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Abstract

:

This paper proposes a real options model for evaluating the biomass power generation investment in China. The uncertainties in the market price of electricity, CO2 price and straw price are considered. Meanwhile the dynamic relationship between installed capacity and fuel cost, as well as the long-term reduction of subsidy are described. Two scenarios, i.e., with the carbon emission trading scheme existent and non-existent, respectively, is built to empirically analyze the investment of a 25-MW straw-based power generation project. The results show that investors should undertake the investment in 2030 under two scenarios. Investment values are 14,869,254.8 and 37,608,727 Chinese Yuan (RMB), respectively. The implementation of the carbon emission trading scheme theoretically helps improve investment value and advance the most likely optimal investment time. However, the current CO2 price is not sufficient to advance the most likely optimal investment time. The impacts of several factors, including subsidy policy, CO2 price, straw price, installed capacity, correlation structure and the validity period of investment, on the optimal investment strategy are also examined. It is suggested that governments take some measures, including increasing subsidy, setting the growth pattern of subsidy and establishing and perfecting a nationwide carbon trading market, to improve the investment environment and attract more investments.
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1. Introduction


As energy shortage and greenhouse gas emission problems become increasingly serious, the development of renewable energy becomes an inevitable choice for the future energy mix. As one of the renewable energy resources having the most potential, biomass has drawn wide attention across the world. China has made great efforts to promote the development of biomass energy. In its Middle and Long Term Plan for Renewable Energy Development, the Chinese government has proposed the target of increasing the installed capacity of biomass energy to 30 million kW by 2020 [1].



As a large agricultural country, China is abundant in straw resource, and annual output is about 700 million tons [2]. Straw-based power generation is the most effective way to utilize straw. There are many advantages to develop straw-based power generation [3]. First, since straw-based power generation does not require the type of straw, straw can be utilized more effectively. Second, straw-based power generation is carbon neutral and does not contribute to the greenhouse effect. Third, much straw is burned as waste in situ, which may result in serious environmental pollution and biomass resource waste. If straw is used to generate electricity, these adverse effects could be improved. Fourth, farmers can obtain more revenue from straw sale and collection.



The development of straw-based power generation in China is relatively late. The first straw-based and grid-connected power generation project was constructed in 2006 [4]. Afterwards, China’s straw-based power generation industry endured a steady development. However, the widespread application of straw-based power still faces many difficulties, and the investors still hesitate to invest in straw-based power generation projects. On the one hand, the characteristics of straw being in season, territory, distribution and quality may increase the difficulties and cost in straw collection and transportation, which have adverse effects on the normal operation and investment of a straw-based power generation project. On the other hand, in order to promote straw-based power generation investment, the Chinese government has introduced many policies, such as feed-in tariff, finance-taxation policies and cost-sharing policies. However, the strength of incentive policies is not sufficient to attract investment. The changes of incentive policies in the future are full of uncertainties and investors cannot make sure whether government will maintain the strength of incentive policies. In addition, with the implementation of the nationwide carbon emission trading scheme in 2017, the uncertainty and complexity of the investment environment would be deepened. Given the above, whether and when to invest (concerns of investors), as well as how to design a reasonable and effective incentive policies system (concern of governments) become more difficult.



Recently, numerous studies have been undertaken to evaluate renewable energy investment, such as solar photovoltaic, wind and nuclear power [5,6,7,8,9,10,11,12,13,14,15,16,17]. However, there are not many studies focusing on biomass power generation, especially straw-based power generation. Table 1 provides a summary of previous studies. As shown, previous studies mainly analyzed the resource potential, cost structure, competitiveness and the development strategy of biomass power generation, and they mostly used a qualitative analysis method and a cost-profit analysis method. There are not many studies that evaluated the straw-based power generation investment by considering the uncertainties in the investment environment and the managerial flexibility in investment decision making. Wang et al. [18] have evaluated China’s biomass power generation investment by considering the uncertainties in straw price and CO2 price. Although great progress has been made by them, further research is necessary. First, further studies should consider more uncertain factors, especially the policy factors (e.g., the long-term change of supporting policies). Second, due to the introduction of multiple uncertain factors, the binomial tree method should be extended to the simulation method, which could handle more uncertain factors. Third, further studies are required not only to offer the optimal investment strategy to investors, but also to provide enough information about the influence of key factors on optimal investment strategy for governments to adjust relevant policies. Further studies, which are able to deal with these issues, have greater practical value.



