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Abstract 

This paper applies the real options method to analyse the defer option value and optimal 

investment timing for solar photovoltaic projects in China. The main purpose of this paper is 

to examine investment behaviours under different market systems and support schemes. This 

paper further investigates the interaction of technological progress and support schemes. Four 

scenarios are designed, and the corresponding real options models are established. In the case 

study, we find that electricity market reform enhances the defer option value in the short term 

but makes the owners of solar PV projects postpone their investment. Nevertheless, the 

government can stimulate investment by implementing appropriate support schemes. 

Additionally, the impacts of different support schemes vary according to the market system. 

The impacts of feed-in tariffs and price premiums are similar in a regulated market but are 

different in a free market. The price premium scheme greatly promotes the defer option values 

in the short term, but the feed-in tariff scheme excels in the long term. A feed-in tariff has a 

greater impact on reducing the expected execution time and its variance than the price 

premium. In addition, more attractive support schemes are required when the technological 

level is improved. 

 

Keywords: Optimal investment timing; Defer option values; Electricity marketing reform; 

Government support schemes; Technological progress; Solar photovoltaic project
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1. Introduction 1 

Similar to many other governments, the Chinese government faces a dilemma between 2 

developing the economy or protecting the environment. In past decades, extensive economic 3 

development has occurred in China, and China has received a tremendous boost to its 4 

economy at the sacrifice of its environment [1]. Coal, which provided approximately 67% of 5 

China’s primary energy consumption during the past 10 years, plays a very important role in 6 

this process [2] and meets most of the energy demand that has been induced by economic 7 

development. However, the use of coal is associated with considerable environmental 8 

pollution. One of the largest sources of air pollution in China is coal combustion [3]. 9 

Industrial and residential coal combustion not only cause high levels of PM2.5 and NOX 10 

emissions in Central China but are also partly responsible for SO2 emissions and acid rain in 11 

Southern China [1]. In the midst of these challenges, the Chinese government has 12 

promulgated several policies to mitigate the environmental pollution problems [4, 5]. These 13 

policies include (1) strengthening the supervision of environmental governance, (2) limiting 14 

coal consumption and promoting the industrial application of clean coal technology, and (3) 15 

increasing the application of clean energy, such as natural gas, solar energy, and wind energy. 16 

As part of its strategy, the Chinese government aims to achieve 15% non-fossil fuel energy by 17 

2020. 18 

Solar energy is one of the most promising clean energies for China for several reasons. 19 

First, China has abundant solar resources [6]; theoretically, solar energy in China could reach 20 

an annual output ranging from approximately 6900 to 70100 terawatt hours (TWh) [7]. 21 

Second, the cost of solar photovoltaic (PV) power has decreased. As an example, the PV 22 

module cost decreased to approximately 4 yuan/ peak watt in 2014, which is approximately 23 

one third of the cost in 2010 (13 yuan/ peak watt) [8]. Third, the domestic demand for solar 24 

power devices has continued to increase during the past few years. From 2010 to 2014, the 25 

cumulative installed PV power in China increased from 0.8 gigawatts (GW) to 28.2 GW [2], 26 

yielding a compounded annualized growth rate of 75.7%. Finally, the Chinese government 27 

has made several mid-term and long-term plans for solar energy expansion. In the 12th 28 

Five-Year Plan for National Economic and Social Development, the Chinese government 29 

projected reaching 50 GW of cumulative solar PV power by 2020 [9]. This figure was later 30 

increased to 100 GW to promote the development of the clean energy industry and to improve 31 

the environmental quality [4]. Several regulations have been approved to facilitate the 32 

development of solar energy from different perspectives, including the provision of 33 

government subsidies, market reform, public research and development, low rate loans, and 34 

the promotion of solar energy systems. 35 

Abundant solar resources, decreasing manufacturing costs, rapid growth in the demand 36 

for solar power devices, and government plans and regulations guarantee that solar energy 37 

will become an important energy source in China in the future. Increasing numbers of 38 

companies are expected to participate in solar PV projects. However, the levelized cost of 39 

electricity for residential solar PV systems (without battery storage) in China is approximately 40 

1.00 yuan/ kilowatt hour (kWh) [10], which is approximately 2.5 times more expensive than 41 

conventional power generation. Without government subsidies, this high cost results in very 42 

low profits for solar PV projects. In addition, solar PV projects have long payback periods 43 
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and large investments that are characterized by uncertainties. Thus, companies should be 44 

cautious about investment timing to avoid losses. Additionally, the Chinese electricity market 45 

is undergoing market-oriented reform, in which the deregulation of electricity pricing is 46 

particularly important [11]. Therefore, decision makers should be aware of the possible 47 

effects of electricity price reform. Moreover, as the impacts of technological progress and 48 

support schemes on stimulating investment rely on each other, a quantitative analysis needs to 49 

be conducted to evaluate these interactions and how they affect the optimal investment timing 50 

of solar PV projects. 51 

In this paper, we apply the real options method to evaluate the defer option value and 52 

optimal investment timing of PV projects from the perspective of a private investor. The main 53 

goals of this paper are to investigate the impacts that electricity market reform has on the 54 

defer option values and optimal investment timing, to analyse the defer option values and 55 

investment behaviours under different support schemes and market systems, and to examine 56 

the complex relationship between technological progress and support schemes. Four real 57 

options models that contain technological uncertainty, economic uncertainty and subsidy 58 

uncertainty are established in this paper. The changes in the investment behaviours induced 59 

by electricity price reform and different support schemes are observed by comparing the defer 60 

option values and the optimal investment timings of the different models. The impacts of the 61 

technological progress and support schemes are compared through a sensitivity analysis with 62 

respect to the optimal investment timing. The research results are also useful for policy 63 

makers and can support recommendations related to support schemes. 64 

The layout of the rest of this paper is as follows. Section 2 discusses the related literature. 65 

Section 3 describes the methodology, which contains the economic assumptions, uncertain 66 

factors and real options models. In Section 4, an empirical analysis of China, including 67 

parameter estimation and scenario analyses, is presented, and Section 5 provides the 68 

concluding remarks for the paper. 69 

2. Literature review 70 

Solar PV projects have two distinct features: (1) the investment is irreversible and (2) the 71 

investment is not a now-or-never option. These two features grant a firm an option analogous 72 

to a financial call option, by which decision makers have the right but not the obligation to 73 

invest at a certain time in the future [12]. The net present value assessment does not consider 74 

these characteristics, so a real options analysis is applied to address these features. Companies 75 

that invest in solar PV projects pay more attention to the growth potential of solar energy. 76 

Capital budgeting and long-term planning can be integrated from the real options perspective 77 

[13], which will benefit the companies in the long run. 78 

Real options theory can be traced back to 1977 when Myers studied the relationship 79 

between corporate debt and its value from the perspective of real options [14]. In the early 80 

development stage of this theory, scholars focused on the identification of new option types, 81 

their applications in different areas and the development of new methodologies [15]. 82 

Generally, real options are divided into five types [12, 16, 17]: (1) the defer option, in which 83 

decision makers wait until a positive environment arises (our analysis studies the defer option 84 

embedded in solar PV projects; therefore the option value implies the defer option value); (2) 85 

the alter operation scale option, in which decision makers expand or shrink the operation scale 86 
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in accordance with the market situation; (3) the abandon option, in which decision makers sell 87 

the project when necessary; (4) the switch option, in which decision makers change the 88 

project’s output or input; and (5) the growth option, which requires further investment 89 

decisions. Three methodologies are applied to solve real options questions: (1) partial 90 

differential equations (PDEs), which are used to solve real options questions under certain 91 

boundary conditions [12, 18] (the most widely used PDE is the Black-Scholes-Merton 92 

equation [19, 20]); (2) the binomial tree model, which is easy to understand and apply but can 93 

be used only in discrete scenarios [12, 21]; and (3) simulation, which can be applied to handle 94 

different types of real options [12] (the most useful simulation method is the least squares 95 

simulation method [22]). 96 

Hoff et al. [23] were the first to apply real options analysis to solar PV. Since then, many 97 

relevant studies have been conducted by different scholars. These studies can be classified 98 

into 3 categories, namely, (1) project evaluation, (2) optimal investment timing, and (3) policy 99 

evaluation.  100 

Project evaluation is an important application area for real options analysis in solar PV 101 

projects. Two methods (the binomial tree model and the simulation method) are commonly 102 

applied in these studies. (1) The binomial tree model, used in [23-25], was first applied by 103 

Hoff et al. [23], who set up a simple and instructional model to illustrate the application of 104 

real options. Sarkis and Tamarkin [25] extended the work of Hoff et al. [23] by setting up a 105 

quadrinomial tree model. Martinez-Cesena and Mutale [24] applied the binomial tree model 106 

to assess the value of applying demand response programs in off-grid PV systems. (2) The 107 

simulation method was applied in [26-28]. Martinez-Cesena et al. [26] and Weibel and 108 

