we further assume that decommissiorthng plant
yields a net cash flow of 0.

6



introduced an ETS in;F The CCS retrofit investment in Stage 2 then isegoed by the
following decision rule for each

Retrofit plant with CCSimmediately,if E (NPV;)>E (\/tz) 9
Delay the CCS retrofit,if E(NPV;)<E (V). ©)

In each period, decisions are made based on tleespin that period and the carbon price
trajectories by comparings, (NPV;) and E;(V,%).

The optimized economic value from continuing ogaathe plant in periotlis

J =MAX(E (NPV), E (/). 110

The decision rules for whether to decommissiorplaat become

Decommissionthe plant, if f2<NPVA
{Conti nueoperating the plant, if f2>NPV,A (11)
Then, the optimized economic value in period tteg® 2 is
F? = MAX(f? NPV"). (12)
Equation 12 allows us to derive the optimized ecaicovalue at time T, +At), F...» Which

the utility takes into account when making a decisn Stage 1.
At time T, the utility has no incentive to invest & CCS retrofit, because there is no time to
recover the investment cost. Then, the total exgueblPV from delaying the CCS investment at

time T, VT2 , is (boundary condition)

V2 = MAX (0,CF™), (13)
where CFTBR is the cash flow in period T before the CCS réfr&quation 13 allows us to solve
for V2, f?, and F* backward.

2.3 Stage 1: From Fto T,

In Stage 1, the utility first makes an investmenthie power plant atsland finishes construction
in period T. Then, the utility has the option to decide whetitedecommission the plant at the

beginning of each period. In perio@l; <t <T,), continuing to operate the plant yields an NPV
of V.':

V' = CR™™ + e ™ MAX NPV, E (Via)) (14)

® Appendix A details the calculation (f:FjBR.



BETS
Ft

where C is the cash flow in periotl before the ETS is introducédNote that in each

period during this stage, there is no L£émission regulation. The decision about whether to
decommission the plant after it has been builtdefbre T, when the CQETS is introduced is as
follows:

Decommissionthe plant, if E (V)<NPVA
: ) . 1 A (15)
Continue operating the plant, if E (V)>NPV;
The optimized economic value in each period t is
Ftl = MAX(EMl), NPVtA) : (16)

From Equation 16, we can derive the optimized egbowalue at time T, FTi. The boundary

condition in period Tis then

Vi =ZCRET v RL,, a7
where Fém is obtained from Stage 2 (Equation 12).

In period T, the economic value of the power plant investritsen‘f:)rO 8

— _ —r(T,-Ty) =1
Sfo - CTO +e ' ’ FTl’ (19)

where CTO is the investment cost of the plant, aﬁi can be obtained from Equation 16.

3. Description of the case study

For the case study simulations, we chose a supieatipulverized coal (SCPC) plant investment,
which is a promising technology option for Chinalectricity sector (Chen and Xu, 2010; Deng,
2008; Huang, 2008). The relevant technical parametethe plant appear in Table 1.

Investors in power plants face uncertain futuréscasd revenues. In particular, electricity prices,
coal prices, and C{xertificate prices are assumed to follow stochgstbcesses. Like Davis and
Owens (2003), Siddiqui et al. (2007), and Kumigarcet al. (2008), we model coal prices as a
geometric Brownian motion (GBM).In a liberalized electricity market, the electrjcprice is
characterized by mean reversion, seasonality, tothastic volatility (Schwartz and Smith, 2000).
Thus, the long-term development of electricity psicin a mature electricity market may be
described best with a mean-reverting stochasticga® However, because the model eventually

" Appendix A details the calculation of net caswfim each period,CFkBETS.

8 Economic value here means the expanded NPV wisiché sum of the traditional NPV and the value of
management flexibility (Dixit and Pindyck, 1994).
9 According to Pindyck (1999), who analyzes the loemgn evolution of energy prices such as oil, caald
natural gas, using a GBM model is unlikely to leadlarge errors in optimal investment rules, eveoutfh
long-term energy prices may be mean-reverting.
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will be applied to China, where the electricity ketris still regulated, we employ GBM rather
than a mean-reverting process to model the elégtricice development The CQ certificate
price in the Chinese ETS pilots is currently refaly low'' but is expected to increase gradually
once allocation becomes more stringent in the reiddid long term, as China takes on more
ambitious national emissions targets. In additiGQ) certificate price evolution is subject to
many factors, reflecting uncertainty in both supghd demand that influences the Gf@rtificate
price (Alberola et al., 2008; Benz and Triick, 2008% therefore follow prior literature (Abadie
and Chamorro 2008; Fuss et al., 2008; Zhou e2@L0; Zhu and Fan, 2011) and model the future
CO, certificate price evolution as a GBM process. didition, we consider correlations across
different price evolutions. The equations of ura@rtprice evolution are in Appendix B; the
relevant economic parameters appear in Table 2.