Therefore, this paper aims to propose a real options model for evaluating the straw-based power generation investment in China. The uncertainties in the market price of electricity, CO2 price and straw price are considered. Meanwhile, the dynamic relationship between installed capacity and fuel cost, as well as the long-term reduction of subsidy are described. Two scenarios, i.e., the carbon emission trading scheme is non-existent and existent, is constructed to empirically evaluate the investment of a 25-MW straw-based power generation project. The results present not only the optimal investment strategy, i.e., investment value and the most likely optimal investment time, but also the effects of some key factors on the optimal investment strategy. Thus, this study can provide some useful information for investors and the government at the same time. In contrast to the existing literature, this paper successfully addresses the following points: (1) considering more uncertain factors and the long-term reduction of subsidy; (2) explaining the dynamic relationship between installed capacity and fuel cost; (3) applying the simulation method to solve the model; and (4) providing not only the optimal investment strategy, but also the effects of some key factors on the optimal investment strategy.




2. Model Formulation


2.1. System Boundary


In reference to the relevant literature (e.g., [25]), we divide the life cycle of straw-based power generation into four stages, i.e., straw acquisition, transportation, power generation and grid connection. At the stage of straw acquisition, straw is bought from farmers and is pre-processed to facilitate transportation. At the stage of transportation, straw is transported to the storage area in the power plant. At the stage of power generation, straw is transformed to electricity by the power generation system. Finally, at the stage of grid connection, the electricity is input to the power grid. Note that the life cycle of straw-based power generation is accompanied by a value flow process (Figure 1). In this study, a 25-MW straw-based power plant will be empirically evaluated. In recent years, most of the straw-based power generation projects built in China have ranged from 20 MW to 50 MW. Thus, 25 MW is the scale representative for the straw-based power plant. At the same time, several earlier studies, e.g., Zhang et al. [3] and Wang et al. [18], also used 25 MW as the scale representative to carry out analyses. Thus, we choose 25 MW as the analysis object. In addition, it should be pointed out that the fuel consumed by this straw-based power plant is mainly crop straw, including corn stalk, cotton stalk and beanstalk, which are collected from the surrounding area.




2.2. The Income Composition of Straw-Based Power Generation


2.2.1. Revenue from Electricity Sale


Electricity sale is the main source of revenue for a straw-based power generation project. The electricity generated by the straw-based power generation system is input to the power grid and sold with the feed-in tariff. The total revenue of electricity sale based on the annual running time and power generation efficiency can be calculated as follows [18,26,27]:


   E S  R t  =  q t S  ⋅ I C ⋅ E u  e t  ⋅ F i  t t  ⋅ ( 1 −  r  H S C R   )   



(1)




where     q t S     denotes annual running time,    I C    is the installed capacity (MW),    E u  e t     represents power generation efficiency,     r  H S C R     stands for the house-service consumption rate (%) and    F i  t t     is the feed-in tariff (Chinese Yuan RMB/kWh).



The feed-in tariff is designed to ensure that the investors of renewable energy power generation project can obtain enough revenue. In China, the feed-in tariff of straw-based power generation is constituted by the market price of electricity and subsidy [14,28]. Thus, we can get:


   F i  t t  =  P t d  + E P  S t    



(2)




where     P t d     denotes the market price of electricity (RMB/kWh) and    E P  S t     stands for unit subsidy (RMB/kWh).



Once the project is built in year   t  , the subsidy is determined and would be kept constant for 15 years [28]. For the entire industry, the Chinese government has announced that the subsidy should decrease by 2% per year. Thus, we assume that the subsidy follows an index movement with a constant change rate as follows:


   E P  S t  = E P  S  t − 1   ⋅  e   α  E P S       



(3)




where     α  E P S      represents the constant change rate of subsidy.