Madlener [27] focused on the effect of technological impacts on the project value, while 109 

Gahrooei et al. [28] concentrated on the demand uncertainties. Unlike these studies, our study 110 

applies contingent claims to set up PDEs and to obtain analytical solutions; then, the Monte 111 

Carlo simulation method is applied to obtain numerical solutions. 112 

The optimal investment timing is also an important application area. Real options 113 

analysis was applied in [29-31] to study optimal investment timing. The investment 114 

uncertainty and electricity price uncertainty are common uncertain factors considered in these 115 

studies [29, 31]. These uncertainties are very important, but policy uncertainty, which is also 116 

an influential factor that affects the economics of solar PV projects, was neglected in their 117 

model. Zeng et al. [30] considered investment uncertainty, electricity price uncertainty and 118 

renewable energy credit price uncertainty (which belongs to policy uncertainty) in their model. 119 

However, the common support schemes for solar PV projects in China are feed-in tariffs (���) 120 

and price premiums, as renewable energy credits are still not available in China. Unlike these 121 

previous studies, this paper establishes a model that is in line with the reality of China, 122 

considering the PV cost, electricity price and support scheme uncertainties (mainly ��� and 123 

price premium). 124 

Policy evaluation is another important application area for real options analysis in solar 125 

PV projects [32-36]. Different policies have been discussed by different scholars, including a 126 

time-of-day price mechanism [33], ��� [32, 35, 36], and public research [34]. Lin and 127 

Wesseh [36] and Zhang et al. [32] applied binomial tree models to evaluate the current ��� 128 

in China and concluded that the current ��� can stimulate PV investment. However, their 129 

main research objectives were different: Lin and Wesseh [36] studied the impact of 130 
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internalized external costs on the option value, and Zhang et al. [32] evaluated the ��� 131 

policy from the perspectives of both the investor and the government. Unlike these studies, 132 

we mainly studied the influence of ongoing electricity price market reform on the 133 

decision-making process. Additionally, the interaction between technological progress and the 134 

support schemes are studied using sensitivity analysis instead of system dynamics models, as 135 

was used in [34].  136 

Moreover, unlike many other studies that apply learning curves [26, 29, 31, 32, 36] to 137 

research investment uncertainties and technological progress in the solar PV industry, we use 138 

historical data to measure the drift term and volatility term of the solar PV module cost. We 139 

also verify the calculated drift term by comparing it with results obtained from the learning 140 

curve method. 141 

3. Methodology 142 

3.1. Economic assumptions of solar PV project and uncertainties 143 

3.1.1. Economic assumptions 144 

Although the production of solar PV projects is uncontrollable in the short term, it is 145 

much more predictable on a yearly scale [7]. Therefore, we conduct our analysis on a yearly 146 

scale, and we assume that the annual production of a solar project is � kWh/ year. The 147 

feasibility of a solar PV project depends on the investment, electricity price and subsidy. 148 

Investment in solar PV projects is divided into three parts: capital expenditure (����	), 149 

operation and maintenance expenditure (
��	 ) and assurance. Solar PV projects are 150 

capital-intensive projects, with ����	  accounting for approximately 70% of the total 151 

investment1. ����	 includes the PV system cost and the PV module cost. The PV system 152 

cost includes the costs for the inverter, structural installation, and wiring. The PV module cost 153 

includes the costs of the solar cells, ethylene vinyl acetate, and cover glasses, and usually 154 

account for approximately one third of ����	 [8]. Compared to the PV system cost, the 155 

module cost is much more likely to change and to have a greater impact on the investment [8, 156 

10, 31]. 
��	 contains the costs for regular operation and maintenance, and assurance is 157 

used to compensate for losses incurred from contingencies. 158 

Let �� denote the solar PV module cost (whose units are converted to yuan/kWh; the 159 

details are shown in Appendix A) and ���� denote the investment. Since the module cost 160 

accounts for approximately 23.3% of the total investment and is the driving force for the 161 

investment volatility, we assume that the investment is determined by ��. To be specific, 162 

Assumption 1. ���� = �1/23.3% ∗ �� ∗ � = 4.29 ∗ �� ∗ � 163 

The profit of a solar PV project depends on the electricity price, subsidy, 
��	 and 164 

taxes. The assumptions about the electricity price change according to the market system. We 165 

assume that the electricity price is fixed in a regulated market, which conforms to the reality 166 

in China. In a free market, we assume that the electricity price is driven by the competitive 167 

electricity market. There are three types of support schemes in the renewable industry, namely, 168 ���, price premiums and renewable energy credits. 
��	 can be neglected (see other 169 

examples in [37, 38]). In the evaluation process, we assume that there are no taxes because 170 

                                                             
1 The percentage was calculated according to data from table 2 in Ref [31]. 
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many governments make great effort to establish a neutral tax system in which taxes do not 171 

influence a firm’s decisions [38]. Therefore, the profit is assumed to be determined by the 172 

electricity price and subsidy. We denote profit as ���� , ��, where �� and �� represent the 173 

electricity price and subsidy payment at time �, respectively. Thus, the following assumption 174 

is made about the profit: 175 

Assumption 2. ���� , �� = ��� + �� ∗ � 176 

The lifetime for a solar PV project is usually very long, and extending its lifetime is 177 

often possible due to government’ efforts to promote the development of clean energy. 178 

Therefore, referring to [37-41], we assume that the embedded option is perpetual2, which not 179 

only facilitates the derivation process but also reflects the flexibility that decision makers 180 

have in the timing of projects. 181 

3.1.2. Uncertainties 182 

The uncertainties embedded in solar PV projects can be classified into three categories: 183 

(1) natural and technological uncertainty, which primarily influences the solar energy 184 

endowment and its utilization coefficient; (2) economic uncertainty, which mainly influences 185 

the earnings of projects; and (3) government regulation uncertainty, which influences different 186 

aspects of projects, such as the profitability, technology progress, and financing. These three 187 

types of uncertainty interact with each other and work together to affect the feasibility of solar 188 

PV projects. In our analysis, we use the PV module cost uncertainty, electricity price 189 

uncertainty and subsidy uncertainty to capture these three uncertainties. Moreover, market 190 

reform of the electricity price will make the previously fixed electricity price stochastic. 191 

Geometric Brownian motion (GBM) is a continuous-time stochastic process that 192 

essentially implies that the distribution of future prices is lognormal. This process is 193 

frequently used to model output prices, security prices, and other economic and financial 194 

variables [12]. GBM is a Markov process, which implies that future prices are determined by 195 

today’s prices rather than by past prices or the evolution of past prices. This is consistent with 196 

the weak form of market efficiency. The markets for the PV module, electricity and 197 

renewable energy credits are competitive and obey the weak form of market efficiency. 198 

Therefore, referring to [42, 43], we assume that the cost of the PV module, electricity price 199 

and subsidy follow GBM. 200 

The PV module cost is used to measure the technological uncertainty because it is the 201 

driving force for the decline and volatility of the solar PV investment [8, 10]. PV modules 202 

have many regional markets and a global market, and there are many manufacturers in these 203 

markets. Thus, the market can be regarded as competitive. Under the competitive market 204 

assumption, we assume that the cost of a PV module is governed by a GBM process, that is: 205 ��� = ������ +  ����!�, ��" = �# (1) 206 

where ��  and  �  are the drift term and the volatility term of the PV module cost, 207 

respectively, �!� is the increment of a standard Wiener process, and �# is the initial PV 208 

module cost. Equation (1) shows that the PV module cost follows GBM.  209 

The electricity price is selected to measure the economic uncertainty. Electricity is a 210 

special commodity that is characterized by rigid demand, giving its price high volatility. 211 

Under the competitive assumption, we assume that the electricity price follows the GBM 212 

                                                             
2
 In section 4, the average time to investment is less than 9 years; therefore, this is not a restrictive assumption. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 
 

process, that is: 213 ��� = �$���� +  $���!$, ��" = �# (2) 214 

where �$ and 	 $ are the drift term and volatility term of the electricity price, respectively, 215 �!$ is the increment of a standard Wiener process, and �# is the initial electricity price. 216 

Equation (2) indicates that electricity prices follow GBM. 217 

Traded assets, such as renewable energy credits, are used to represent the government 218 

regulation uncertainty and to establish a generalized real option model for solar PV projects. 219 

Renewable energy credits are publicly traded in a competitive market; therefore, referring to 220 

