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Abstract

This paper applies the real options method to aedllye defer option value and optimal
investment timing for solar photovoltaic projeatsGhina. The main purpose of this paper is
to examine investment behaviours under differenmtketasystems and support schemes. This
paper further investigates the interaction of tedbgical progress and support schemes. Four
scenarios are designed, and the correspondingpéahs models are established. In the case
study, we find that electricity market reform enbasthe defer option value in the short term
but makes the owners of solar PV projects postpbeg investment. Nevertheless, the
government can stimulate investment by implementagpropriate support schemes.
Additionally, the impacts of different support sotes vary according to the market system.
The impacts of feed-in tariffs and price premiums similar in a regulated market but are
different in a free market. The price premium scbareatly promotes the defer option values
in the short term, but the feed-in tariff schemeedx in the long term. A feed-in tariff has a
greater impact on reducing the expected execuiime @and its variance than the price
premium. In addition, more attractive support sceerare required when the technological
level is improved.

Keywords: Optimal investment timing; Defer option valuese@ticity marketing reform;
Government support schemes; Technological prog8sar photovoltaic project
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1. Introduction

Similar to many other governments, the Chinese igowent faces a dilemma between
developing the economy or protecting the envirortmenpast decades, extensive economic
development has occurred in China, and China hesivexd a tremendous boost to its
economy at the sacrifice of its environment [1]aCevhich provided approximately 67% of
China’s primary energy consumption during the ddsyears, plays a very important role in
this process [2] and meets most of the energy ddntizat has been induced by economic
development. However, the use of coal is associatgdd considerable environmental
pollution. One of the largest sources of air podiatin China is coal combustion [3].
Industrial and residential coal combustion not oofuse high levels of P and NQ
emissions in Central China but are also partlysasible for SQ emissions and acid rain in
Southern China [1]. In the midst of these challengthe Chinese government has
promulgated several policies to mitigate the emnmental pollution problems [4, 5]. These
policies include (1) strengthening the supervisdbrenvironmental governance, (2) limiting
coal consumption and promoting the industrial aggtion of clean coal technology, and (3)
increasing the application of clean energy, suchadsral gas, solar energy, and wind energy.
As part of its strategy, the Chinese governmensdorachieve 15% non-fossil fuel energy by
2020.

Solar energy is one of the most promising cleangee®e for China for several reasons.
First, China has abundant solar resources [6];rétieally, solar energy in China could reach
an annual output ranging from approximately 69007€100 terawatt hours (TWh) [7].
Second, the cost of solar photovoltaic (PV) powas decreased. As an example, the PV
module cost decreased to approximately 4 yuan/ pedkin 2014, which is approximately
one third of the cost in 2010 (13 yuan/ peak w&) Third, the domestic demand for solar
power devices has continued to increase during#seé few years. From 2010 to 2014, the
cumulative installed PV power in China increasamhfr0.8 gigawatts (GW) to 28.2 GW [2],
yielding a compounded annualized growth rate o¥%b.Finally, the Chinese government
has made several mid-term and long-term plans dtar senergy expansion. In the 12th
Five-Year Plan for National Economic and Social &lepment, the Chinese government
projected reaching 50 GW of cumulative solar PV eolwy 2020 [9]. This figure was later
increased to 100 GW to promote the developmerti@tlean energy industry and to improve
the environmental quality [4]. Several regulatidmsve been approved to facilitate the
development of solar energy from different perspest including the provision of
government subsidies, market reform, public researad development, low rate loans, and
the promotion of solar energy systems.

Abundant solar resources, decreasing manufactaonsts, rapid growth in the demand
for solar power devices, and government plans agdlations guarantee that solar energy
will become an important energy source in Chinatlie future. Increasing numbers of
companies are expected to participate in solar Ryegts. However, the levelized cost of
electricity for residential solar PV systems (witlhdattery storage) in China is approximately
1.00 yuan/ kilowatt hour (kwWh) [10], which is apgimately 2.5 times more expensive than
conventional power generation. Without governmertttsidies, this high cost results in very
low profits for solar PV projects. In addition, aplPV projects have long payback periods
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and large investments that are characterized bgrtainties. Thus, companies should be
cautious about investment timing to avoid losseddi#ionally, the Chinese electricity market
is undergoing market-oriented reform, in which theregulation of electricity pricing is
particularly important [11]. Therefore, decision kaes should be aware of the possible
effects of electricity price reform. Moreover, deetimpacts of technological progress and
support schemes on stimulating investment relyamt ether, a quantitative analysis needs to
be conducted to evaluate these interactions andeywaffect the optimal investment timing
of solar PV projects.

In this paper, we apply the real options metho@ualuate the defer option value and
optimal investment timing of PV projects from thergpective of a private investor. The main
goals of this paper are to investigate the imp#uas electricity market reform has on the
defer option values and optimal investment timitay,analyse the defer option values and
investment behaviours under different support s&seand market systems, and to examine
the complex relationship between technological meg and support schemes. Four real
options models that contain technological uncetgairconomic uncertainty and subsidy
uncertainty are established in this paper. The gémiin the investment behaviours induced
by electricity price reform and different supparhemes are observed by comparing the defer
option values and the optimal investment timingshef different models. The impacts of the
technological progress and support schemes arearechphrough a sensitivity analysis with
respect to the optimal investment timing. The redeaesults are also useful for policy
makers and can support recommendations relatagpfmg schemes.

The layout of the rest of this paper is as follo#sction 2 discusses the related literature.
Section 3 describes the methodology, which contdieseconomic assumptions, uncertain
factors and real options models. In Section 4, apiecal analysis of China, including
parameter estimation and scenario analyses, isemexf and Section 5 provides the
concluding remarks for the paper.

2. Literaturereview

Solar PV projects have two distinct features: (i) investment is irreversible and (2) the
investment is not a now-or-never option. These feadures grant a firm an option analogous
to a financial call option, by which decision makérave the right but not the obligation to
invest at a certain time in the future [12]. The peesent value assessment does not consider
these characteristics, so a real options analysipplied to address these features. Companies
that invest in solar PV projects pay more attentimrthe growth potential of solar energy.
Capital budgeting and long-term planning can begrdted from the real options perspective
[13], which will benefit the companies in the long.

Real options theory can be traced back to 1977 wigers studied the relationship
between corporate debt and its value from the pets@ of real options [14]. In the early
development stage of this theory, scholars focasethe identification of new option types,
their applications in different areas and the dgwelent of new methodologies [15].
Generally, real options are divided into five typ&8, 16, 17]: (1) the defer option, in which
decision makers wait until a positive environmatiges (our analysis studies the defer option
embedded in solar PV projects; therefore the optadne implies the defer option value); (2)
the alter operation scale option, in which decisitakers expand or shrink the operation scale
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in accordance with the market situation; (3) tharamn option, in which decision makers sell
the project when necessary; (4) the switch optionwhich decision makers change the
project’s output or input; and (5) the growth optiowvhich requires further investment
decisions. Three methodologies are applied to sobad options questions: (1) partial
differential equations (PDEs), which are used tlvesmeal options questions under certain
boundary conditions [12, 18] (the most widely udeDE is the Black-Scholes-Merton
equation [19, 20]); (2) the binomial tree model,jebhis easy to understand and apply but can
be used only in discrete scenarios [12, 21]; apgi(Bulation, which can be applied to handle
different types of real options [12] (the most wsefimulation method is the least squares
simulation method [22]).

Hoff et al. [23] were the first to apply real ogiganalysis to solar PV. Since then, many
relevant studies have been conducted by differeimblars. These studies can be classified
into 3 categories, namely, (1) project evaluat{@)optimal investment timing, and (3) policy
evaluation.

Project evaluation is an important application d@areal options analysis in solar PV
projects. Two methods (the binomial tree model thedsimulation method) are commonly
applied in these studies. (1) The binomial tree ehodsed in [23-25], was first applied by
Hoff et al. [23], who set up a simple and instrotil model to illustrate the application of
real options. Sarkis and Tamarkin [25] extendedwbek of Hoff et al. [23] by setting up a
guadrinomial tree model. Martinez-Cesena and MU@4¢ applied the binomial tree model
to assess the value of applying demand responggapns in off-grid PV systems. (2) The
simulation method was applied in [26-28]. Martinéesena et al. [26] and Weibel and
Madlener [27] focused on the effect of technololicapacts on the project value, while
Gahrooei et al. [28] concentrated on the demaneértaiaties. Unlike these studies, our study
applies contingent claims to set up PDEs and taiol#nalytical solutions; then, the Monte
Carlo simulation method is applied to obtain nuarsolutions.