The current average carbon price in the seven HIBE ggthemes in China is approximately 50
RMB/t CO,. However, the carbon price parameters cannot keinaal on the basis of historical
price development, because carbon markets in Chigastill young. Following Rohlfs and
Madlener (2011) and Abadie and Chamorro (2008)setethe drift rate of the certificate price in
the base case at 4%. Because this parameter signi§i affects the outcomes of our simulations,
we also consider scenarios with drift rates of léw(case) and 7% (high case). For the
subsequent simulations, we assume the planningdmoranges from 2015 to 2050. We chose
2015 as the starting year, because it is the saglar a national ETS in China is likely to be
implemented.

To solve the model, we employ Monte Carlo simulaticethods and the least squares methods, as
proposed by Longstaff and Schwartz (2001). Braueeisl. (2013) and Mo and Zhu (2014),
among others, use a similar approach (Appendixo@ighes the details).

10 Electricity prices in China are currently low, libiey are expected to increase in the wake of funaeket
reforms (Fan et al., 2013; Mo et al., 2013).
11 Until the end of October 2014, the average, Bfices in the seven pilot schemes in China rarfiged 20 to 70
RMB/t CO,, with Shenzhen at 69.5 RMB/t G@8.95 Euros/t Cg), Shanghai at 39.1 RMB/t G@5.04 Euros/t
CO,), Beijing at 49.5 RMB/t C®(6.38 euros/t Cg), Tianjin at 20.7 RMB/t C®(2.66 euros/t Cg), Chongging at
29.7 RMBI/t CQ (3.83 euros/t Cg), Guangdong at 54.2 RMB/t G@.99 euros/t C¢), and Hubei at 23.8 RMB/t
CO, (3.07 euros/t C9).
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Table 1. Technical parameters for power plant itaest

Parameters Unit Value
Installed capacity MW 600
Construction cycle years 2
Average capacity load % 85
Plant lifetime years 35
Emission factor t CO/MWh 0.79
Initial capital outlay M RMB 3165.8
Additional capital outlay for CCS retrofit M RMB 1440
Initial operation and maintenance (O&M) cost M RMB/ 165.3
Additional O&M cost for CCS operation M RMB/y 115.7
Initial power supply efficiency % 42
Efficiency penalty with CCS percentage points 9.5
CO, capture rate % 80
Costs for transport, storage, and monitoring RMB/t CO 50
Time needed for CCS retrofit year 1

Data sources: Sekar (2005), Abadie and Chamorra8j2Qiang et al. (2009), Rohlfs and Madlener (20H)d

Mo and Zhu (2014).

Table 2. Economic parameters

Parameters Unit Value
Initial electricity price RMB/MWh 600
Initial coal price RMB/M Btu 27.5
Risk-adjusted electricity price drift rate % 3
Risk-adjusted coal price drift rate % 3
Electricity price volatility % 8
Coal price volatility % 10
Initial carbon price RMB/t CO, 50
High case % 1
Risk-adjusted carbon price drift rate Base case % 4
Low case % 7
Carbon price volatility % 25
Electricity-coal - 0.6
Correlation coefficient Electricity-carbon - 0.395
Coal-carbon - -0.35
Discount rate % 5
Time step length in simulation Year 1/4
Number of simulated paths - 10000

Data sources: Abadie and Chamorro (2008), Liand. €2@09), Zhu and Fan (2011), and Rohlfs and Maatien

(2011).

Note: 1) We have checked the correlation coefficient mdbr positive semi-definiteness. 2) Following Zhnd

Fan (2011), we employ a low electricity price viigt since the power market in China is still regigdd by the

government.
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4. Simulation results

Our presentation of the simulation results focuselow the timing of the introduction of an ETS
affects power plant investments and operating te®s Of particular interest are the
consequences for CCS retrofit, €&batement, and the value of the power plant invest