[30, 38], we again assume that this uncertainty follows the GBM process, that is: 221 ��� = �&���� +  &���!&, ��" = �# (3) 222 

where �& and 	 & are the drift term and volatility term of the subsidy payment, respectively, 223 �!& is the increment of a standard Wiener process, and �# is the initial subsidy. Equation (3) 224 

indicates that the subsidy follows GBM. 225 

Later in the analysis, we apply contingent claims to analyse the option values. Proper 226 

tradable assets must be selected to capture the characteristics (namely, the drift term and 227 

volatility term) of the stochastic assets [12]. A risk-free dynamic portfolio must be established 228 

to replicate the return and volatility of a solar PV project. The PV module, electricity and 229 

renewable energy credits are selected as the tradable assets in the portfolio. In the contingent 230 

claims, the risk-free rate is the discount factor, and the convenience yield is the difference 231 

between the expected return rate calculated by the Capital Asset Pricing Model (CAPM) and 232 

the expected change in the uncertain factors [12]. Let δ�,	δ$ and δ& denote the convenience 233 

yields of the PV module, electricity and subsidy, respectively. 234 

The results of the dynamic programming and contingent claims are the same in a 235 

risk-neutral world [12, 35, 38]. To simplify the deductions, we use a stochastic process in a 236 

risk-neutral world later in the analysis. Let the market prices of risk (�,	($ and (& be 237 

defined as 238 

(� = �� + )� − + � , ($ = �$ + )$ − + $ , (& = �& + )& − + &  

where (�,	($ and (& are the market prices of risk for the PV module cost, electricity price 239 

and subsidies. 240 

By substituting the market prices of risk into Equations (1), (2) and (3), the stochastic 241 

processes of the PV module cost, electricity price and subsidy are rewritten as 242 ��� = �+ − )� + (� ����� +  ����!� ��� = ,+ − )$ + ($ $-���� +  $���!$ ��� = �+ − )& + (& &���� +  &���!& 
where these equations are stochastic processes with market prices of risk. 243 

As the market prices of risk are zero in a risk-neutral world, the stochastic processes in 244 

the risk-neutral world are rewritten as follows: 245 ��� = ��.���� +  ����!� (4) 246 ��� = �$.���� +  $���!$ (5) 247 ��� = �&.���� +  &���!& (6) 248 

where ��. = + − )�, �$. = + − )$ and �&. = + − )&. Equations (4-6) describe the GBM in a 249 

risk-neutral world. 250 
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3.2. Real options models  251 

Let us consider a solar PV project that has just acquired government approval. The 252 

decision makers need to consider when the project should be performed. The real options 253 

approach can be applied in the decision-making process. Similar to many other projects, solar 254 

PV projects contain the defer option, which means that decision makers have the right but not 255 

the obligation to invest until positive market signals emerge. The value of this right and the 256 

optimal investment timing can be studied using real options methods. To simplify the model, 257 

we assume that the construction of the PV project is completed instantaneously [40] and that 258 

the decision makers are the price takers [40]. Additionally, we neglect any correlation 259 

between the PV module cost, electricity price and subsidy payment (see other examples in [32, 260 

36]).  261 

The option values and optimal investment timing of a solar PV project are studied under 262 

different market systems and support schemes. The electricity price market reform influences 263 

the risk exposure of the projects because the assumptions in the electricity price vary 264 

according to the market system. Support schemes also influence the risk exposure of the 265 

project: ��� eliminates the electricity price risk; the price premium leaves the investor 266 

completely exposed to the electricity price risk; and the renewable energy credits expose the 267 

investor to both electricity price and credit trading risks. As the Chinese market is not 268 

liberalized, implementing renewable energy credits is very difficult. Therefore, we focus on 269 

the first two types of support schemes, but we establish a generalized model that considers 270 

renewable energy credits. As the risk exposures are the same in a regulated market and a free 271 

market with the ��� scheme, the solutions are similar. For simplification, we incorporate the 272 

discussion of the real options model for a regulated market into that for the ��� scheme in a 273 

free market and mainly discuss real options models for the free market. 274 

As both the investment cost and revenue have a linear relationship with the production �, 275 

the production � is offset in the derivation process. Therefore, referring to [12], [36], and 276 

[32], we conduct a unit decision analysis to facilitate the derivation process. 277 

3.2.1. Value of operating project 278 

Suppose that there exists an operating solar PV project. As we assume that the project 279 

has an infinite lifetime, the operating project value is independent of time �. Additionally, the 280 

PV module cost uncertainty is locked when the project is undertaken. Therefore, the operating 281 

project value is influenced by the electricity price and subsidy. Let /��� , �� denote the value 282 

of an operating project when the electricity price and subsidy payment are �� and ��, 283 

respectively. During a short time interval ��, the return of this project comes from the capital 284 

gains and profits. According to the no arbitrage principle, we obtain 285 E1�/2 + ���� , ���� = +/�� 
where E1�/2 and ���� , ��	�� are the capital gains and profits in the time interval ��, 286 

respectively, and +/�� is the return of the project in the time interval ��. 287 

Using Ito’s lemma to expand the differential of the project value and deleting all the 288 

terms that go to zero more quickly than ��, we obtain 289 
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�/ = 3�$.�� 4/4�� + �&.�� 4/4�� + 12 , $��-5 45/4��5 + 12 � &��5 45/4��56 �� +  $�� 4/4�� �!$
+  &�� 4/4�� �!& 

where this equation is the expanded equation of Ito’s lemma. 290 

For simplification, let /$ and /& denote 
7879: and 

787;:, respectively, and let /$$ and /&& 291 

denote 
7<879:< and 

7<87;:<, respectively. Then, taking the expectation of �/ and substituting it 292 

into the equation above, we obtain the following PDE: 293 12 , $��-5/$$��� , �� + 12 � &��5/&&��� , �� + �$.��/$���, �� + �&.��/&��� , �� − +/
+ ���� , �� = 0 

which is the PDE for the value of an operating project. 294 

The solution for this PDE is 295 /��� , �� = >$�� + >&�� 
where >$ = 1 ,+ − �$.-⁄ , >& = 1 �+ − �&.⁄  (see Appendix B for details). 296 

Similarly, we obtain the value of an operating project in a regulated market, which is 297 /,�@- = >&,�@ + ��- 
where >& = 1 �+ − �&.⁄  and �@ is the fixed electricity price in the regulated market. 298 

3.2.2. Value of the defer option 299 

As we have assumed that the defer option is perpetual, its value is not affected by time �. 300 

We denote the defer option value as ����, �� , ��, where the PV module cost, electricity price 301 

and subsidy payment are ��,	�� and ��, respectively. In the short time interval ��, the return 302 

of this option is the capital gain. Using the no arbitrage principle, we obtain 303 �1��2 = +��� 
where �1��2 is the capital gain in the time interval �� and +��� is the return of this 304 

option in the time interval ��. 305 

Using Ito’s lemma to expand the differential of the option value and deleting all the 306 

terms that go to zero more quickly than ��, we obtain 307 

�� = 3��.�� 4�4�� + �$.�� 4�4�� + �&.�� 4�4�� + 12 � ���5 45�4��5 + 12 , $��-5 45�4��5+ 12 � &��5 45�4��56 �� +  ��� 4�4�� �!� +  $�� 4�4�� �!$ +  &�� 4�4�� �!& 
which is the expanded equation of Ito’s lemma. 308 

For simplification, let ��, �$ and �& denote 
7A7B:, 7A79: and 

7A7;:, respectively, and let ���, 309 

�$$ and �&& denote 
7<A7B:<, 7

<A79:< and 
7<A7;:<, respectively. Then, taking the expectation of �� 310 

and substituting it into the equation above, we obtain the following PDE: 311 12 � ���5������, �� , �� + 12 , $��-5�$$���, �� , �� + 12 � &��5�&&���, �� , ��+ ��.�������, �� , �� + �$.���$���, �� , �� + �&.���&���, �� , �� − +� = 0 
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which is the PDE for the defer option. 312 

The following boundary conditions apply: 313 ����∗, ��∗, ��∗ = /���∗, ��∗ − ����∗ (7) 314 �����∗, ��∗, ��∗ = /����∗, ��∗ − �����∗ (8) 315 �$���∗, ��∗, ��∗ = /$���∗, ��∗ − �$���∗ (9) 316 �&���∗, ��∗, ��∗ = /&���∗, ��∗ − �&���∗ (10) 317 

where ��∗,	��∗ and ��∗ are the option trigger values, which depend on the trigger line.  318 