The optimal investment timing is also an importapplication area. Real options
analysis was applied in [29-31] to study optimakeéstment timing. The investment
uncertainty and electricity price uncertainty aoeneon uncertain factors considered in these
studies [29, 31]. These uncertainties are very mamd, but policy uncertainty, which is also
an influential factor that affects the economicssofar PV projects, was neglected in their
model. Zeng et al. [30] considered investment uaddly, electricity price uncertainty and
renewable energy credit price uncertainty (whiclohgs to policy uncertainty) in their model.
However, the common support schemes for solar B}égts in China are feed-in tariffBI([")
and price premiums, as renewable energy creditstiiraot available in China. Unlike these
previous studies, this paper establishes a modglishin line with the reality of China,
considering the PV cost, electricity price and supgcheme uncertainties (mainB{T and
price premium).

Policy evaluation is another important applicatémea for real options analysis in solar
PV projects [32-36]. Different policies have bedscdssed by different scholars, including a
time-of-day price mechanism [33EIT [32, 35, 36], and public research [34]. Lin and
Wesseh [36] and Zhang et al. [32] applied binortne# models to evaluate the currefi’
in China and concluded that the currdfiT can stimulate PV investment. However, their
main research objectives were different: Lin ané¥eh [36] studied the impact of
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internalized external costs on the option valud, Amang et al. [32] evaluated tHdT

policy from the perspectives of both the investud the government. Unlike these studies,
we mainly studied the influence of ongoing eledlyiprice market reform on the
decision-making process. Additionally, the intei@ttetween technological progress and the
support schemes are studied using sensitivity aisalystead of system dynamics models, as
was used in [34].

Moreover, unlike many other studies that applyrésay curves [26, 29, 31, 32, 36] to
research investment uncertainties and technologiogjress in the solar PV industry, we use
historical data to measure the drift term and vidlaterm of the solar PV module cost. We
also verify the calculated drift term by comparihgvith results obtained from the learning
curve method.

3. Methodology
3.1. Economic assumptions of solar PV project and uncertainties

3.1.1. Economic assumptions

Although the production of solar PV projects is amicollable in the short term, it is
much more predictable on a yearly scale [7]. Trweefwe conduct our analysis on a yearly
scale, and we assume that the annual producticm slar project isx kWh/ year. The
feasibility of a solar PV project depends on theestment, electricity price and subsidy.

Investment in solar PV projects is divided intoshiparts: capital expenditur@4PEX),
operation and maintenance expenditu@PkX) and assurance. Solar PV projects are
capital-intensive projects, witlftAPEX accounting for approximately 70% of the total
investment CAPEX includes the PV system cost and the PV module dtst PV system
cost includes the costs for the inverter, struttmstallation, and wiring. The PV module cost
includes the costs of the solar cells, ethylenglvatetate, and cover glasses, and usually
account for approximately one third 6APEX [8]. Compared to the PV system cost, the
module cost is much more likely to change and ieleagreater impact on the investment [8,
10, 31]. OPEX contains the costs for regular operation and reaarce, and assurance is
used to compensate for losses incurred from cogticigs.

Let C; denote the solar PV module cost (whose units anverted to yuan/kWh; the
details are shown in Appendix A) arddC,) denote the investment. Since the module cost
accounts for approximately 23.3% of the total inwent and is the driving force for the
investment volatility, we assume that the investniedetermined byC,. To be specific,

Assumption 1. I1(C;) = (1/23.3%) * C; x x = 4.29 * C; * x

The profit of a solar PV project depends on thetalgty price, subsidy,OPEX and
taxes. The assumptions about the electricity pi@nge according to the market system. We
assume that the electricity price is fixed in autaged market, which conforms to the reality
in China. In a free market, we assume that thetr@dyg price is driven by the competitive
electricity market. There are three types of supgciiemes in the renewable industry, namely,
FIT, price premiums and renewable energy credtBEX can be neglected (see other
examples in [37, 38]). In the evaluation process,agsume that there are no taxes because

! The percentage was calculated according to daa table 2 in Ref [31].
6
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many governments make great effort to establisbudral tax system in which taxes do not
influence a firm’s decisions [38]. Therefore, theffi is assumed to be determined by the
electricity price and subsidy. We denote profitra@d;, S;), where P, and S; represent the
electricity price and subsidy payment at timerespectively. Thus, the following assumption
is made about the profit:

Assumption 2. w(P;,S;) = (Py + S;) * x

The lifetime for a solar PV project is usually vdong, and extending its lifetime is
often possible due to government’ efforts to prantite development of clean energy.
Therefore, referring to [37-41], we assume thatetimbedded option is perpetjiakhich not
only facilitates the derivation process but alsfiepts the flexibility that decision makers
have in the timing of projects.

3.1.2. Uncertainties

The uncertainties embedded in solar PV projectsbeaadlassified into three categories:
(1) natural and technological uncertainty, whictimarily influences the solar energy
endowment and its utilization coefficient; (2) eoaric uncertainty, which mainly influences
the earnings of projects; and (3) government reéguiaincertainty, which influences different
aspects of projects, such as the profitabilityhtetogy progress, and financing. These three
types of uncertainty interact with each other amdkwogether to affect the feasibility of solar
PV projects. In our analysis, we use the PV modidst uncertainty, electricity price
uncertainty and subsidy uncertainty to capturedhisee uncertainties. Moreover, market
reform of the electricity price will make the preusly fixed electricity price stochastic.

Geometric Brownian motion (GBM) is a continuousdinstochastic process that
essentially implies that the distribution of futupgices is lognormal. This process is
frequently used to model output prices, securitgg®, and other economic and financial
variables [12]. GBM is a Markov process, which imaplthat future prices are determined by
today’s prices rather than by past prices or tlwdution of past prices. This is consistent with
the weak form of market efficiency. The markets the PV module, electricity and
renewable energy credits are competitive and obeyweak form of market efficiency.
Therefore, referring to [42, 43], we assume thatdbst of the PV module, electricity price
and subsidy follow GBM.

The PV module cost is used to measure the techicalogncertainty because it is the
driving force for the decline and volatility of tremlar PV investment [8, 10]. PV modules
have many regional markets and a global market tlaged are many manufacturers in these
markets. Thus, the market can be regarded as ciivgpetUnder the competitive market
assumption, we assume that the cost of a PV maglgleverned by a GBM process, that is:
dC; = a.Cdt + 0.Cdz., Cey = Cy (2)
where a, and o. are the drift term and the volatility term of tH®/ module cost,
respectively,dz. is the increment of a standard Wiener process, @nds the initial PV
module cost. Equation (1) shows that the PV modat follows GBM.

The electricity price is selected to measure thenemic uncertainty. Electricity is a
special commodity that is characterized by rigianded, giving its price high volatility.
Under the competitive assumption, we assume theatetlctricity price follows the GBM

2 |n section 4, the average time to investment is flean 9 years; therefore, this is not a restecissumption.
7
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process, that is:

dP; = apPdt + 0,Pdz,, Py = Py (2)
where a,, and o,, are the drift term and volatility term of the ety price, respectively,
dz, is the increment of a standard Wiener process, Bna the initial electricity price.
Equation (2) indicates that electricity prices dall GBM.

Traded assets, such as renewable energy creditsisad to represent the government
regulation uncertainty and to establish a genexdlizal option model for solar PV projects.
Renewable energy credits are publicly traded iorapetitive market; therefore, referring to
[30, 38], we again assume that this uncertaintpfe the GBM process, that is:
dS; = asSidt + 055,dzs, S, = So 3
where a; and o, are the drift term and volatility term of the sigdyspayment, respectively,
dz is the increment of a standard Wiener process,&na the initial subsidy. Equation (3)
indicates that the subsidy follows GBM.