4.1 CCS retrofit

The multistage decision model implies that a déhantroducing an ETS also changes the CCS
retrofit decision. Figure 2 shows the probabilitistdbution of the time when the plant is
retrofitted with CCS for different periods of inthacing an ETS (2015, 2025, 2035, 2045) and the
drift rate of the future carbon price is set atb@se case level of 4%. The solid line is the
cumulative probability, and the dotted line représethe marginal probability. First, the
probability to invest in CCS before the ETS is aaduced is zero, because the utility has no
incentive to abate COSecond, as expected, a delay in the ETS sh#tprbbability distribution

to the right (i.e., the plant will be retrofittedtér). Third, there is a peak value of the marginal
probability for when the ETS is introduced, and tha&rginal probability drops rapidly afterward.
The CCS retrofit mainly occurs at an early stagerahe CQ emission regulation is introduced,
because the power plant lifetime is limited, andréhwill not be enough time left to operate
profitably in CCS mode if the plant is retrofittéab late. If the current carbon price is very low
and the future carbon price increases rapidly,GRS retrofit might occur later. However, our
simulation results suggest that this probabilityather small. Finally, our simulations illustrate
how the cumulative probability decreases with theetof introducing an ETS. For example, the
probability would decrease by nearly 10%, from 8b.t0 77.1%, if the introduction of an ETS
were delayed by 10 years, from 2020 to 2¢30.

Figure 2. The probability distribution of CCS rdirdéime (Early implementation of an ETS
promotes CCS retrofit; most CCS retrofits occunshafter an ETS is implemented.)
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12 This example mimics discussions at the UNFCCC lebveliawhether China should take on emission targets i
2020 or in 2030.
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To explore the impact of the carbon market evolutiorther, we simulate the probability of a
CCS retrofit for different carbon price drift ratésSgure 3 (left) illustrates how the probabilitl/a
CCS retrofit in Stage 2 would change with a highelower carbon price drift rate, compared with
the base case. Because a higher carbon priceateéftneans a higher carbon price and thus higher
CO, emission costs in the future, a CCS retrofit itment becomes more valuable. The reverse
holds for a lower drift rate. Figure 3 (right) shethe differences in the probabilities of a CCS
retrofit for different carbon price scenarios: Tpwbability difference increases when an ETS is
introduced later. If the ETS is introduced latie effect of the future carbon price on the CCS
retrofit decision thus is greater.

Figure 3. The CCS retrofit decision with CCS operaflexibility (Higher carbon price drift rates
promote CCS retrofits; the impacts of carbon prime€CS retrofit are stronger the later the ETS
is implemented.)
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To further explore the impact of CCS operating ifidity on CCS retrofit decisions, we also
derive the retrofit probabilities for a plant witltaCCS operating flexibility (Figure 4). Similar to
the results with operating flexibility (Figure 3ne probability of a CCS retrofit decreases with th
ETS being delayed and increases with higher capbioes. Comparing the results in Figure 4 and
Figure 3 (right) shows that the probability of a £Cetrofit is much higher with operating
flexibility than without operating flexibility. Takg the case of a 1% carbon price drift rate as an
example, the probability of a CCS retrofit over theriod 2015 to 2050 is about 80% with
operating flexibility when the ETS is introduced 2015. For a CCS plant without operating
flexibility, this probability is only about 40%. T illustrates that CCS operating flexibility
increases the likelihood of a CCS retrofit. Accaglito the real options theory, because of the
irreversibility of the CCS investment, potential@stors are prone to defer or even give up CCS
investment when faced with future uncertainty (Damd Pindyck, 1994). However, if the carbon
capture is flexible, and the investors can switfhG&S operation when the carbon price is too
low, the profitability increases (Abadie and Charap2008). Since operating flexibility renders
the investment less irreversible, investors ara@ito make more investment in CCS than if there
was no CCS operating flexibility.
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Figure 4. The CCS retrofit decision without CCSragiag flexibility (Comparing the results
between Figure 4 and Figure 3 shows that CCS aperixibility increases the likelihood of
CCS retrofit.)
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Based on the results of CCS retrofit decisions,cese also calculate the threshold value for the
initial carbon price which would render investmant CCS almost certain (e.g. with 90%
probability). Figure 5 displays the critical carbprice for the base case drift rate of the carbon
price given different points in time of introducirap ETS. More specifically, if the ETS is
introduced in 2015, the critical carbon price abawdch the CCS retrofit probability is 90% is
about 140 RMBACQ For lower (higher) CCS investment probabilitydésy the critical carbon
price would also be lower (higher). For exampleh# investment probability is set to 80%, the
critical carbon price would amount to 103 RMB/t£Qikewise, as can be seen in Figure 5, the
critical carbon price would increase with the idmotion of ETS being delayed, and it reaches
350 RMB/t CQ if the ETS is introduced in 2030. Moreover, Figlealso illustrates that
operating flexibility lowers the critical carbonige. For example, the critical carbon price without
operating flexibility would be about 215 RMB/tGGf ETS is introduced in 2015. This also
contributes to explaining why the critical carbaiice in our study is lower than in Zhang et al.
(2014), who, without allowing for operating flexiby*®, calculate the critical carbon price to
range between 230 RMB/tG@nd 350 RMB/tCQ@