The trigger line (or boundary) is called a “free boundary”. There is no difference 319 

between investment and waiting at the boundary; that is, the option value is equal to the 320 

termination value of the project at the boundary. Boundary conditions (7) and (8)-(10) are the 321 

value-matching condition and smooth-paste conditions, respectively [12]. These two 322 

conditions ensure that not only the values but also the derivatives of the option value and 323 

termination payoff match each other at the boundary. 324 

3.2.2.1. Value of the defer option without subsidy 325 

Assume that there is no subsidy for the project. There are two types of uncertainty in the 326 

project, namely, the uncertainties of the PV module cost and the electricity price. Therefore 327 

the corresponding PDE and boundary conditions are 328 12 � ���5������, �� + 12 , $��-5�$$���, �� + ��.�������, �� + �$.���$���, �� − +� = 0 

����∗, ��∗ = >$��∗ − 4.29 ∗ ��∗ 4�4�� ���∗, ��∗ = −4.29 

4�4�� ���∗, ��∗ = >$ 

By standard arguments, the value of the investment opportunity is ����, �� =329 C��DEFG��FG (see Appendix C), 330 

where HD = D5− IJKEILKML<NMJ< +OP IJKEILKML<NMJ< − D5Q5 + 5,REILK-ML<NMJ< > 1 and C = T.5U∗VJWG�FGEDWGXG�T.5U∗FGWG .  331 

With the PV module cost and electricity price uncertainties, the trigger line for the 332 

project is: 333 

Y�∗ = ��∗��∗ = 4.29 ∗ HD>$�HD − 1 
The analytical solution proves that the value of the option increases when the PV module 334 

cost decreases or when the electricity price increases. This solution implies that investment 335 

should be undertaken when the ratio of the electricity price to the PV module cost is high. 336 

3.2.2.2. Value of the defer option with Z[\ 337 

The electricity price and subsidy uncertainty are removed in the ��� scheme, leaving 338 

only PV module cost uncertainty in the model. The corresponding PDE and boundary 339 

conditions are 340 12 � ���5������ + ��������� − +� = 0 
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����∗ = ���+ − 4.29 ∗ ��∗ �����∗ = −4.29 

By standard arguments, the solution to this PDE is ���� = C��F<, 341 

where H5 = D5− ILKML< −O]ILKML< − D5^5 + 5RML< < 0 and C = − T.5UF< ] F<F<ED A`aT.5U∗R^DEF<. 342 

With the PV module cost uncertainty, the trigger line to undertake investment is 343 

��∗ = H5H5 − 1 ���4.29 ∗ + 

The analytical solution proves that the value of the investment opportunity has a negative 344 

relationship with the PV module cost. The project should be undertaken when the PV module 345 

cost is below the trigger line. 346 

As for projects in a regulated market, the project also contains only PV module cost 347 

uncertainty. Assuming that there is no subsidy in the regulated market, the electricity price is 348 

denoted by �@, and the option value is	���� = C��F<, 349 

where H5 = D5− ILKML< −O]ILKML< − D5^5 + 5RML< < 0 and C = − T.5UF< ] F<F<ED 9bT.5U∗R^DEF<. 350 

With PV module cost uncertainty, the trigger line for the project is 351 

��∗ = H5H5 − 1 �@4.29 ∗ + 

3.2.2.3. Value of the defer option with price premium 352 

The price premium scheme eliminates the subsidy uncertainty, leaving two types of 353 

uncertainty in the project: the uncertainties of the PV module cost and the electricity price. 354 

Let ��R = �� + c+defge, where ��R is governed by GBM and has the same drift term and 355 

volatility term as �� because the premium is a fixed parameter [44]. The corresponding PDE 356 

and the boundary conditions are 357 12 � ���5 45�4��5 ���, ��R + 12 , $��R-5 45�4��R5 ���, ��R + ���� 4�4�� ��� , ��R + �$��R 4�4��R ��� , ��R− +� = 0 �,��∗, ��R∗- = >$��R∗ − 4.29 ∗ ��∗ 4�4�� ,��∗, ��R∗- = −4.29 

4�4��R ,��∗, ��R∗- = >$ 

By standard arguments, the solution to this PDE is ����, ��R = C��DEFG��RFG =358 C��DEFG��� + �+defgeFG (see Appendix D), 359 

where HD = D5− IJKEILKML<NMJ< +OP ILKEIJKML<NMJ< − D5Q5 + 5,REILK-ML<NMJ< > 1 and C = T.5U∗VJWG�FGEDWGXG�T.5U∗FGWG .  360 

With the PV module cost and electricity price uncertainty, the trigger line for the project 361 
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is: 362 

Y�∗ = ��R∗��∗ = 4.29 ∗ HD>$�HD − 1 
The above solution proves that the value of the option increases when the PV module 363 

cost decreases or when the electricity price increases. This solution implies that investment 364 

should be undertaken when the ratio of the electricity price to the PV module cost is high. 365 

4. Results and discussion 366 

4.1. Parameter estimation and scenario design 367 

4.1.1. Parameter estimation 368 

4.1.1.1. Parameters for PV module cost uncertainty 369 

As we assume that the cost of the PV module is governed by GBM, we decide to use 370 

historical data to estimate the drift and volatility terms in Equation (1). The weekly cost data 371 

for the PV module are collected in the Wind database, which runs from 2012-02-01 to 372 

2016-03-09, and the units are converted to yuan/kWh. By applying Ito’s lemma to Equation 373 

(1), we obtain �hi�� = ]�� − ML<5 ^�� +  ��!�, where the increment of hi�� obeys a normal 374 

distribution. We use STATA to prove that �� is governed by GBM, and we estimate �� and 375  �. We conclude that the weekly drift term �� is equal to -0.25% and that the weekly 376 

volatility term  � is equal to 0.63%. In annual terms, these values are -9.01% and 3.77%, 377 

respectively (details are provided in Appendix E).  378 

Parameter �� can also be calculated using the learning curve method. To be specific, 379 

	�� = ln	�1 − lmhi2 ∗ nm 

where lm is the learning rate and nm is the growth rate. Lin and Wesseh [36] note that lm 380 

in China is 50%. By assuming that nm is 10% (see examples in [31]), we conclude that �� 381 

is -10%, which is close to -9.01%. Later in the analysis, we assume that �� is equal to 382 

-9.01%. 383 

4.1.1.2. Parameters for electricity price and subsidy 384 

(1) Parameters for a regulated market 385 

We assume that if there are no support schemes for solar PV projects, the owner will sell 386 

the electricity at the ��� for coal-fired power generation. Let �@ denote the weighted ��� 387 

for coal-fired power generation in 2015. Using the data collected from the Wind database and 388 

the National Development and Reform Commission (NDRC), we conclude that �@ is equal to 389 

0.41 yuan/kWh in the regulated market. 390 

(2) Parameters for a free market 391 

As the generated electricity price in China is now under regulation, it does not follow a 392 

stochastic process, and there are not sufficient data to estimate the parameters for Chinese 393 

power systems. However, the Chinese government has decided to perform electricity market 394 

reform based on the electricity market in Europe, which is much more liberalized than that in 395 

China. Therefore, referring to [38], we assume that α$. and σ$ are equal to 2.15% and 396 
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29.20%, respectively, in annual terms. Considering that there is a decreasing tendency in 397 

support schemes, we assume that the ��� and price premium are 0.78 yuan/kWh and 0.23 398 

yuan/kWh, respectively3. 399 

4.1.1.3. Risk-free rate and convenience yield 400 

(1) Risk-free rate 401 

We use spot rates for the 10-year government bonds to calculate the risk-free rate. 402 

Monthly data from 2013-03 to 2016-03 are obtained from the Wind database. During this 403 

period, the interest rate ranges from 2.84% to 4.61%. We use the average as the risk-free rate, 404 

so + is equal to 3.74%.  405 

(2) Convenience yield of the PV module 406 

The convenience yield of the PV module is estimated as the difference between the PV 407 

manufacturing industry’s expected return and the PV module’s cost drift term. Specifically, 408 )� = q� − ��. q� is calculated using the CAPM model: 409 q� = + + H����+r − + 
where + is the risk-free rate, H� is the H for the PV manufacturing industry, and ��+r is 410 

the expected return of the market portfolio. 411 

We use the Shanghai-Shenzhen 300 index (CSI 300 index) as the market portfolio and 412 

use daily logarithm returns, which run from 2013-3-24 to 2016-3-13, to calculate the value of 413 ��+r, which is 3.95%. H� is calculated as the equity-weighted H of the listed companies in 414 

the solar PV manufacturing industry (details are shown in Appendix F). After the calculation, 415 

we conclude that H� and )� are equal to 1.182 and 13.00%, respectively. Hence, ��. equals 416 

-9.26%. 417 

(3) Convenience yield of electricity 418 

The convenience yield of electricity is difficult to estimate directly because electricity is 419 

not storable. Therefore, the future price of electricity is widely used to estimate the 420 

convenience yield [38, 45, 46]. However, as α$. is a risk-neutral drift term for the electricity 421 

price, we do not need to calculate )$. 422 

All of the parameters for the regulated market and free market are summarized in Table 423 