Later in the analysis, we apply contingent claimsanalyse the option values. Proper
tradable assets must be selected to capture thactédstics (namely, the drift term and
volatility term) of the stochastic assets [12].igkrfree dynamic portfolio must be established
to replicate the return and volatility of a solav Project. The PV module, electricity and
renewable energy credits are selected as the teadabets in the portfolio. In the contingent
claims, the risk-free rate is the discount factord the convenience vyield is the difference
between the expected return rate calculated b #pital Asset Pricing Model (CAPM) and
the expected change in the uncertain factors [#].5., 5, and §; denote the convenience
yields of the PV module, electricity and subsiagpectively.

The results of the dynamic programming and contibgdaims are the same in a
risk-neutral world [12, 35, 38]. To simplify the digctions, we use a stochastic process in a
risk-neutral world later in the analysis. Let thearket prices of riskd., 6, and 65 be
defined as

ac+6.—r1 ap+6, -1 as+ 8 —r
¢ , 0, = g = ——

P Us =
oy Os

Oc
where 6., 6,, and 6, are the market prices of risk for the PV modulstgcelectricity price
and subsidies.

By substituting the market prices of risk into Etjoias (1), (2) and (3), the stochastic
processes of the PV module cost, electricity paiog subsidy are rewritten as
dC; = (r — 6, + 6.0.)C,dt + 0.Cdz,
dP, = (r -6y + Opap)Ptdt + opPdz,
dS; = (r — 65 + 050,5)S;dt + 0,5, dz,
where these equations are stochastic processesaiitet prices of risk.
As the market prices of risk are zero in a risktreduvorld, the stochastic processes in
the risk-neutral world are rewritten as follows:

dCt = a?ctdt + O-CCtdZC (4)
dPt = agptdt + O'thde (5)
dSt = 0(§Stdt + O-SStdZS (6)

where af =r — 6, a{f =r—4, andag =r — §;. Equations (4-6) describe the GBM in a
risk-neutral world.
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3.2. Real options models

Let us consider a solar PV project that has jusiuimed government approval. The
decision makers need to consider when the projemtild be performed. The real options
approach can be applied in the decision-makingga®icSimilar to many other projects, solar
PV projects contain the defer option, which meduag decision makers have the right but not
the obligation to invest until positive market sadg emerge. The value of this right and the
optimal investment timing can be studied using ogrions methods. To simplify the model,
we assume that the construction of the PV progcbmpleted instantaneously [40] and that
the decision makers are the price takers [40]. #althlly, we neglect any correlation
between the PV module cost, electricity price antusily payment (see other examples in [32,
36]).

The option values and optimal investment timing@&olar PV project are studied under
different market systems and support schemes. [Eatrieity price market reform influences
the risk exposure of the projects because the gwima in the electricity price vary
according to the market system. Support schemeasialkience the risk exposure of the
project: FIT eliminates the electricity price risk; the priceemium leaves the investor
completely exposed to the electricity price riskddhe renewable energy credits expose the
investor to both electricity price and credit traglirisks. As the Chinese market is not
liberalized, implementing renewable energy creditgery difficult. Therefore, we focus on
the first two types of support schemes, but webdistaa generalized model that considers
renewable energy credits. As the risk exposureshareame in a regulated market and a free
market with theFIT scheme, the solutions are similar. For simplif@atwe incorporate the
discussion of the real options model for a regdlabarket into that for thé"IT scheme in a
free market and mainly discuss real options mofbelthe free market.

As both the investment cost and revenue have arlmgationship with the productios,
the productionx is offset in the derivation process. Thereforéemeng to [12], [36], and
[32], we conduct a unit decision analysis to féaié the derivation process.

3.2.1. Value of operating project

Suppose that there exists an operating solar P)éqircdAs we assume that the project
has an infinite lifetime, the operating projectuals independent of time. Additionally, the
PV module cost uncertainty is locked when the mtdgundertaken. Therefore, the operating
project value is influenced by the electricity jgrignd subsidy. LeV (P, S;) denote the value
of an operating project when the electricity primed subsidy payment aw and S;,
respectively. During a short time intervdt, the return of this project comes from the capital
gains and profits. According to the no arbitragegple, we obtain

E[dV] + n(P;, Sp)dt = rVdt
where E[dV] and (P;,S;) dt are the capital gains and profits in the time rivde dt,
respectively, and-Vdt is the return of the project in the time intervai.

Using Ito’s lemma to expand the differential of theoject value and deleting all the
terms that go to zero more quickly th&n, we obtain
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wn OV o OV 0%V 0%V av
av = a'thaP +asStaS + = (O'p t) —+5 (O’SSt) dt+atha—Ptdzp
av
+O'SSta—StdZs

where this equation is the expanded equation &f lkonma.

For simplification, letV,, and V; denote— and respectlvely, and ley,, and Vg
t

%y a%v
denote— and —
aP;

352 respectively. Then, taking the expectationddf and substituting it
t

into the equation above, we obtain the following2?D
1 2 1
> (0pP:) Vo (P, Se) + E(Usst)zvss(Pt:St) + af PV (P, Sp) + af S Vs(Py, Sp) — 1V

+ TC(PLL, St) == O

which is the PDE for the value of an operating @ctj

The solution for this PDE is
V(P St) = ppPr + psSt
where p, = 1/(r —a),ps = 1/(r — af) (see Appendix B for details).

Similarly, we obtain the value of an operating pojin a regulated market, which is

V(Pr) = ps(Pr +5¢)

where p; = 1/(r — al) and Pr is the fixed electricity price in the regulatedrket.

3.2.2. Value of the defer option

As we have assumed that the defer option is peapetsi value is not affected by time
We denote the defer option value B6C;, P;, S;), where the PV module cost, electricity price
and subsidy payment ai&, P, and S;, respectively. In the short time intervdt, the return
of this option is the capital gain. Using the nbitmage principle, we obtain

E[dF] = rFdt

where E[dF] is the capital gain in the time intervdl and rFdt is the return of this
option in the time intervatit.

Using Ito’s lemma to expand the differential of tbption value and deleting all the
terms that go to zero more quickly th&n, we obtain

P6F+ Rg aF+ ( Cp)? + ( )ZazF
top, T Fsotgs, T3 \0cht a(:2 %) 3p

9%F oF oF
+- (O'SSt) 52 s|dt + 0.Ce — ac, dz, + UsStd_St

which is the expanded equatlon of Ito’s lemma.

a
dF = Ctac+a§

oF
dz; + 0pPr = 3P, dzg
oF

For simplification, letF,, F, and F, denoteact ap,

oF ,
and P respectively, and leE,,
t

0%F 9%F 0%F
and —

F,, and Fy denoteﬁ, 9p2 5.2

respectively. Then, taking the expectationddf
and substituting it into the equation above, wainbthe following PDE:
1 2 1 2 1 2
E(Ucct) Foo(C, P, Se) + E(O-ppt) Fp(Ct, P, St) + > (05S¢)*Fs(Ct, Pt, St)
+ a’?CtFC(Ct, PtlSt) + agPtFp(Ct, Pt’ St) + a?StF_‘g(Ct, Pt’ St) —rF = O

10
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which is the PDE for the defer option.
The following boundary conditions apply:

F(Ct*vpt*vst*) = V(Pt*'St*) - I(Ct*) (7)
FC(Ct*'Pt*'St*) = Vc(Pt*'St*) - Ic(Ct*) (8)
Fp(Ct*:Pt*:St*) = Vp(Pt*JSt*) - [p(Ct*) 9)
F(C P Se) = Ve(P ', S ) — (Gt ) (10)

where C;*, P, and S," are the option trigger values, which depend ortrigger line.