13 Other differences may be due to differences imtle¢hodologies and the definition of the criticattion price.
In Zhang et al. (2014), a trinomial tree model wawployed, and the critical carbon price refershiorice above
which immediate investment is optimal. In our studgst squares Monte Carlo methods were employed, t
critical carbon price refers to the price aboveahhihe investment would almost certainly occur. (ivéh 90%
probability), and, especially, the CCS retrofit coalttur at any point in time during the whole pllfgtime, i.e.
between 2015 and 2050.
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Figure 5. Critical carbon prices support CCS résdbr the base case carbon price drift rate (4%)
(CCS operating flexibility lowers the critical cani prices required to support CCS retrofits.)
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4.2 CO, abatement

Figure 6 shows the probability of achieving a gimmount of total emission reductions for the
different periods of introducing an ETS when thit date of the future carbon price is at its base
caselevel. Table 3 provides the descriptive statistioscordingly, the distribution of the amount
of CO, abated is skewed to the left. Notably, the amafirabated C@falls between 0 and 10
million metric tons (Mt) in more than 80% of thersilated paths. For the ETS starting years 2015,
2020, 2025, 2030, 2035, 2040, 2045, 2050, the pilifies of zero abatement are 60.16%,
61.54%, 63.42%, 65.58%, 69.2%, 73.44%, 87.24% 18080, respectively, though on some paths
it approaches 90 Mt C(i.e., the maximum abatement potential correspandd a mandatory
CCS technology standard implemented ).*f In most cases, the total amount of abate¢ CO
doesnot change much when the ETS is delayed becausr thelbase case assumptions thg CO
price is low relative to the abatement cost, ardaimount of C@abated is relatively small.

In our model framework, the utility may decide tosfpone the CCS retrofit and also chooses
whether to operate in CCS mode once a CCS retsofinplemented. Both types of flexibility
decrease the amount of g@bated. To explore which type of flexibility cabtites more to the
decrease in CQabatement, we combine the results of the CCSfitetiad CQ abatement. For
example, when the ETS is introduced in 2015, thé& G€rofit mainly occurs before 2025 (in
approximately 60% of all paths) (see Figure 3).dynparison, if the utility cannot temporarily
suspend CCS operation, the amount of, @ated in most simulated paths reaches approximate
70 Mt CQ,.*® Thus, CCS operating flexibility contributes to tfieding that the amount of GO
abated is rather small. Furthermore, these remdisate that the carbon price in the base case
scenario is too low to support future €&batement.

As expected, the later the ETS is introduced, daet the amount of Cabated. This result is

" The CQ abatement amount in each year is approximately2. 80, when operating in CCS mode. If the CCS
retrofit is implemented in gfand CCS operation continues without being susperided;Q abatement during the
whole lifetime of the plant is approximately 89.6M0, (2.8 Mt CGQ x (35 — 3)). Note that it takes three years for
the plant construction and the CCS retrofit.
15 If the CCS retrofit is implemented before 2025, tivee left for CCS operation is at least 25 yearsmwihere is
no CCS operating flexibility, and the total amountda), abated exceeds 262.8 = 70 Mt CQ.
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driven by two factors. First, and most obvious, ltiter the ETS regulation is introduced, the

fewer years the utility is incentivized to redube €Q emissions of the plant (because the

lifetime of the plant is fixed). Second, a delayENS regulation decreases investment in CCS (see
section 4.1) and thus decreases, @@atement in Stage 3.