1. 424 

Table 1 425 

4.1.2. Scenario design 426 

Four scenarios are discussed in the subsequent analysis, and each has different 427 

parameters and assumptions. Table 2 lists the details of the scenarios. 428 

Table 2 429 

                                                             
3 The newest ��� and price premium in China are 0.90 yuan/kWh (average	��� for the whole country) and 0.35 
yuan/kWh, respectively. The data are obtained from the website of the NDRC - http://www.sdpc.gov.cn/ 
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4.2. Scenario analysis on option values 430 

4.2.1. Sensitivity analysis 431 

To analyse the different option values, we use MATLAB to simulate the GBM process 432 

and to calculate the values for the parameters in the analytical solutions. Then, we conduct 433 

several analyses based on the results. Using Ito’s lemma, Equations (4) and (5) can be 434 

rewritten as follows: 435 �hi�� = ���. −  �5/2�� +  ��!� (11) 436 �hi�� = ,�$. −  $5/2-�� +  $�!$ (12) 437 

To simulate the GBM process in MATLAB, we discretize the risk-neutral processes in 438 

Equations (11) and (12). We assume that the lifetime for the option is �, which is split it into 439 s equal intervals of ∆�. Thus, Equations (11) and (12) can be discretized as 440 hi���/��ED = ���. −  �5/2∆� +  �√∆�v�� (13) 441 

hi���/��ED = ,�$. −  $5/2-∆� +  $√∆�v$� (14) 442 

where v�� and v$� are independent standard normal random variables.  443 

We simulate several paths using Monte Carlo sampling based on Equations (13) and (14) 444 

and obtain the parameters in the analytical solutions in Section 3.2. Then, we use the 445 

analytical solutions to conduct a sensitivity analysis in order to determine how the option 446 

value changes with varying initial values of different uncertain factors. The result is shown in 447 

Fig. 1. As both the PV module cost uncertainty and electricity price uncertainty influence the 448 

option value in Scenarios 2 and 4, the option values for these scenarios are dependent on �� 449 

and ��. For example, the changes in Scenario 2 with respect to �� and �� are shown in Fig. 450 

1(a). The option approaches infinity when the PV cost module tends to zero or the electricity 451 

price tends to infinity. Observing the changes in the option value on the longitudinal section 452 

of the C-axis, we conclude that the option value for Scenario 2 decreases when the initial PV 453 

cost increases. Similarly, we infer that the option value increases when the initial electricity 454 

price increases. The results of the other sensitivity analyses are shown in Figs. 1 (b) and 1 (c). 455 

These figures confirm the expected relationship between the uncertain factors and real option 456 

values, namely, that the real option value has a negative relationship with costs and a positive 457 

relationship with revenues.  458 

A high cost and low electricity price will decrease the profits of solar PV projects, thus 459 

decreasing the option value. This phenomenon also conforms to option theory. The cost is 460 

related to the investment, which is analogous to the execution price in option theory, and the 461 

execution price has a negative impact on the option value. The electricity price is relevant to 462 

the value of an operating project, which is analogous to the price of an underlying asset in 463 

option theory, and the price of an underlying asset has a positive influence on the option value. 464 

These results are useful for investors because they imply that the cost and electricity price are 465 

the market signals for investment. Investors can undertake projects when the ratio of the 466 

electricity price to the PV module cost is high. 467 

Figure 1 468 
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4.2.2. Expected option values 469 

The above analysis studies how the option values change in response to varying values 470 

of different uncertain factors in a static way. To study how the option values dynamically 471 

change with respect to �� and ��, we need to calculate the expected option values. By taking 472 

the expectations of Equations (11) and (12), the expected ��  and ��  are expressed as 473 

follows: 474 E�� = �#dILK� (15) 475 E�� = �#dIJK� (16) 476 

The Monte Carlo simulation results of �� and �� are shown in Fig. 2. The expected �� 477 

has a negative relationship with �, whereas the expected �� has a positive relationship with 478 �. For �� , the costs continue decreasing because of technological progress, large-scale 479 

production, and production optimization [10]. The simulation result confirms the expected 480 

behaviour of the PV module cost. �� increases slightly when � increases but is very volatile, 481 

which is in line with reality. Compared to the process of ��, the process of �� demonstrates a 482 

more significant long-term trend. The expected �� decreases to approximately one-half of its 483 

initial value in ten years, while the expected �� increases by only approximately 22%. 484 

Nevertheless, the volatility of �� is much higher than that of ��. As shown in Fig. 2, the 485 

sample path for �� fluctuates around the expected path for ��, whereas the sample path for 486 �� indicates that �� is more volatile. These features have a great influence on the option 487 

values and optimal investment timing. 488 

Figure 2 489 

The expected option values are shown in Fig.3. All of the expected option values 490 

increase when � increases, which confirms the expected behaviour of the options. As the 491 

time period increases, positive market signals are more likely to emerge. Therefore, the option 492 

value has a positive relationship with time. Although the option values in all four scenarios 493 

increase over time, there are some obvious differences among them, which are caused by the 494 

different market reform assumptions and support scheme assumptions in the scenarios. Three 495 

rules are summarized4: 496 

Figure 3 497 

(1) Support schemes have similar impacts on the option value in a regulated market, and 498 

the minimum � in the regulated market is 0.56 yuan/kWh. 499 

The option value ���� and C are governed by � in the regulated market, and they 500 

have a positive relationship with � . Both the ���  and price premium have linear 501 

relationships with �, so their impacts are similar in the regulated market. By implementing 502 

the support schemes, the value of � increases, thus increasing the option value. To stimulate 503 

investment in solar PV projects in the regulated scenario, the most important thing for the 504 

government is to determine the minimum �∗ that will encourage investors to invest at the 505 

initial time, i.e., ��∗ = �#. The calculations show that �∗ is equal to 0.56. In other words, the 506 

minimum price premium should be 0.15 yuan/kWh or the minimum ��� should be 0.56 507 

                                                             
4
 One important thing that should be noted is that the rules that are summarized here are ideal (which assumes that 

the option is not executed). As we will see in Section 4.3, the projects will usually be executed in ten years, and the 
option values embedded in the projects go to zero when the projects are executed. 
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yuan/kWh in the regulated market. 508 

(2) Support schemes have different impacts on the option values in a free market. 509 

Compared to the option values of Scenario 2, the option values of Scenario 3 decrease 510 

after ��� is implemented in the short term but surpass those of Scenario 2 in the long term 511 

(as shown in Fig. 4). Moreover, compared to the option values of Scenario 2, the option 512 

values of Scenario 4 increase when a price premium is executed. By comparing the option 513 

values of Scenarios 3 and 4, we conclude that compared to the ���, the price premium 514 

greatly enhances the option value in the short term, but its impact on the promotion of the 515 

option value decreases in the long run.  516 

Figure 4 517 

The expected option values for Scenarios 3 and 4 are CwE��F< and CTE��DEFGE��FG, 518 

respectively. As CT > Cw, the option value for Scenario 3 is smaller than that of Scenario 4 in 519 

the short term. However, things will change in the long run. As |1 − HD| < |H5|, it can be 520 

inferred that the positive effect of E�� on E�T is smaller than that on E�w. Moreover, as we 521 

discussed above, the process of �� exhibits a more significant long-term trend than that of 522 ��. The relative change in E�� is much greater than that of E�� during the same period 523 

because |��.| > �$.. Therefore, the expected option value of Scenario 3 will surpass that of 524 

Scenario 4 in the long run. 525 

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

The projects are additionally exposed to electricity price uncertainty after electricity 527 

market reform is accomplished. Hence, compared to the option values in the regulated market, 528 

the option values are enhanced in the short term. However, the additional uncertainty 529 

decreases the impact that �� has on the option value, whereas �� has a great impact on the 530 

option value in the long run because of its obvious long-term trend. Therefore, the option 531 

values in the regulated market will eventually exceed those in the free market (without 532 

subsidy). This result is shown in Fig. 5(a) and (b), in which the option values for Scenario 1 533 

surpass those for Scenario 2. 534 

Figure 5 535 

4.3. Scenario analysis of optimal investment timing 536 

4.3.1. Optimal investment conditions 537 

To determine the optimal investment timing, the optimal investment conditions must be 538 

identified. The analytical solutions to the optimal investment conditions are derived in Section 539 