The trigger line (or boundary) is called a “freeubdary”. There is no difference
between investment and waiting at the boundaryt ihathe option value is equal to the
termination value of the project at the boundaguidary conditions (7) and (8)-(10) are the
value-matching condition and smooth-paste conditiorespectively [12]. These two
conditions ensure that not only the values but #isoderivatives of the option value and
termination payoff match each other at the boundary

3.2.2.1. Value of the defer option without subsidy

Assume that there is no subsidy for the projeceré&lare two types of uncertainty in the
project, namely, the uncertainties of the PV modudst and the electricity price. Therefore
the corresponding PDE and boundary conditions are

1 1 2
> (0.Ce)?*Fec(Cpy Pe) + E(O-ppt) Fyp(Cy, Py) + a8 CF,(Cy, Py) + af PeFy (Cy, P) —TF = 0

F(C',P") = ppP" — 429 % C,~
aF * *
a_Ct(Ct ,P.") =—4.29
aF * *
a_Pt(Ct JPt ) = Pp
By standard arguments, the value of the investmaportunity is F(Cg, Py) =
BC,*"Pip,Pr (see Appendix C),

p-af p-aé 2 -af 4.29+p, B1(B,—1)F1-1
where B, = — 5 +\/(“” = —1) +20e) 5 1 and p = 2220 (oD

oc2+0p? ac2top? 2 a2 +op,? (4.29%B1)B1

With the PV module cost and electricity price umaieties, the trigger line for the
project is:
P* 429 p
Ht = s = <
Ct pp (ﬁl - 1)
The analytical solution proves that the value efdption increases when the PV module
cost decreases or when the electricity price isggaThis solution implies that investment

should be undertaken when the ratio of the eléatstnicice to the PV module cost is high.

*

3.2.2.2. Value of the defer option with FIT

The electricity price and subsidy uncertainty amaoved in theFIT scheme, leaving
only PV module cost uncertainty in the model. Theresponding PDE and boundary
conditions are

1
E(O-cct)chc(Ct) + acCth(Ct) —rF=0

11
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. FIT .
F(C') =———429+C,

F.(C) =—-4.29
By standard arguments, the solution to this PDE(§;) = BCtﬁZ,

af af 1 429( B, FIT \17P2
Whereﬂz———;—\](a—cz—z) +—<0 andB——E(32_14-29*r) .
With the PV module cost uncertainty, the triggaelto undertake investment is
. B, FIT
C' =—"—
Br—1429 *r

The analytical solution proves that the value efithvestment opportunity has a negative
relationship with the PV module cost. The projdaitdd be undertaken when the PV module
cost is below the trigger line.

As for projects in a regulated market, the projgsb contains only PV module cost
uncertainty. Assuming that there is no subsidyhim regulated market, the electricity price is

denoted byPy, and the option value &(C;) = BCtﬁz,

Whereﬂz_l_“_g_\](a_5_1)2+az_;<o and B = — 429( B. Py )l—ﬁz.

o2 2 Bz \Bo—14.29%r

With PV module cost uncertainty, the trigger lioe the project is
B2 Py
Lo —14.29 xr

Ct* =

3.2.2.3. Value of the defer option with price premium

The price premium scheme eliminates the subsidyemmioty, leaving two types of
uncertainty in the project: the uncertainties af #V module cost and the electricity price.
Let P = P, + premium, where P{ is governed by GBM and has the same drift term and
volatility term as P, because the premium is a fixed parameter [44].cneesponding PDE

and the boundary conditions are
0%F , 2 0%F ,
—(O'cct) z(CtrPt)+ (Gppt) aPTZ (Ct, P{) + a
t

—rF=0

(Ct'PLr)

oF
(Ct,P[) + apP{ I,

Ceae ac,

F(C,P[") = p,Pl" — 429 C,"
oF , ., .
a_ct(ct ,PIT) = —4.29

oF .
a—Ptr(Ct,P[)=pp

By standard arguments, the solution to this PDEF{E,, PI) = BC, Fiprfr =
BC,*"P1(P, + Premium)P: (see Appendix D),

p-af £-af 4.29+p, B1(B8,-1)P1-1
whereﬁl=§— b +\/(ac “p _E) 4 2= ac)>1 and B = 2220 (P DT

oc2+0p? ac2+ap? ac2+oy (4.29%1)B1
With the PV module cost and electricity price umaietty, the trigger line for the project

12
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. PIT 429«
Ht = - =
Ct pp (ﬁl - 1)
The above solution proves that the value of théonpihcreases when the PV module
cost decreases or when the electricity price isggaThis solution implies that investment
should be undertaken when the ratio of the elétstnicice to the PV module cost is high.

4. Results and discussion
4.1. Parameter estimation and scenario design
4.1.1. Parameter estimation

4.1.1.1. Parametersfor PV module cost uncertainty

As we assume that the cost of the PV module is medeby GBM, we decide to use
historical data to estimate the drift and volatilitrms in Equation (1). The weekly cost data
for the PV module are collected in the Wind databasghich runs from 2012-02-01 to
2016-03-09, and the units are converted to yuan/kByhapplying Ito’s lemma to Equation

(1), we obtaindInC; = (Olc - UTCZ) dt + o.dz., where the increment dnC, obeys a normal

distribution. We use STATA to prove th&; is governed by GBM, and we estimate and
o.. We conclude that the weekly drift term. is equal to -0.25% and that the weekly
volatility term ¢, is equal to 0.63%. In annual terms, these values®01% and 3.77%,
respectively (details are provided in Appendix E).
Parametera, can also be calculated using the learning curv@oae To be specific,
In(1 - LR)

=" 7
where LR is the learning rate andR is the growth rate. Lin and Wesseh [36] note thAt
in China is 50%. By assuming th&aR is 10% (see examples in [31]), we conclude tat
is -10%, which is close to -9.01%. Later in the lgsiga, we assume that. is equal to
-9.01%.

GR

4.1.1.2. Parametersfor electricity price and subsidy

(1) Parameters for a regulated market

We assume that if there are no support schemesofar PV projects, the owner will sell
the electricity at theFIT for coal-fired power generation. L&} denote the weightedIT
for coal-fired power generation in 2015. Using tia¢a collected from the Wind database and
the National Development and Reform CommissMDRC), we conclude thaP; is equal to
0.41 yuan/kWh in the regulated market.

(2) Parameters for a free market

As the generated electricity price in China is navder regulation, it does not follow a
stochastic process, and there are not sufficiet#t thaestimate the parameters for Chinese
power systems. However, the Chinese governmentiégiged to perform electricity market
reform based on the electricity market in Europbictv is much more liberalized than that in
China. Therefore, referring to [38], we assume lzln?tand o, are equal to 2.15% and

13
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29.20%, respectively, in annual terms. Considethmay there is a decreasing tendency in
support schemes, we assume that '€ and price premium are 0.78 yuan/kWh and 0.23
yuan/kWh, respectivefy

4.1.1.3. Risk-free rate and convenience yield

(1) Risk-free rate

We use spot rates for the 10-year government bomdsalculate the risk-free rate.
Monthly data from 2013-03 to 2016-03 are obtainennf the Wind database. During this
period, the interest rate ranges from 2.84% to%.60/e use the average as the risk-free rate,
so r is equal to 3.74%.

(2) Convenience yield of the PV module

The convenience vyield of the PV module is estimagdhe difference between the PV
manufacturing industry’s expected return and thenR®dule’s cost drift term. Specifically,
8. = U — a.. U, is calculated using the CAPM model:

pe =7+ B(E(my) — 1)
where r is the risk-free ratep, is the g for the PV manufacturing industry, arif{r,,) is
the expected return of the market portfolio.

We use the Shanghai-Shenzhen 300 index (CSI 3@X)ras the market portfolio and
use daily logarithm returns, which run from 2012480 2016-3-13, to calculate the value of
E (1), Which is 3.95%.3. is calculated as the equity-weightgd of the listed companies in
the solar PV manufacturing industry (details arevahin Appendix F). After the calculation,
we conclude thap, and §, are equal to 1.182 and 13.00%, respectively. Heafeequals
-9.26%.

(3) Convenience yield of electricity

The convenience yield of electricity is difficuti estimate directly because electricity is
not storable. Therefore, the future price of eleityr is widely used to estimate the
convenience yield [38, 45, 46]. However, @§ is a risk-neutral drift term for the electricity
price, we do not need to calculag.

All of the parameters for the regulated market ftad market are summarized in Table

Table1

4.1.2. Scenario design

Four scenarios are discussed in the subsequenysamabnd each has different
parameters and assumptions. Table 2 lists thelslefahe scenarios.