Figure 6. Distribution of CO2 abatements at diffégmes of introducing an ETS for the base

case (The amount of CO2 abated is relatively samldoes not change much when the ETS is

delayed because the carbon prices in the basemmv relative to the CCS abatement costs.)
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Table 3. Descriptive statistics of CO2 abatement

Time of introducing ETS 2015 2020 2025 2030 2035 40 2045 2050

Mean (Mt CQ) 6.5 6.2 5.8 5.0 4.0 2.8 1.3 0.0

SD (Mt CQy) 16.1 155 145 12.7 10.3 7.4 3.9 0.0

Figure 7 displays the expected amounts of, @Bated under different carbon price drift rates.
Total abatement is rather sensitive to the carlyaze pwith higher drift rates leading to higher
total CG, abatement. A higher future carbon price renderS @grofit in Stage 2 more profitable
and also provides a stronger financial incentivegerate the plant in CCS mode in each period
during Stage 3. Figure 7 shows that, as expeate@llfcarbon price scenarios, the £fbatement
amount decreases, the later the ETS is introdusettidition, if the carbon price is low (e.g. with
a 1% drift rate), the COabatement will be small and will not change mudtew delaying the
introduction of an ETS because the utility may smsp CCS operation even if the CCS is
installed.
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Figure 7. The expected CO2 abatement for diffecartton price drift rates (Higher drift rates lead
to higher total CO2 abatement; the impact of canqirices on abatement is stronger the earlier the
ETS is implemented.)

18
16 R —
14
12
10

——1% —W-4% 7%

CO;abatement (MtCg)

o o o o o \.\
. 4 N ;
— T T T —

2015 2020 2025 2030 2035 2040 2045 2050

L4

Time of introducing ETS

4.3 Economic value of the power plant investment

The utility makes its investment decision on theibaf expected NPV. Figure 8 shows the
distribution of NPV if the ETS is introduced forethbase case in 2030. The shapes of the value
distributions when the ETS is implemented in 202820, 2025, 2040, 2045, and 2050 are
similar’® Table 4 provides the key descriptive statistiagygesting the standard deviation is
approximately 10% of the mean. In addition, thetritistion of the economic value is more
symmetric than the distribution of the g@batement.

Figure 8. The economic value distribution if theSEiE implemented in 2030 (The distribution of
the economic value is more symmetric than the idigion of the CO2 abatement shown in
Figure 6.)
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Table 4. Descriptive statistics of the economiaigal

Time of introducing

2015 2020 2025 2030 2035 2040 2045 2050
ETS
Mean (M RMB) 44760.2 441349 43613.2 432709 9BA 432958 43787.7 44637.9
SD (M RMB) 47828 45191 44953 45528 4560.0 6145 46694 47322

18 These figures are available on request.
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The expected economic values under different caniice drift rates and points in time to
introduce an ETS appear in Figure 9. First, Figuilustrates that higher drift rates lower the
economic value of the plant no matter when the ETiStroduced. Higher carbon prices increase
compliance costs (i.e., lower the NPV) becauseutiii¢y has to spend more on purchasing,CO
certificates or to retrofit the plant with CCS aaldlating CQ. Naturally, the effect of the carbon
price becomes smaller the later the ETS is impléaterBecond, Figure 9 implies that the pattern
of the economic value for different ETS implemeiatatimes is U-shaped for lower carbon costs
(drift rates of 1% and 4%) and monotonically inciag for higher carbon costs (drift rate of
7%)".

Figure 9. The expected economic value of the imeest with CCS operating flexibility (For low
carbon prices the relation between the economigeval the new plant and the length of the delay
of the ETS is U-shaped.)
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Although arguably counterintuitive at first, thisding may be explained by two countervailing
effects. First, delaying the ETS lowers the utiityompliance costs over the lifetime of the plant,
thus leading to a higher NPV compared with intradgcan ETS in earlier years. Second, the
value of the operating flexibility decreases wherEa'S is implemented later rather than sooner,
leading to a lower NPV. As an illustration, Figut® shows the NPV of a plant without CCS
operating flexibility, while all other conditionemain the same. Thus, once the investment is
made, the plant must run in CCS mode in each pefiodthis case, the later an ETS is
implemented, the higher the NPV of the plant isdbdrift rates.

17 For the 4% carbon price drift rate, the figuresTiable 4 also reflect the U-shaped relation between
economic value of a plant and the ETS introductiear, but the effects are rather small. Howevegufe 9
suggests, that for the other drift rates, consiti¢e timing of introducing an ETS has a substaeftect on the
investment decision. For the 1% carbon price daif¢, the economic value first decreases from £283\BMB to
44 401 MRMB (corresponding to a decrease of aboytWith the ETS being delayed from 2015 to 2040this
case, the change in the economic value exceedsitiaé investment cost (3 165.8 MRMB). Similarly,rfthe 7%
carbon price drift rate, the economic value inogsasom 39 303 MRMB to 44 781 (corresponding to amease
of about 14%) with the ETS being delayed from 2@13050.
17