3.2. The numerical optimal investment conditions are obtained by simulations and are listed 540 

in Table 3. 541 

Table 3 542 

These results show that support schemes are very helpful for stimulating investment. The 543 

support schemes directly influence the optimal investment conditions in the scenarios that 544 

consider only the PV module cost uncertainty. However, in the scenarios that consider both 545 

the electricity price and PV module cost uncertainty, the price premium does not influence the 546 
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optimal investment conditions but rather influences the initial conditions, which in turn 547 

influence decision making.  548 

Investment should be undertaken when the optimal investment conditions are met. Based 549 

on our assumptions, the project should be undertaken immediately in Scenario 3, whereas for 550 

Scenarios 1, 2 and 4, the decision makers should wait until the investment can be 551 

compensated by future profits.  552 

4.3.2. Expected optimal investment timing 553 

To determine the optimal investment timing, we calculate the time at which the optimal 554 

investment conditions are triggered. As both �� and �� are stochastic, the optimal time �∗ 555 

is also stochastic, so we need to use the expected values in the calculation. For Scenarios 1 556 

and 3, in which only the cost uncertainty is considered, the optimal time can be calculated as 557 

E��∗ = �D yhi P H5H5 − 1 �@4.29 ∗ +Q − hi��#z 
where �D = 1 ]��. − D5 �5^{  and the variance of �∗ is equal to 

�B:∗EB"ML<|G}5  (with reference 558 

to [41], see Appendix G).  559 

For Scenarios 2 and 4, in which both the PV module cost and price uncertainty are 560 

considered, the optimal time can be calculated as 561 

E��∗ = �5 3hi ~ 4.29 ∗ HD>$�HD − 1� − hi P�#�#Q6 
where �5 = 1 �D5 �5 + �$. − ��. − D5 $5�{  and the variance of �∗  is equal to 562 

��:∗E�",MJ<NML<-|<}5  (see Appendix G).  563 

Figure 6 564 

The expected execution times for different scenarios are shown in Fig. 6. As the initial 565 

condition is below the optimal investment condition in Scenario 3, investments are 566 

undertaken immediately; thus, the expected execution time is equal to 0. The expected 567 

execution times for Scenarios 1, 2, and 4 are 3.38 years, 8.59 years and 2.42 years, 568 

respectively. Three rules are summarized. 569 

(1) The expected execution time and its variance decrease once suitable support schemes 570 

are implemented. 571 

Comparing Scenarios 2 and 4, we conclude that the investment is expected to be 572 

undertaken approximately 6.17 years earlier due to the implementation of a price premium in 573 

the free market, and the variance of the execution time also becomes much smaller. A 574 

sensitivity analysis is conducted with respect to the support schemes to study the relationship 575 

between the support schemes and the expected execution time, as shown in Fig. 7(a) and (b). 576 

The results show that the expected execution time and its variance decrease when proper 577 

support schemes are applied in both the regulated market and free market. The results in Fig. 578 

7 indicate that the government expenditure under the price premium scheme is smaller than 579 

that under the ��� scheme. The government needs to pay 0.56 yuan/kWh to encourage 580 

owners to invest under the ��� scheme, whereas it needs to pay only approximately 0.35 581 
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yuan/kWh to stimulate investment under the price premium scheme. However, the impacts of 582 

the ��� scheme on decreasing the expected execution time and its variance are greater than 583 

those of the price premium scheme. As shown in Fig. 7, when the increaces in the price 584 

premium and ��� are the same, the reduction of the expected execution time and its variance 585 

with the ��� are greater than those with the price premium. 586 

Figure 7 587 

(2) The investment will be postponed after electricity market reform, but the execution 588 

time and its variance will be reduced if proper support schemes are implemented. 589 

Unlike the regulated scenario, the electricity market reform scenario includes electricity 590 

price uncertainty. As shown in Fig. 6, the expected execution time and its variance for 591 

Scenario 2 are greater than those for Scenario 1. This indicates that investment will be 592 

postponed in the free market. However, as shown in Fig. 7(b), the expected execution time 593 

and its variance are reduced after a price premium is implemented. Moreover, the government 594 

can choose to execute a ��� scheme to simulate investment.  595 

(3) The impacts that support schemes have on the promotion of the optimal execution 596 

time are restrained by technological progress. 597 

Decreasing PV module cost is mainly caused by technological progress, large-scale 598 

production and production optimization [10]. Technological progress refers to improvements 599 

in both material efficiency and conversion efficiency. Excluding the decline in polysilicon 600 

prices, technological progress accounts for approximately 52% of the cost decrease [10]. 601 

Therefore, we use ��. to represent the technological level. As demonstrated in Sections 3.2.2 602 

and 4.3.2, the optimal investment condition Y�∗  increases when |��.| increases and is 603 

independent of the price premium in the free market. On the other hand, the initial investment 604 

condition Y# increases when the premium increases and is independent of ��. in the free 605 

market. ��. and the price premium interact with each other when determining the expected 606 

execution time. To study their quantitative relationship, a sensitivity analysis of the optimal 607 

execution time with respect to these variables is conducted.  608 

Fig. 8(a) and (c) shows that a low price premium greatly reduces the expected execution 609 

time when |��.| is small. However, as |��.| increases, a much higher price premium should 610 

be applied to stimulate investment. Maintaining the price premium at 0.15 yuan/kWh can 611 

encourage investors to invest when |��.| is small. However, the optimal execution time first 612 

increases and then decreases as |��.| increases. Therefore, we conclude that the effects of the 613 

support schemes are suppressed when |��.| become greater. This change is caused by the 614 

unequal impacts the support schemes have on the optimal investment conditions, as shown in 615 

Fig. 8(b). ��. influences the optimal investment condition Y�∗, whereas the price premium 616 

influences the initial investment condition Y#. As shown in Fig. 8(b), Y�∗ changes much 617 

faster than Y# when the changes in ��. and the price premium are the same. Assuming that 618 

the price premium is 0.195 yuan/kWh, Y�∗ is smaller than Y# (0.605) when |��.| is smaller 619 

than 5.5%, indicating that investors will invest right now. However, when |��.| increases to 620 

6.5%, Y�∗ changes to approximately 0.65, which is greater than Y#; therefore, a rational 621 

investor will wait to invest. Technological progress results in a faster decline in PV costs, 622 

making the project more profitable in the future. Therefore, a rational investor will wait.  623 

There is a minimum price premium c+∗ for each ��.. When the price premium is larger 624 
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than c+∗, rational investors will invest right now. The quantitative relationship between c+∗ 625 

and ��. is described by 626 

4.29>$
�
��
�1 + 1

−12 − �$. − ��. �5 +  $5 +O~ ��. − �$. �5 +  $5 − 12�5 + 2�+ − ��. �5 +  $5�
��
�− �@ + c+∗�# = 0 

The relationship between c+∗ and ��.  is shown in Fig. 8(a) and is the borderline 627 

between the surface where the expected execution time is greater than zero and the surface 628 

where the expected execution time is equal to zero, that is, the borderline of the dark purple 629 

area and light purple area in Fig. 8(a). This rule also applies to regulated situations. 630 

Figure 8 631 

5. Conclusions 632 

This paper presents a real options framework to determine the option value and optimal 633 

investment timing for solar PV projects under different market systems and different support 634 

schemes. The PV module costs, electricity prices, and support schemes are considered in our 635 

model. According to the proposed model, we analyse the unit decision value and the optimal 636 

investment timing in four different scenarios. The impacts of technological progress and the 637 

support schemes are also examined. Solar PV projects in China are analysed as an empirical 638 

study. Three conclusions are drawn with respect to our main research objectives: 639 

(1) Electricity market reform enhances the option value in the short term because the 640 

projects are additionally exposed to electricity price uncertainty after market reform. 641 

Although electricity market reform makes owners postpone the execution of solar PV projects, 642 

the government can apply an appropriate support scheme to stimulate instantaneous 643 

investment. Based on the results, the price premium scheme may be preferred because it 644 

reduces the necessary government expenditure.  645 

(2) The impacts of different support schemes on the option value and optimal execution 646 

time are similar in the regulated market because they directly influence the profits. However, 647 

these impacts are different in the free market: the option value under the price premium is 648 

higher than that under the ��� in the short term, but the option value under the ��� is 649 

greater in the long run. The impact that the ��� has on reducing the expected execution time 650 

and its variance is also greater than that for the price premium. Therefore, government should 651 

balance the expenditure and the expected execution time for solar PV projects when they 652 

decide which support scheme should be implemented. 653 

(3) More attractive support schemes are necessary when there is a promotion in 654 

technology because the impacts that technological progress and support schemes have on the 655 

optimal investment conditions are unequal; Y�∗ changes much faster than Y# when the 656 

changes in ��. and the price premium are the same. Therefore, the government should adjust 657 

their support schemes when there is a technological breakthrough. 658 

In addition to the above conclusions, the optimal investment timing is very important for 659 

investors, and we conclude the following: (1) The solar PV project will be undertaken 660 

immediately in only Scenario 3; the investors in Scenarios 1, 2 and 4 are expected to wait 661 
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approximately 3.38, 8.59 and 2.42 years, respectively. (2) The expected execution time is 662 

decided by the difference between the optimal investment conditions and the initial conditions, 663 

the drift terms and the volatility terms. (3) Electricity market reform will increase the 664 

expected execution time when there are no changes in the support schemes. (4) Implementing 665 

support schemes, especially the ���, can decrease the expected execution time and its 666 

variance. 667 

Appendixes 668 

Appendix A. Unit conversion process for solar PV module cost 669 

Let �� denote the price for crystalline silicon PV modules at time t, in units of $/W. 670 