Table 2

3 The newestFIT and price premium in China are 0.90 yuan/kWh (ageFIT for the whole country) and 0.35
yuan/kWh, respectively. The data are obtained fiteenwebsite of the NDRC - http://www.sdpc.gov.cn/
14
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4.2. Scenario analysis on option values

4.2.1. Sengitivity analysis

To analyse the different option values, we use MABLto simulate the GBM process
and to calculate the values for the parameterfénanalytical solutions. Then, we conduct
several analyses based on the results. Using lko'sna, Equations (4) and (5) can be
rewritten as follows:
dinC; = (ak — 0,2/2)dt + o,.dz, (11)
dinP; = (af — 0,2/2)dt + o,dz, (12)

To simulate the GBM process in MATLAB, we discretithe risk-neutral processes in
Equations (11) and (12). We assume that the litefion the option isT’, which is split it into
N equal intervals ofAt. Thus, Equations (11) and (12) can be discretzed

In(C¢/C—q) = (af — 0.%/2)At + ocVAte, (13)
In(Py/Pi—y) = (af — 0,2/2)At + a,\/Atey, (14)

where €., and €, are independent standard normal random variables.

We simulate several paths using Monte Carlo samilased on Equations (13) and (14)
and obtain the parameters in the analytical saigtion Section 3.2. Then, we use the
analytical solutions to conduct a sensitivity asayin order to determine how the option
value changes with varying initial values of diffat uncertain factors. The result is shown in
Fig. 1. As both the PV module cost uncertainty aledtricity price uncertainty influence the
option value in Scenarios 2 and 4, the option \sfoe these scenarios are dependentpn
and P;. For example, the changes in Scenario 2 with ctgpeC, and P, are shown in Fig.
1(a). The option approaches infinity when the P¥taonodule tends to zero or the electricity
price tends to infinity. Observing the changeshia tption value on the longitudinal section
of the C-axis, we conclude that the option valueScenario 2 decreases when the initial PV
cost increases. Similarly, we infer that the optiatue increases when the initial electricity
price increases. The results of the other sertsitarialyses are shown in Figs. 1 (b) and 1 (c).
These figures confirm the expected relationshigvbet the uncertain factors and real option
values, namely, that the real option value hasgatige relationship with costs and a positive
relationship with revenues.

A high cost and low electricity price will decreabe profits of solar PV projects, thus
decreasing the option value. This phenomenon asfooms to option theory. The cost is
related to the investment, which is analogous éoetkecution price in option theory, and the
execution price has a negative impact on the optadne. The electricity price is relevant to
the value of an operating project, which is analsgto the price of an underlying asset in
option theory, and the price of an underlying abssta positive influence on the option value.
These results are useful for investors becauseitigly that the cost and electricity price are
the market signals for investment. Investors cadettiake projects when the ratio of the
electricity price to the PV module cost is high.

Figurel
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4.2.2. Expected option values

The above analysis studies how the option valuasgd in response to varying values
of different uncertain factors in a static way. §tody how the option values dynamically
change with respect t6, and P;, we need to calculate the expected option vaBysaking
the expectations of Equations (11) and (12), thpeetedC, and P, are expressed as
follows:

EC, = Cyedct (15)
EP, = Pye®t (16)

The Monte Carlo simulation results 6¢ and P, are shown in Fig. 2. The expectéd
has a negative relationship with whereas the expecte®} has a positive relationship with
t. For C¢, the costs continue decreasing because of tedfinaloprogress, large-scale
production, and production optimization [10]. Thenglation result confirms the expected
behaviour of the PV module cos®, increases slightly when increases but is very volatile,
which is in line with reality. Compared to the pess of P;, the process of, demonstrates a
more significant long-term trend. The expeci&d decreases to approximately one-half of its
initial value in ten years, while the expect®d increases by only approximately 22%.
Nevertheless, the volatility oP, is much higher than that af;. As shown in Fig. 2, the
sample path forC; fluctuates around the expected path €@y whereas the sample path for
P, indicates thatP, is more volatile. These features have a greatenite on the option
values and optimal investment timing.

Figure2

The expected option values are shown in Fig.3. dilithe expected option values
increase whert increases, which confirms the expected behaviduh® options. As the
time period increases, positive market signalsvaree likely to emerge. Therefore, the option
value has a positive relationship with time. Altgbuthe option values in all four scenarios
increase over time, there are some obvious dift®among them, which are caused by the
different market reform assumptions and supporésehassumptions in the scenarios. Three
rules are summarizéd

Figure 3

(1) Support schemes have similar impacts on thieropalue in a regulated market, and
the minimumm in the regulated market is 0.56 yuan/kWh.

The option valueF(C;) and B are governed byr in the regulated market, and they
have a positive relationship witlhr. Both the FIT and price premium have linear
relationships withm, so their impacts are similar in the regulatedkafrBy implementing
the support schemes, the valuemofincreases, thus increasing the option value. ifouthte
investment in solar PV projects in the regulategnacio, the most important thing for the
government is to determine the minimumi that will encourage investors to invest at the
initial time, i.e., Cf = C,. The calculations show that* is equal to 0.56. In other words, the
minimum price premium should be 0.15 yuan/kWh a thinimum FIT should be 0.56

4 One important thing that should be noted is thatrties that are summarized here are ideal (whisbraes that
the option is not executed). As we will see in #ectt.3, the projects will usually be executeden years, and the
option values embedded in the projects go to zémwhe projects are executed.
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508 yuan/kwh in the regulated market.

509 (2) Support schemes have different impacts on giierovalues in a free market.

510 Compared to the option values of Scenario 2, thwwalues of Scenario 3 decrease
511  after FIT is implemented in the short term but surpass tlodsgcenario 2 in the long term
512  (as shown in Fig. 4). Moreover, compared to thdooptalues of Scenario 2, the option
513 values of Scenario 4 increase when a price prenmuexecuted. By comparing the option
514  values of Scenarios 3 and 4, we conclude that coedptd theFIT, the price premium
515 greatly enhances the option value in the short,tdaum its impact on the promotion of the
516  option value decreases in the long run.

517 Figure4

518 The expected option values for Scenarios 3 anda4B§1ECtﬁ2 and B4ECt1‘ﬁlEPtﬁl,
519  respectively. AsB, > B3, the option value for Scenario 3 is smaller thaat bf Scenario 4 in
520 the short term. However, things will change in tbeg run. As|1 — B,| < |B,|, it can be
521 inferred that the positive effect &C; on EF, is smaller than that oRF;. Moreover, as we
522  discussed above, the processCepf exhibits a more significant long-term trend thaattof
523  P;. The relative change iRC; is much greater than that &P; during the same period
524  because|af?| > a{f. Therefore, the expected option value of Scenamwill surpass that of
525  Scenario 4 in the long run.

526 (3) Electricity market reform will enhance the aptivalue in the short term.

527 The projects are additionally exposed to elecyrigitice uncertainty after electricity
528  market reform is accomplished. Hence, comparetdamption values in the regulated market,
529 the option values are enhanced in the short terowender, the additional uncertainty
530 decreases the impact thét has on the option value, whereé@s has a great impact on the
531  option value in the long run because of its obvitargy-term trend. Therefore, the option
532 values in the regulated market will eventually extdahose in the free market (without
533  subsidy). This result is shown in Fig. 5(a) and {b)which the option values for Scenario 1
534  surpass those for Scenario 2.

535 Figure5

536  4.3. Scenario analysis of optimal investment timing

537  4.3.1. Optimal investment conditions

538 To determine the optimal investment timing, theiropt investment conditions must be
539 identified. The analytical solutions to the optinralestment conditions are derived in Section
540 3.2. The numerical optimal investment conditions albtained by simulations and are listed
541 in Table 3.

542 Table3

543 These results show that support schemes are vifphier stimulating investment. The

544  support schemes directly influence the optimal $twent conditions in the scenarios that
545  consider only the PV module cost uncertainty. Hosvein the scenarios that consider both
546  the electricity price and PV module cost uncertaitite price premium does not influence the
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optimal investment conditions but rather influendhe initial conditions, which in turn
influence decision making.

Investment should be undertaken when the optimaisiiment conditions are met. Based
on our assumptions, the project should be undentakenediately in Scenario 3, whereas for
Scenarios 1, 2 and 4, the decision makers should wail the investment can be
compensated by future profits.