Figure 10. The expected economic value of the tnvesst without CCS operating flexibility (If
there is no operating flexibility, the economicuelbf the investment increases monotonically
with the length of the delay of the ETS.)
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The value of the CCS operating flexibility may thes calculated as the difference between the
curves shown in Figure 9 and those in Figure 18 @gure 11). Naturally, the economic value
with operating flexibility is greater than that hatut operating flexibility in each carbon price
scenario. In addition, the later the ETS is intrehly the smaller is the value of the operating
flexibility. Thus, as real options theory suggedxit and Pindyck, 1994), there is a positive
correlation between the value of the operatingilfiéitgy and the length of time in which the
operating flexibility is valid. As Figure 9 showir low carbon prices, this negative flexibility
effect of delaying the introduction of the ETS dwe tNPV is larger than the positive compliance
cost effect when the delay is short, and vice vetsan the delay is long. For higher carbon prices,
the compliance cost effect dominates even for & stebay of introducing an ETS.

Figure 11. The value of the operating flexibilitydiferent levels of the carbon price drift rate
(The value of the operating flexibility decreasathvhe length of the delay of the ETS and with
the carbon price drift rate.)
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5. Conclusion

In many countries, investors face uncertainty abetmether and when an ETS will be
implemented, yet they have to make decisions apoojects before the regulation becomes
known. Uncertainty also arises from uncertain irgoud output prices. Notably, because the prices
of CO, certificates are determined by market conditiomglementing an ETS adds uncertainty
for investors. In this article, we rely on realiops theory to analyze the effect of the timingof
ETS on power plant CCS retrofit decisions, plant,Ggnissions, and NPV, allowing for
uncertainty about input and output prices. In pafér, unlike most previous analyses, our
multistage decision model accounts for CCS opagdlexibility; at each stage, the utility may
suspend operating CCS temporarily and instead paec@@-certificates on the market

We first find that that operating flexibility lowgthe critical carbon price for investment in a CCS
plant. Since operating flexibility renders investrha CCS less irreversible, and the propensity to
invest in a CCS plant would increase. Our simutatiesults suggest that in this case the critical
carbon price is about 140 RMB/t GQwhich is much lower than previously found in fgtire
which relies on models without operating flexilyilifThus, operating flexibility is expected to
increase investment in CCS plants even at lowfmate prices. In this sense, when the utility or —
as is often the case in China — the governmentuai&lCCS investment project in practice, CCS
operating flexibility should not be ignored, elbe economic viability of CCS investment may be
underestimated. The critical carbon price, howewmereases when the introduction of the ETS is
delayed. Likewise, our results confirm that delgyimplementation of an ETS generally reduces
a utility’s propensity to invest in a CCS retradind also lowers the total amount of Cébated.
For example, if the implementation of an ETS isagletl from 2020 to 2030, the probability of
investing in CCS retrofit decreases by approxinyai€l percentage points. Naturally, to promote
investment in CCS and G@batement, an ETS would have to be implementdiesther than
later.

The impact of delaying the introduction of an ETi® @O, abatement crucially depends on the
carbon price. If the future carbon price drift rasesufficiently high, the delay lowers GO
abatement significantly. For a low carbon pricdtdete, however, the effect on G@batement is
small (and smaller than it would be for a CCS plaithout flexibility) during the whole lifetime
of the plant because plant operators will find drenprofitable to run the plant in off-CCS mode
and purchase C{zertificates on the market instead.

Arguably, our interesting insights pertain to tlilees of delaying the implementation of an ETS
on the net present value of the plant when thempéating flexibility. First, delaying the ETS
lowers the utility's compliance costs over thetlifee of the plant and thus increases the NPV of
the project. Second, allowing for operating flekipiincreases the NPV of the plant. The longer
the time in which operating flexibility is valid.€é., the shorter the delay of the ETS), the more
valuable is operating flexibility. As expected, ¥ied that for sufficiently high carbon price drift
rate, delaying the ETS always improves the NPV. &dficiently low carbon price drift rate
however, this relationship is U-shaped: When thaydéme is short, the value of the operating
flexibility is high and outweighs the compliancesteffect (i.e., the NPV declines when the ETS

is delayed). For longer delay times, we observe rdverse. While investors typically prefer
19



regulations such as an ETS to be introduced latBer than sooner, our findings suggest that such
a delay may not be in their best interest wher, C@tificate prices are low. In practice, £€0
certificate prices in China (and elsewhere) arelyiko be moderate, at least initially, reflecting
rather modest greenhouse gas emission targets.