Then, let �� denote the price for PV modules at time t, in units of yuan/kWh. We assume that 671 

the exchange rate � is a constant 6.6 yuan/$, and we also assume that the high production 672 

efficiency of a solar module can be maintained for 15 years. Suppose that � is the module 673 

capacity. 674 

�� = ����h	e��ghd	����∑ dhd��+f�f���D���D = �� ∗ � ∗ � ∗ 1000∑ � ∗ ��D���D = �� ∗ � ∗ 100015 ∗ ��  

where �� denotes the annual sunshine duration in China. 675 

To estimate ��, we use data from the BP Statistical Review of World Energy (2015). As 676 

electricity is an important resource for development in China, the demand for electricity, 677 

especially for renewable energy, is greater than the supply. Therefore, we assume that the 678 

annual production of solar energy equals its annual consumption. The annual solar production 679 

is determined by �� and the PV operating power: 680 �+� = �� ∗ 
�� 

where �+�  denotes the annual production of solar energy and 
��  denotes the PV 681 

operating power, which can be represented by the cumulative installed PV power.  682 

By applying an ordinary least squares (OLS) regression model (with the results shown in 683 

Fig. A.1), we obtain the value of ��, which equals 986 hours/year. 684 

Figure A.1 685 

Therefore,  686 

�� = �� ∗ � ∗ 100015 ∗ 986  

Using this method, we conclude that the average �� during the first quarter of 2014 is 687 

0.304 yuan/kWh, and the cost for a solar PV project is 1.30 yuan/kWh. This value is close to 688 

the 1 yuan/kWh reported in [10], which excludes the battery storage costs. The conversion 689 

factor (ignoring the exchange rate) calculated by our methods is approximately 0.0676, which 690 

is close to the conversion factor (approximately 1/14) between �� and �� in [10]. 691 

Appendix B. Value of an operating project in a free market 692 

The value of an operating project is the net present value of the future net cash flows: 693 
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/��� , �� = E$:,;: 3� dER���� + ����|�� , ��a
#

6
= E$: 3� dER�����|��

a
#

6 + E;: 3� dER�����|��
a
#

6 
As ��  and ��  are independent, we can assume that /��� , �� = n$��� + n&��� , 694 

where n$��� and n&��� are the solutions to the following PDEs: 695 

1
2
45n$
4��5 , $��-

5 + 4n$4�� �$.�� − +n$��� + �� = 0 

1
2
45n&
4��5 � &��

5 + 4n&4�� �&.�� − +n&��� + �� = 0 

Using standard arguments, the solutions are: 696 

n$��� = �D��IG + �5��I< + >$�� 
n&��� = CD��FG + C5��F< + >&�� 

where >$ = 1 ,+ − �$.-⁄ ; >& = 1 �+ − �&.⁄ ; �D,	�5,	CD and C5are undetermined constants; 697 

�D and �5 are the roots of the fundamental quadratic equation 
D
5 $5��� − 1 + �$.� − + =698 

0 ; and HD and H5 are the roots of the fundamental quadratic equation 
D
5 &5H�H − 1 +699 

�&.H − + = 0. 700 

After ruling out investment bubbles, we obtain n$��� = >$��  and n&��� = >&�� . 701 

Thus, the value of the operating project is determined by /��� , �� = n$��� + n&��� =702 

>$�� + >&��. 703 

Appendix C. Value of the defer option without subsidy 704 

In the case where the project faces PV module cost and electricity price uncertainties, the 705 

PDE is: 706 

1
2 � ���5

45�
4��5 ��� , �� +

1
2 , $��-

5 45�
4��5 ���, �� + ��.�� 4�4�� ���, �� + �$.�� 4�4�� ���, ��− +� = 0 

As the value of the option is homogeneous of degree 1 in ��� , ��, ����, �� can be 707 

written as ���� , �� = ������ ��⁄  = ����Y� . Therefore, 
7<A
7B:< ���, �� = �:<@����:

B: , 708 

7<A
79:< ��� , �� = @����:

B: , 
��
��: ���, �� = ���Y�, and 

��
��: ��� , �� = ��Y� − Y����Y�. 709 

Substituting these values into the PDE and grouping them, we obtain 710 

1
2 , �5 +  $5-Y�5����Y� + ,�$. − ��.-Y����Y� − �+ − ��.��Y� = 0 

The boundary conditions become 711 

��Y�∗ = >$Y�∗ − 4.29 

���Y�∗ = >$ 

��Y�∗−Y�∗���Y�∗ = −4.29 

By standard arguments, ��Y� = CY�FG 712 

where HD is the positive root of the fundamental quadratic equation 713 
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12 , �5 +  $5-H�H − 1 + ,�$. − ��.-H − �+ − ��. = 0 

The trigger line and C are obtained by the boundary conditions 714 

Y�∗ = ��∗��∗ = 4.29 ∗ HD>$�HD − 1 
C = 4.29 ∗ >$FG�HD − 1FGED�4.29 ∗ HDFG  

Therefore, ����, �� = ����Y� = ��CY�FG = C��DEFG��FG. 715 

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

In this case, the project faces both PV module cost and electricity price uncertainties. Let 717 ��R = �� + �+defge. Using Ito’s lemma, we infer that ��R is also governed by GBM, which 718 

has the same drift term and volatility term as ��. The PDE and boundary conditions are 719 12 � ���5 45�4��5 ���, ��R + 12 , $��R-5 45�4��R5 ��� , ��R + ��.�� 4�4�� ���, ��R + �$.��R 4�4��R ���, ��R− +� = 0 

As the value of the option is homogeneous of degree 1 in ��� , ��R, ���� , ��R can be 720 

written as ���� , ��R = ������R ��⁄  = ����Y�. 721 

Therefore, 
7<A7B:< ��� , ��R = �:<@����:B: , 

7<A79:�< ��� , ��R = @����:B: , 
����: ��� , ��R = ���Y�, and 722 

���9:� ���, ��R = ��Y� − Y����Y�. 723 

Substituting these values into the PDE and grouping them, we obtain 724 12 , �5 +  $5-Y�5����Y� + ,�$. − ��.-Y����Y� − �+ − ��.��Y� = 0 

The boundary conditions become 725 ��Y�∗ = >$Y�∗ − 4.29 ���Y�∗ = >$ ��Y�∗−Y�∗���Y�∗ = −4.29 

Using standard arguments, ��Y� = CY�FG 726 

where HD is the positive root of the fundamental quadratic equation 727 12 , �5 +  $5-H�H − 1 + ,�$. − ��.-H − �+ − ��. = 0 

The trigger line and C are obtained by the boundary conditions 728 

Y�∗ = ��R∗��∗ = 4.29 ∗ HD>$�HD − 1 
C = 4.29 ∗ >$FG�HD − 1FGED�4.29 ∗ HDFG  

Therefore, the value of the option is 729 ����, ��R = ����Y� = ��CY�FG = C��DEFG��RFG = C��DEFG��� + �+defgeFG 
Appendix E. Estimation of the drift term and volatility term of the PV module cost 730 

uncertainty  731 

We apply STATA to prove that �� is governed by GBM and to estimate �� and  � 732 
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using the following details: 733 