4.3.2. Expected optimal investment timing

To determine the optimal investment timing, we ghdte the time at which the optimal
investment conditions are triggered. As bdth and P, are stochastic, the optimal timé
is also stochastic, so we need to use the expealads in the calculation. For Scenarios 1
and 3, in which only the cost uncertainty is coasgd, the optimal time can be calculated as

E() = 4, [ln (ﬂzﬁi 1 4.2?* r) B ln(CO)]

(C{=Cp)ac

243
where A; = 1/(a§ — %acz) and the variance of* is equal to 41 (with reference

to [41], see Appendix G).
For Scenarios 2 and 4, in which both the PV modust and price uncertainty are
considered, the optimal time can be calculated as

4.29 x B4 > P, ]
ey = i (L2 B) L ()
) 2 [ <Pp(ﬁ1 -1 Co
where A, = 1/[%acz+a§—a§—%a§] and the variance oft* is equal to

(Hf —Ho)(op*+0.%)A3
2

(see Appendix G).

Figure 6

The expected execution times for different scesaaie shown in Fig. 6. As the initial
condition is below the optimal investment conditiom Scenario 3, investments are
undertaken immediately; thus, the expected exeatutime is equal to 0. The expected
execution times for Scenarios 1, 2, and 4 are ¥@&s, 8.59 years and 2.42 years,
respectively. Three rules are summarized.

(1) The expected execution time and its varianceedese once suitable support schemes
are implemented.

Comparing Scenarios 2 and 4, we conclude that nestment is expected to be
undertaken approximately 6.17 years earlier dubddmplementation of a price premium in
the free market, and the variance of the executioe also becomes much smaller. A
sensitivity analysis is conducted with respecti® support schemes to study the relationship
between the support schemes and the expected iexetinte, as shown in Fig. 7(a) and (b).
The results show that the expected execution tintke its variance decrease when proper
support schemes are applied in both the regulatelanhand free market. The results in Fig.
7 indicate that the government expenditure undemtiice premium scheme is smaller than
that under theFIT scheme. The government needs to pay 0.56 yuanAd\dmcourage
owners to invest under thBIT scheme, whereas it needs to pay only approxim&ay
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yuan/kWh to stimulate investment under the pricampum scheme. However, the impacts of
the FIT scheme on decreasing the expected execution tich@svariance are greater than
those of the price premium scheme. As shown in Fjgwhen the increaces in the price
premium andFIT are the same, the reduction of the expected ewadime and its variance
with the FIT are greater than those with the price premium.

Figure7

(2) The investment will be postponed after eleitirimarket reform, but the execution
time and its variance will be reduced if propergaup schemes are implemented.

Unlike the regulated scenario, the electricity neamleform scenario includes electricity
price uncertainty. As shown in Fig. 6, the expectag@cution time and its variance for
Scenario 2 are greater than those for Scenariohls ihdicates that investment will be
postponed in the free market. However, as showkign 7(b), the expected execution time
and its variance are reduced after a price prensumplemented. Moreover, the government
can choose to execute”HT scheme to simulate investment.

(3) The impacts that support schemes have on thmaqion of the optimal execution
time are restrained by technological progress.

Decreasing PV module cost is mainly caused by tolgical progress, large-scale
production and production optimization [10]. Teclogical progress refers to improvements
in both material efficiency and conversion efficignExcluding the decline in polysilicon
prices, technological progress accounts for appratély 52% of the cost decrease [10].
Therefore, we use® to represent the technological level. As demotetran Sections 3.2.2
and 4.3.2, the optimal investment conditiéff increases whenaZf| increases and is
independent of the price premium in the free mai®etthe other hand, the initial investment
condition H, increases when the premium increases and is indepe of ¥ in the free
market. a® and the price premium interact with each otherwtetermining the expected
execution time. To study their quantitative relatibip, a sensitivity analysis of the optimal
execution time with respect to these variable®islacted.

Fig. 8(a) and (c) shows that a low price premiueatly reduces the expected execution
time when|ak| is small. However, asa®| increases, a much higher price premium should
be applied to stimulate investment. Maintaining gree premium at 0.15 yuan/kWh can
encourage investors to invest wharf| is small. However, the optimal execution timetfirs
increases and then decreases#y increases. Therefore, we conclude that the eftefdtse
support schemes are suppressed wlelj become greater. This change is caused by the
unequal impacts the support schemes have on timabphvestment conditions, as shown in
Fig. 8(b). a® influences the optimal investment conditiélf, whereas the price premium
influences the initial investment conditidd,. As shown in Fig. 8(b)H; changes much
faster thanH, when the changes in® and the price premium are the same. Assuming that
the price premium is 0.195 yuan/kWH; is smaller thanH, (0.605) when|aZ| is smaller
than 5.5%, indicating that investors will inveshi now. However, whena?| increases to
6.5%, H; changes to approximately 0.65, which is greaten tH,; therefore, a rational
investor will wait to invest. Technological progsesesults in a faster decline in PV costs,
making the project more profitable in the futurbefefore, a rational investor will wait.

There is a minimum price premiupvr* for eachak. When the price premium is larger
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than pr*, rational investors will invest right now. The aqui¢ative relationship betweepr*
and a® is described by

429 1 Bt
& 1_J<_1> )
\ 2 0.2+ 0,2 ol +o0,2 2 O'CZ + 0,? /

The relationship betweepr* and af is shown in Fig. 8(a) and is the borderline
between the surface where the expected executitm i greater than zero and the surface

where the expected execution time is equal to zbat,is, the borderline of the dark purple
area and light purple area in Fig. 8(a). This al#® applies to regulated situations.

Figure 8

5. Conclusions

This paper presents a real options framework terdehe the option value and optimal
investment timing for solar PV projects under difiet market systems and different support
schemes. The PV module costs, electricity priced,saipport schemes are considered in our
model. According to the proposed model, we andllysaunit decision value and the optimal
investment timing in four different scenarios. Tihgacts of technological progress and the
support schemes are also examined. Solar PV pdedcthina are analysed as an empirical
study. Three conclusions are drawn with respeotitanain research objectives:

(1) Electricity market reform enhances the opti@ue in the short term because the
projects are additionally exposed to electricityicgr uncertainty after market reform.
Although electricity market reform makes ownerstpoee the execution of solar PV projects,
the government can apply an appropriate supporemsehto stimulate instantaneous
investment. Based on the results, the price prensaheme may be preferred because it
reduces the necessary government expenditure.

(2) The impacts of different support schemes onogtéon value and optimal execution
time are similar in the regulated market becaueg threctly influence the profits. However,
these impacts are different in the free market:dpton value under the price premium is
higher than that under thBIT in the short term, but the option value under Hi& is
greater in the long run. The impact that the" has on reducing the expected execution time
and its variance is also greater than that foiptive premium. Therefore, government should
balance the expenditure and the expected exectitien for solar PV projects when they
decide which support scheme should be implemented.

(3) More attractive support schemes are necességnvihere is a promotion in
technology because the impacts that technologitagjrpss and support schemes have on the
optimal investment conditions are unequH};, changes much faster thdf;, when the
changes ina® and the price premium are the same. Thereforegdkiernment should adjust
their support schemes when there is a technologreakthrough.

In addition to the above conclusions, the optimakstment timing is very important for
investors, and we conclude the following: (1) Theas PV project will be undertaken
immediately in only Scenario 3; the investors irefsrios 1, 2 and 4 are expected to wait
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approximately 3.38, 8.59 and 2.42 years, respdgtiy2) The expected execution time is
decided by the difference between the optimal itmest conditions and the initial conditions,
the drift terms and the volatility terms. (3) Elegity market reform will increase the
expected execution time when there are no changd® isupport schemes. (4) Implementing
support schemes, especially théT, can decrease the expected execution time and its
variance.

Appendixes

Appendix A. Unit conversion process for solar PV module cost

Let S; denote the price for crystalline silicon PV modukg time t, in units of $/W.
Then, letC; denote the price for PV modules at time t, insinityuan/kWh. We assume that
the exchange rat& is a constant 6.6 yuan/$, and we also assumehbatigh production
efficiency of a solar module can be maintainediféryears. Suppose that is the module
capacity.