The CCS operating flexibility also means that diagpport for investments in CCS plants or for
CCS retrofitting does not necessarily result indoW€G, emissions. If the future CCertificate
prices are too low, the utility may be better offrghasing allowances rather than operating in
CCS mode and thereby incurring a loss in productificiency. In this case, subsidizing a CCS
retrofit may not necessarily lower a plant's engasi unless accompanied by additional measures
to ensure a high expected carbon price. Such mihsrinclude floor prices, as currently
implemented for auctions in the regional ETS inifdatia, Quebec, or the Regional Greenhouse
Gas Initiative (RGGI), or a market stability resemechanism which will be implemented in the
EU ETS from 2019 on.

In addition to CQ certificate prices, other factors influence inmesits in CCS, CCS retrofits,
and the operation of a CCS plant, and, thus, alflacince the effect of delays in implementing an
ETS. For example, the costs of CCS retrofits mapinke over time because of learning effects. In
this case, delaying an ETS would not necessanigtdCCS investments. Likewise, if fuel prices
increase significantly, the costs of operating plent in CCS mode increase, resulting in lower
CCS investment and less CCS mode operation. Siyilatroducing an ETS may also affect the
electricity and coal markets, which, in turn, maffience the investment and operating decisions
of CCS plants. While considering these indirectet§ may be called for in a longer-term analysis,
they are omitted from our analysis because theyilaly to be negligible in the short-to-medium
term. First, since the electricity market in Chiisastill regulated, higher carbon costs do not
necessarily lead to a corresponding increase ictrigligy prices. Second, the carbon price in
China’s current pilot systems is relatively low,dawill probably not be high in the short-to-
medium term in a future national system, sincesibe of the emission budget is likely to reflect
China’s prioritization of economic growth. Finalig, our analysis, the carbon price evolution was
assumed to be exogenously stochastic, and we teglde effect of introducing GGemission
regulation on the overall future carbon price etiou However, the future carbon price may
depend on the timing of previous policy decisidnghis case, delaying the implementation of an
ETS would lead to higher carbon prices in the fitso that a given future climate target may be
met. Further research could analyze the impactndbgenous carbon prices on investment in
power plant CCS retrofits, and CCS plant operation.

Finally, although this paper is motivated by theuat policy environment in China and the
simulations are based on parameter values forersiifical pulverized coal power plant in China,
the findings may easily be transferred to investnierCCS plants in other countries where the
timing of the introduction of ETS is uncertain.
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Appendix A: Calculation of cash flow and CQ abatement

The cash flow in each perioF can be expressed as

CF = & _Cfuel _Com _CTS _CCO2 (A'l)
where R, is the revenues from the electricity salés, , is the fuel cost,C,, stands for the
costs of operation and maintenance (O&M), reflects the costs for transportation and

sequestration of CQand CCOZ is the costs for acquiring GQertificates. We assume that no

certificates are allocated for free. In additiohe tutility takes prices in all input and output
markets as given.

Before the ETS is introduced (BETS§;,s = C., =0, and

CF BETS _ pBETS CEJZTSI CBETS. (A.2)

—i om-1

After the ETS is introduced and before the plametsofitted with CCS (BR),CCO2 >0, and

CF™ =R% -CE ~CE,

om-i

~Coo.-i - (A.3)

After the ETS is introduced and the plant is rétied with CCS, operating the plant in CCS mode
(CC) means lower revenues from electricity salghér costs for O&M, and additional costs for
transportation and sequestration but lower costadquiring certificates. In this case,

CI:icc = |1C—(|: _CEJEJ =i CC():I’T?I - S i ng =i (A-4)

If the utility suspends CCS (SCC), costs for O&M &wer andC, = 0, but certificate costs

are higher. Therefore,

CE* =RX‘-C{ -CX€ - ngf_i. (A.5)

om-i

The utility can sell the same amount of electrichy)'““> in non-CCS mode as before the CCS

retrofit, such that its revenues are

BETS — BR &?C =N N(FCS X Pe_i ,

(A.6)

where P, is the electricity price in period i. Operating@CS mode leads to lower electricity

N NCCS

generation thanN, , SO revenue is

c_cl: - Né:_(i:sx P (A.7)

e-l
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In each scenario, the fuel input (coal consumptisthe same,N_, . Thus, fuel costs are

BETS _ ~BR _ ~SCC _ ~CC _
Cfuel—i - Cfuel—i - Cfuel—i - Cfuel—i =N X I:)(:o—i g (A8)

co—i

where P, is the price of coal in period i. The g@missions areN’; > before a CCS

retrofit and also after a CCS retrofit under nonSCQperation mode. The costs of acquiring
certificates are then

BR _ ~SCC _ pyNCCS
CCOZ—i - CCOZ—i - NCOZ—i x PCOZ—i ' (A9

where R

is the carbon price in period i.