(1) Normality test: If �� is governed by GBM, �hi�� = ��� −  �5/2�� +  ��!�. We 734 

can infer that the increment of hi�� obeys a normal distribution. To verify this, we calculate 735 

the natural logarithm value of �� and let +� = hi�� − hi��ED. Then, we conduct a normality 736 

test for +� by plotting a quantile-quantile plot (see Fig. E.1), and the result shows that +� fits 737 

the normal distribution well. 738 

Figure E.1 739 

(2) Augmented Dickey-Fuller (ADF) unit root test: The ADF test is used to test whether 740 

or not a time series variable is stationary. It can also be used to verify whether hi�� is 741 

governed by Brownian motion (BM). The regression model for the ADF test is hi�� −742 

hi��ED = � + H��ED + ∑ ��+�E����D + v�. The null hypothesis is that hi�� follows a BM with 743 

drift, namely, � ≠ 0 and H = 0. The p-value for the ADF test is approximately 0.09, so the 744 

null hypothesis cannot be rejected at the 5% level; hence, hi�� statistically follows a BM 745 

process. 746 

(3) Parameter estimation: As hi�� is governed by a BM process,  �5, which is the 747 

variance of +�, can be calculated. As +� = ]�� − ML<5 ^∆� +  �√∆�¡�, we apply the OLS 748 

method to estimate ��. 749 

We conclude that the weekly drift term �� is equal to -0.25% and that the weekly 750 

volatility term  � is equal to 0.63%. 751 

Appendix F. ¢ for the solar PV manufacturing industry 752 

H for solar PV module manufacturers is listed in Table F.1, and the weighted H for the PV 753 

module manufacturing industry (H�) is 1.182. 754 

Table F.1 755 

Appendix G. Estimation of the optimal investment timing 756 

The optimal investment timing �∗  is stochastic because ��  or the ratio ��/��  is 757 

stochastic. However, we can estimate the expected �∗ and its confidence interval using Ito’s 758 

lemma. 759 

For scenarios in which only the PV module cost is uncertain, �∗ can be estimated by 760 

calculating the average time that the process �� takes to satisfy the investment condition ��∗. 761 

Using Ito’s lemma, we obtain 762 �hi�� = ���. −  �5/2�� +  ��!� (G.1) 763 

With reference to [41], the probability density function of �∗ is given by 764 

£��∗ = ¤¥�B:∗ B"⁄ ML¦5§�∗} dE¨¤¥�B:∗ B"⁄ E,ILKEML</5-�∗©< 5ML<�∗{  (G.2) 765 

and the Laplace transform of �∗is 766 

E,dEª�∗- = « dEª�∗£��∗��∗¬# = dEOPILKE®L<< Q<N5ML<ªEPILKE®L<< Q¯¤¥�B:∗ B"⁄  ML<°
 (G.3) 767 
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Based on Equation (F.3), we obtain the expected execution time of the option and its 768 

variance: 769 

E��∗ = « �∗£��∗��∗ = − limª→# 7´]µX¶:
∗^7ª¬# = ¤¥�B:∗ B"⁄ ILKE®L<<  (G.4) 770 

Var��∗ = �B:∗EB"ML<5PILKE®L<< Q} (G.5) 771 

For scenarios in which both the electricity and PV module cost are uncertain, �∗ can be 772 

estimated by calculating the average time that the process �� ��⁄  takes to satisfy the optimal 773 

investment condition Y�∗ = ��∗ ��∗⁄ . By using Ito’s lemma, we obtain 774 �hiY� = , �5 2⁄ + �$. − ��. −  $5 2⁄ -�� +  $�!$ −  ��!� (G.6) 775 

Using the same method, we can obtain the expected execution time of the option and its 776 

variance: 777 

E��∗ = 1hiY�∗ − hiY#2 P12 �5 + �$. − ��. − 12 $5Q{  

Var��∗ = ���∗ − �#, $5 +  �5-
2 ]12 �5 + �$. − ��. − 12 $5^w 

 778 
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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 + %/year 3.74 Data from Wind database; discount factor 

Initial PV module cost �# 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 α�. %/year -9.26 Calculated in 4.1.1 

Standard deviation of PV module cost σ� %/year 3.77 Calculated in 4.1.1 

Electricity price without subsidy �@ yuan/kWh 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 α�. %/year -9.26 Calculated in 4.1.1 

Standard deviation of PV module cost σ� %/year 3.77 Calculated in 4.1.1 

Risk-neutral drift term of electricity price α$. %/year 2.15 Data from related literature [38] 

Standard deviation of electricity price σ$ %/year 29.2 Data from related literature [38] 

Feed-in tariff ��� yuan/kWh 0.78 Adjusted data from NDRC 

Price premium �+defge yuan/kWh 0.23 Adjusted data from NDRC 

Initial electricity price �# yuan/kWh 0.41 Data from Wind database and NDRC 
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Table 2 describes the scenario design in our analysis. 

Table 2 

Scenario description. 

No. Scenario Description 

1 Regulated market 

without subsidy 

There are no support schemes in this scenario, so the only 

uncertain factor is the PV module cost. The electricity 

uncertainty is not considered because of the market system 
assumption, and the electricity price �@ is assumed to be 0.41 

yuan/kWh. 

2 Free market  

without subsidy 

There are no support schemes in this scenario, so the uncertain 

factors include the PV module cost and electricity price. The 

parameters for these factors are listed in Table 1. 

3 Free market with ��� 

The support scheme is ���, which eliminates the electricity 

uncertainty. The ��� is assumed to be 0.78 yuan/kWh. 

4 Free market with 

price premium 

The support scheme is price premium, and both PV module 

cost uncertainty and electricity price uncertainty are 

considered. The premium is assumed to be 0.23 yuan/kWh. 

 

Table 3 describes the optimal investment conditions and initial conditions in our analysis. 

Table 3 

Optimal investment conditions. 

No. 

Optimal 

investment 

condition 

Initial 

condition 
Description 

1 C�∗ = 0.73 �# = 1 
Investment should be undertaken immediately when 

the PV module cost is less than 0.73 yuan/kWh. 

2 ��∗ ��∗⁄ = 0.76 
�# �#⁄= 0.41 

Investment should be undertaken immediately when 

the ratio of the electricity price to the PV module cost 

is greater than 0.76. 

3 C�∗ = 1.39 �# = 1 
Investment should be undertaken immediately when 

the PV module cost is less than 1.39 yuan/kWh. 

4 ��R∗ ��∗⁄ = 0.76 
�#R �#⁄= 0.65 

Investment should be undertaken immediately when 

the ratio of the electricity price to the PV module cost 

is greater than 0.76. 

 

Table F.1 describes the estimation of H for different solar module manufacturers and the H for 

the PV module manufacturing industry. 

Table F.1. H for the solar PV module manufacturing industry. 
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Stock code 
Adjusted H 

H 
Equity 

(billion yuan) 
Weight 

Weighted H 

601727.SH 1.186  1.278  21.498  45.5% 0.581  

002129.SZ 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.SZ 1.039  1.058  5.834  5.2% 0.055  

600885.SH 0.815  0.723  10.132  4.4% 0.032  

300118.SZ 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.SZ 1.124  1.184  10.730  2.4% 0.028  

002218.SZ 0.984  0.976  20.424  2.0% 0.019  

300080.SZ 1.032  1.048  111.058  1.6% 0.017  

002580.SZ 1.170  1.254  12.815  1.3% 0.016  H�     
1.182  

 

Figure 1 presents the sensitivity analysis of the defer option values with respect to the 

electricity price and the PV module cost using a static analysis. 

 
(a) 

  
(b) (c) 
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Fig. 1. Sensitivity analysis results. (a) Option values as a function of the PV module cost and electricity 

price in Scenario 2; (b) Option values as a function of the PV module cost; (c) Option values as a 

function of the electricity price. 

 

Figure 2 presents the expected value and a sample path for PV module cost and electricity 

price. 

  

(a) (b) 

Fig. 2. Monte Carlo simulation of �� and ��; (a) Expected �� as a function of �; (b) Expected �� as 

a function of �. 
 

Figure 3 presents the expected option value with respect to time in the four scenarios. 

 

Fig. 3. Expected option values for different scenarios. 

 

Figure 4 presents the option value for the free market scenarios with different support 

schemes. 
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Fig. 4. Expected option values for the free market scenarios. 

 

Figure 5 presents the expected option values for Scenarios 1 and 2. There are no support 

scheme in either scenario. The electricity price is stochastic in Scenario 2 but is fixed in 

Scenario 1. 

  
(a) (b) 

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

 

Figure 6 presents the expected execution time in the four scenarios. 

 

Fig. 6. Expected execution time range (90% confidence level). 
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Figure 7 presents the impacts of different support scheme on reducing the expected execution 

time and its variance. 

  
(a) (b) 

Fig. 7. Sensitivity analysis with respect to support schemes. (a) Sensitivity analysis with � in the 

regulated market; (b) Sensitivity analysis with c+defge in the free market. 

 

Figure 8 presents the relationship between technological progress and support schemes in the 

free market. Figure 8(b) also analyses the reasons for these results. 
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(a) 

 
 

(b) (c) 

Fig. 8. Sensitivity analysis with respect to ��. and support schemes (a) sensitivity analysis of expected 

execution time with ��. and premium; (b) sensitivity analysis of Y�∗ and Y# with ��
. and premium; 

(c)sensitivity analysis of execution time with premium. 

 

Figure A.1 presents the estimated sunshine duration in China. 
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Fig. A.1. Estimated sunshine duration in China 

 

Figure E.1 presents the test for normality of +�. 

 

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 technological progress and support schemes is studied. 
 