_ Total module cost Sy xy = E*1000 S, *E + 1000
7315 electricity, 15 x+sd ~ 15xsd
where sd denotes the annual sunshine duration in China.

To estimatesd, we use data from the BP Statistical Review of [d/&nergy (2015). As
electricity is an important resource for developtignChina, the demand for electricity,
especially for renewable energy, is greater thandipply. Therefore, we assume that the
annual production of solar energy equals its anocoasumption. The annual solar production
is determined bysd and the PV operating power:

Pro = sd » OPP
where Pro denotes the annual production of solar energy @f® denotes the PV
operating power, which can be represented by theulative installed PV power.

By applying an ordinary least squares (OLS) regmassiodel (with the results shown in
Fig. A.1), we obtain the value ofd, which equals 986 hours/year.

FigureA.l

Therefore,
S, * E * 1000

15 * 986

Using this method, we conclude that the aver@geduring the first quarter of 2014 is

0.304 yuan/kWh, and the cost for a solar PV pragdt30 yuan/kWh. This value is close to
the 1 yuan/kWh reported in [10], which excludes liadtery storage costs. The conversion
factor (ignoring the exchange rate) calculated tnyroethods is approximately 0.0676, which
is close to the conversion factor (approximatebd)betweenS, and C; in [10].

Ct =

Appendix B. Value of an operating project in afree market

The value of an operating project is the net pregalne of the future net cash flows:
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T
V(Pt, St) = EPt'St |:f e_rt(Pt + St)dtlpt' St:l
0

T T
= Ept |:J e_rtptdtlpt] + ESt |:J e_rtstdtlst]
0 0

694 As P, and S, are independent, we can assume théP;,S;) = G,(P;) + Gs(S;),
695  where G,(P;) and G4(S;) are the solutions to the following PDEs:

102G p G, o B

P¥T (o P,)’ +=2 ap, akP,—1G,(P) + P, =0

192G, ,  0Gs

> 25,2 ( St)° + = 35, % alS, —rG,(S) +S:, =0

696  Using standard arguments, the solutions are:
Gy(Py) = A1 P + AP ™% + p, Py
Gs(Se) = B1S + BySiP2 + psS,
697  wherep, =1/(r —af); ps =1/(r —af); A;, A;, B, and B,are undetermined constants;

698 «a; and a, are the roots of the fundamental quadratic equa%impza(a -1+ a{fa —-r=

699 0 ; andB; and B, are the roots of the fundamental quadratic eqnazgtknszﬁ(ﬂ -1+

700 akp-r=o0.

701 After ruling out investment bubbles, we obtaly(P;) = p,P; and Gs(S;) = psS;.
702 Thus, the value of the operating project is deteeaiiby V(P;,S;) = G,(P,) + Gs(S;) =
703 ppP + psS:.

704  Appendix C. Value of the defer option without subsidy

705 In the case where the project faces PV moduleatasilectricity price uncertainties, the
706  PDE is:
2 2 oF
—(Ucct) ac, — (Cu,P) +5 (Uppt) 2 (Ct, P) + afCo— ac, (G, Pp) + a{fPt aP, (Ct:Pt)
—rF=0

707 As the value of the option is homogeneous of dedrée (C;, P;), F(C:, P;) can be

i 4 - 9%F _ HZf"(HY)
708  written as F(Cy Py) = Cif(P/C:) = Cf(Hy) . Therefore, W(Ct, P) = —

t t

0°F ""(H, oF , oF ,
709 W(Ct: P) = %tt) _(Ct: P) = f'(Hy), anda_Pt(Cf' P.) = f(Hy) — Hef'(Hy).

710 Substituting these values into the PDE and groufiag, we obtain

1
E(Ucz + UpZ)Hth”(Ht) + (0!5 - a?)Htf’(Ht) - (r— a’?)f(Ht) =0

711 The boundary conditions become
f(H) = Pth* —4.29
f,(Ht*) = Pp
fHO)—Hf'(H) = —4.29
712 By standard argumentg,(H,) = BH,"

713 where f; is the positive root of the fundamental quadratjoation
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1
E(JCZ +0,2)BB—-D+ (af —al)p—(r—al)=0

714 The trigger line andB are obtained by the boundary conditions
P 429xp
‘ Ct* pp (ﬁl - 1)
4.29 x pyPr(py — 1)F1
(4.29 * )P

715 Therefore,F(C,, P;) = C.f(H,) = C,BH,P = BC,*P1p,Pr,

*

B =

716  Appendix D. Value of the defer option with price premium

717 In this case, the project faces both PV module aondtelectricity price uncertainties. Let
718 P/ = P, + Premium. Using Ito’s lemma, we infer thak! is also governed by GBM, which
719 has the same drift term and volatility term Bs The PDE and boundary conditions are

2 aZF T R a r R a r
—(UcCt) z(Ct'Pt)+ (O'ppt) rz(Ctth)+acCt (CtrPt)+ath r(Ct;Pt)
opP; aC; o0F;
—-1F=0
720 As the value of the option is homogeneous of dedrée (C;, P[), F(C:, P) can be
2 2l 7
722 Therefore, -5 (C,, PP) = 2200 2 i (Ce,PD) =102, 22(Co PD) = f'(Hy), and
aCy Ce )24 Ce
JF ’
723 a_Ptr(Ct;Ptr) = f(H) — Hef'(Hy).
724 Substituting these values into the PDE and groufiag, we obtain

1
E(Ucz + UpZ)Hth”(Ht) + (055 - a?)Htf’(Ht) - (r- a'ée)f(Ht) =0

725 The boundary conditions become
f(H) = Pth* —4.29
fI(Ht*) = Pp
fHO—Hf'(H) = —4.29
726 Using standard argumentg(H,) = BH, "

727  where f; is the positive root of the fundamental quadratjoation

1

E(JCZ +0,2)BB-D+(af —al)p—(r—al)=0
728 The trigger line andB are obtained by the boundary conditions

. PIT 429«
Ht == =—T
Ct pp (ﬁl - 1)
4.29 x ppPr(py — 1)F?
(4.29 * )P
729 Therefore, the value of the option is
F(CyPl) = Cof(Hy) = C.BHP* = BC,APrprPr = BC,2=P1(P, + Premium)Ps

B =

730  Appendix E. Estimation of the drift term and volatility term of the PV module cost
731  uncertainty

732 We apply STATA to prove thaf; is governed by GBM and to estimatg and o,
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using the following details:

(1) Normality test: IfC, is governed by GBMdInC; = (a, — 6,2/2)dt + o.dz,. We
can infer that the increment éh(C, obeys a normal distribution. To verify this, wdocdate
the natural logarithm value af, and letr; = InC; — InC;_;. Then, we conduct a normality
test for r. by plotting a quantile-quantile plot (see Fig.)k4dnd the result shows that fits
the normal distribution well.

FigureE.1

(2) Augmented Dickey-Fuller (ADF) unit root testhd ADF test is used to test whether
or not a time series variable is stationary. It edso be used to verify whethénC, is
governed by Brownian motion (BM). The regressiondsiofor the ADF test idnC; —

InC,_y=a+pC_1 + Zﬁ-‘:lyjrt_j + €;. The null hypothesis is thduC; follows a BM with

drift, namely, « # 0 and 8 = 0. The p-value for the ADF test is approximately9).So the
null hypothesis cannot be rejected at the 5% levelice,InC; statistically follows a BM
process.

(3) Parameter estimation: AC, is governed by a BM process,?, which is the

. o 2
variance ofr;, can be calculated. Ag = (ac—f) At + o.\/Ate,, we apply the OLS

method to estimater,.
We conclude that the weekly drift term. is equal to -0.25% and that the weekly
volatility term ¢, is equal to 0.63%.

Appendix F. g for the solar PV manufacturing industry

B for solar PV module manufacturers is listed inl&ah1, and the weighte@ for the PV
module manufacturing industr) is 1.182.

TableF.1

Appendix G. Estimation of the optimal investment timing

The optimal investment timing™ is stochastic becaus€, or the ratioP,/C; is
stochastic. However, we can estimate the expettednd its confidence interval using Ito’s
lemma.