In CCS operation mode, the @@nission Ng5° < Ngg, and

ngz—i = Nggzs—i X Peo,-i - (A.10)
Note that N&g> > 0, reflecting a capture rate of less than 100%e amount of C@abated

under CCS modeN_,,, is then

Nean = Néo, = NG, - (A.11)
In CCS mode, the costs for G@ansportation and sequestration are

s =Crs XNeg, (A.12)

where CESC is the per unit costs of G@ransportation and sequestration.
Before the plant is retrofitted with CCS, g@batement is 0; after the plant is retrofittedsit

Ncaa in CCS operation mode and 0 in non-CCS operatiodem Thus, the CQabatement

amount in period, N.', can be described by

whenT, <i<T,

0,
N, =40, if CF¥ >CF°®° _ (A.13)
whenT, <i<T
N, if CF*¢ <CF™
The total amount of CQabated during the lifetime of the plant is
T
N=> N (A.14)
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Appendix B: Modeling price uncertainty

The evolution of prices can be described as follows

dR. =aR.dt+o R dW_, B.1)
where 1 =1,2,3, and P_,, P_,, and P, represent the coal price, electricity price, and

carbon price, respectivelyg, stands for the price drift rateg; is the instantaneous price

volatility; and dW._, is the increment to a standard Wiener processiness to be normally

distributed with zero mean and varianci . Because the utility is assumed to be risk neutnal
risk-adjusted form of the process is:

dR_ =(a; -A)R_dt +g,P_dW_, B.
where A is the risk premium, anda; — A ) is the risk-adjusted drift rate.
Let X, =In(R_,); applying Ito’'s lemma yields,

dX,_, = (a = Y507 = A)dt+ g,dW, . (8.3)
In the simulations in Section 4, we used the discapproximation:

P_w = R expl@; - %Uﬁ - M)At +o, (Ot) 2, 1. (B.4)

To allow for correlations of the evolution of thee@ricity price, the coal price, and the carbon
price, we added the following conditions (see Daxid Pindyck, 1994):

AW, dW, , = p, g,
dW_dW,, = p_gdt,, (B.5)
dW,_dW,, = p, ft.

where 0,_,, P,_;, and O, , are the coefficients of correlation, which refldbe extent to

which both series move together beyond their trends
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Appendix C: Model solution

We employed a least squares Monte Carlo simulatethod to improve the accuracy of the

estimation of E (V\'), E(V?), E(V°), and E(NPV,). To begin, we regressed the
economic values\(*,V,>,V.> and NPV, ) on a linear combination of a set of basic funtiof

stochastic variables (electricity pricB,_, , coal price P__,, and carbon priceP__, ):

Vi =& +QP, +CR_ +d P, +eR. + fRL +gR:,
+ h F::o—tgael—t + kl I:::o—t ca-t +IiPca—t g)el—t -'fi—t ’ ( = 1' 2’3)’
NP\[( = a'4 + b4P + C4Pe|—t + d4Pca—t + e4F::i—t + f4Pe|2—t + g Pcaz—t ‘

co-t

+ h4 Pco—t g:)d ~t + k4 Poo—t ca-t + I4Pca—t g:)el -t +‘94—t

(C.1)

Relying on the estimated regression parametrdy(.c ,d. ,e,f ,0, ,h k ). 1=1,2,3,4 and
the simulated stochastic variables, we calculdbedestimator for the expected economic value

[E(V). E(V2), E(V2).and E(NPY)]

EV)=a+hP, +cP, +dP, +gP: +fP] +gPZ,
+ h I:::o—t g:)el—t + kl I:::o—t ca-t +Ii Pca—t ?el—t ’ K: 1’ 2’3)’
E(NPV,)=a,+b,P, +CP,_ +d P, +ePl +f Pl +g P2,

+ h4Poo—t g:)el—t + k4Pco—t g:) ~t + I 4Pca—t g:)d—t

(C.2)

To check robustness of the results, we also indldde higher orders of the stochastic variables.
Doing so significantly increased processing tim,the results hardly changed.
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