For scenarios in which only the PV module costnsauntain,t” can be estimated by
calculating the average time that the procésgakes to satisfy the investment conditiGp.
Using Ito’s lemma, we obtain
dinC; = (ak — 0,2/2)dt + o.dz, (G.1)

With reference to [41], the probability density &tion of t* is given by
D(t") = we—[ln(Ct*/Co)—(a?—acz/z)t*]z/ZUczt* (G.2)

ooV 2mt*

and the Laplace transform ofis

_ a?—ﬁ 2+20C29— a?—ﬁ }lTl(C?/Co)/Uc2
B(e™) = [ e 0 p(c)de" = e l ) 255) (G3)

24



768
769

770

771

772
773
774
775
776
777

778

Based on Equation (F.3), we obtain the expectedutiom time of the option and its
variance:

" © « « i 9E(e—0t" m(ct/c,

E(t?) = [, t"¢(t")dt" = —limg_ (69 ) "(Rtf,cé’) (G.4)
ac—5-

Var(t*) = {G=Coc” (G.5)

2(af-22)

For scenarios in which both the electricity and iBddule cost are uncertain; can be
estimated by calculating the average time thaptieessP;/C, takes to satisfy the optimal
investment conditionH; = P} /C;. By using Ito’s lemma, we obtain
dinH, = (0.°/2 + af — af — 0,%/2)dt + 0,dz, — 0.dz, (G.6)

Using the same method, we can obtain the expegtliion time of the option and its
variance:

1 1
E(t*) = [InH} — lnHO]/<§ac2 +ay —al - Eaﬁ)

(C; = Co)(0p% + 0.2)

3
(%Ug +ay —af —%05)

Var(t*) =
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Table 1 describes the parameters in our analysis.

Table 1
Input parameters for the scenario analysis.

1. Public parameters

Parameter Symbol Unit Value Notes

Risk-free rate r %lyear 3.74 Data from Wind database; discount facto
Initial PV module cost Co yuan/kWh 1.00 Adjusted data from [32]

2. Parameters for the regulated market

Parameter Symbol Unit Value Notes

Risk-neutral drift term of PV module cost of %lyear -9.26 Calculated in 4.1.1

Standard deviation of PV module cost O %lyear 3.77 Calculated in 4.1.1

Electricity price without subsidy Py yuan/kwWh 0.41 Data from Wind database and NDRC
3. Parameters for the free market

Parameter Symbol Unit Value Notes

Risk-neutral drift term of PV module cost aR %lyear -9.26 Calculated in 4.1.1

Standard deviation of PV module cost oc %lyear 3.77 Calculated in 4.1.1
Risk-neutral drift term of electricity price ok %lyear 2.15 Data from related literature [38]
Standard deviation of electricity price Op Y%lyear 29.2 Data from related literature [38]
Feed-in tariff FIT yuan/kWh 0.78 Adjusted data from NDRC

Price premium Premium yuan/kWh 0.23 Adjusted data from NDRC

Initial electricity price P, yuan/kWh 0.41 Data from Wind database and NDRC
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Table 2 describes the scenario design in our aisalys

Table 2
Scenario description.
No. Scenario Description
1 Regulated marketThere are no support schemes in this scenaridesortly
without subsidy uncertain factor is the PV module cost. The eleityri
uncertainty is not considered because of the masistem
assumption, and the electricity pri¢¢ is assumed to be 0.41
yuan/kwh.
2 Free markel There are no support schemes in this scenaritesortcertain
without subsidy factors include the PV module cost and electripiige. The
parameters for these factors are listed in Table 1.
3 Free market with The support scheme BIT, which eliminates the electricity
FIT uncertainty. TheFIT is assumed to be 0.78 yuan/kWh.
4 Free market with The support scheme is price premium, and both Pdfuheo
price premium cost uncertainty and electricity price uncertaiatg

considered. The premium is assumed to be 0.23 KWdn/

Table 3 describes the optimal investment conditarginitial conditions in our analysis.

Table3
Optimal investment conditions.

Optimal »
, Initial .
No. investment " Description
iy condition
condition
1 C* = 0.73 A Investment should be undertaken immediately when
e 0 the PV module cost is less than 0.73 yuan/kWh.
P, /C Investment should be undertaken immediately when
2 P/C;=0.76 _00 :1 the ratio of the electricity price to the PV modatest
J is greater than 0.76.
3 C* = 1.39 Co=1 Investment should be undertaken immediately when
- o the PV module cost is less than 1.39 yuan/kWh.
Pr/C Investment should be undertaken immediately when
4 PI7/C;=0.76 _00 605 the ratio of the electricity price to the PV modutest

is greater than 0.76.

Table F.1 describes the estimationgffor different solar module manufacturers and theor
the PV module manufacturing industry.

Table F.1.
B for the solar PV module manufacturing industry.

30



Adjusted Equity Weighted

Stock code p B (billion yuan) Weight P

601727.SH 1.186 1.278 21.498 45.5% 0.581
002129.57 1.226 1.337 4.809 8.8% 0.118
601012.SH 1.026 1.039 3.061 8.4% 0.087
600151.SH 1.015 1.023 7.105 5.4% 0.055
601908.SH 1.132 1.197 3.857 5.3% 0.063
300274.52 1.039 1.058 5.834 5.2% 0.055
600885.SH 0.815 0.723 10.132 4.4% 0.032
300118.52 1.015 1.023 12.639 4.2% 0.042
002610.Sz 1.111 1.166 13.177 2.9% 0.034
600537.SH 1.170 1.253 6.882 2.8% 0.035
300111.8z 1.124 1.184 10.730 2.4% 0.028
002218.5z 0.984 0.976 20.424 2.0% 0.019
300080.5z 1.032 1.048 111.058 1.6% 0.017
002580.5z 1.170 1.254 12.815 1.3% 0.016

Be 1.182

Figure 1 presents the sensitivity analysis of tleéed option values with respect to the
electricity price and the PV module cost usingagisi@analysis.
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Fig. 1. Sensitivity analysis results. (a) Option valuegadgnction of the PV module cost and electricity
price in Scenario 2; (b) Option values as a fumctbthe PV module cost; (c) Option values as a
function of the electricity price.

Figure 2 presents the expected value and a samfifef@r PV module cost and electricity
price.
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Fig. 2. Monte Carlo simulation o, and P;; (a) ExpectedC; as a function oft; (b) ExpectedP; as
a function oft.

Figure 3 presents the expected option value wiheet to time in the four scenarios.
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Fig. 3. Expected option values for different scenarios.

Figure 4 presents the option value for the freeketascenarios with different support
schemes.
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Fig. 4. Expected option values for the free market scesari

Figure 5 presents the expected option values fen&ws 1 and 2. There are no support
scheme in either scenario. The electricity pricestchastic in Scenario 2 but is fixed in

Scenario 1.
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Fig. 5. Expected option values for Scenarios 1 and 2.

Figure 6 presents the expected execution timearidr scenarios.
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33



Figure 7 presents the impacts of different supgcineme on reducing the expected execution
time and its variance.
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Fig. 7. Sensitivity analysis with respect to support sceen(a) Sensitivity analysis with in the
regulated market; (b) Sensitivity analysis witlhemium in the free market.

Figure 8 presents the relationship between teclyiealbprogress and support schemes in the
free market. Figure 8(b) also analyses the rea®orikese results.
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Figure A.1 presents the estimated sunshine durati@hina.

35,000,000

w
=
[=]
=]
o
o
=]
o

25,000,000 -

20,000,000 -

.S 15,000,000 A

10,000,000 1

Consumption (Megawatt-hours)

5,000,000

y = 985.85;
R2=0.99/7
7

5,000 10,000 15,000 20,000 25,000

30,000
Cumulative installed PV power (Megawatt)

35



Fig. A.1. Estimated sunshine duration in China

Figure E.1 presents the test for normalityrpf
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Fig. E.1. Quantile-quantile plot for,.
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Highlights:

Contingent claims are applied to establish multi-factor real options models.
Investment will be postponed when marketization reform is performed.

The effects of feed-in tariff are the same in regulated market and free market.

The effects of price premium are different in the regulated market and free market.
The interaction between technologica progress and support schemesis studied.