Recently, the Chinese government has attached great importance to the reform of the power sector. Nowadays, China’s electricity pricing is transited from a government-led mechanism to a market-based one. As the reform of the power sector deepens, the electricity price would be completely determined by the market. Several previous studies (e.g., [5,29,30]) have used geometric Brownian motion to describe the changes of the market price of electricity. This study also assumes that the market price of electricity follows geometric Brownian motion:


   d  P t d  =  α d   P t d  d t +  σ d   P t d  d  z t d    



(4)




where     P t d    denotes the market price of electricity,     α d    stands for its drift rate and     σ d     represents the instantaneous volatility rate. In addition,    d  z t d     is the increment to a standard Wiener process,   d  z t d  =  ε t d    d t     , and     ε t d     is a normally-distributed random variable with zero mean and unit standard deviation. It is shown that the expected value of electricity price is    E [  P t d  ] =  P 0 d  ⋅  e   α d  ⋅ t     .




2.2.2. Returns from Selling CO2 Emission Allowance


Currently, coal accounts for 66% of China’s energy mix in 2014. Oil and natural gas respectively occupy 17.5% and 5.6%. Then, renewable energy just accounts for 11.9%. In addition, electricity is an indispensable resource for the development of the social economy. China’s electricity consumption accounts for a larger and larger proportion in energy end-use year by year. Due to the limitation of resource endowments, China’s electricity power generation is mainly based on thermal power. In 2014, thermal power generation accounted for about 67.3% [31]. Since fossil fuel combustion is the main source of carbon dioxide, China’s electricity production causes large amounts of carbon emissions. Therefore, due to the unique energy and electricity mix, China faces great pressure to reduce greenhouse gas emissions now.



In order to reduce carbon emission, recently, in the U.S.-China Joint Statement on Climate Change, China proposed the target of seeking a carbon emissions peak and increasing the share of non-fossil energy to 20% of the primary energy consumption by 2030 [32]. Furthermore, the Climate Conference in Paris put forward another stricter temperature reduction target of 1.5 °C [33]. Additionally, the huge pressure of emission reduction accelerates the formation of the carbon emission trading market in China. Seven provinces, e.g., Shenzhen, Guangzhou and Shanghai, have started their pilot carbon emission trading scheme. It is reported that a nationwide carbon trading market would be piloted in 2017, which means the carbon emission trading will get into the golden period of development in China [32]. The nationwide carbon emission trading market will bring great opportunities for the development of renewable energy.



Since straw-based power generation is carbon-central [18,19,34,35,36,37], the investors of the straw‑based power generation project can get revenue from selling CO2 emission allowance. This study assumes the carbon emission trading scheme is effective. The carbon emission reduction resulting from straw-based power generation can be calculated with the emission factors of local electric power production. Thus, the return from selling carbon emission allowance can be represented by:


   C S  R t  =  q t S  ⋅ I C ⋅ E u  e t  ⋅ C E  F t  ⋅  P t C    



(5)




where    C E  F t     denotes the emission factor (kg/kWh) and     P t C     represents the CO2 price (RMB/kg).



Since CO2 price is completely determined by the market, stochastic processes can better reflect the motion process of the CO2 price. Previous studies have assumed the CO2 price follows geometric Brownian motion [29,30,38]. This study supports their assumptions and applies the geometric Brownian motion to describe the change of the CO2 price as follows:


   d  P t C  =  α C   p t C  d t +  σ C   p t C  d  z t C    



(6)




where     P t C     denotes the CO2 price,     α C     stands for the drift rate of the CO2 price and     σ C     represents the instantaneous volatility rate of the CO2 price. In addition,    d  z t C     is the increment to a standard Wiener process,    d  z t C  =  ε t C    d t     , and     ε t C     is a normally-distributed random variable with zero mean and unit standard deviation. It is shown that the expected value of the CO2 price is    E [  P t C  ] =  P 0 C  ⋅  e   α C  ⋅ t     . This study considers the correlation between CO2 price and the market price of electricity.     ρ  C d      denotes the correlation coefficient between them with    d  z t C  d  z t d  =  ρ  C d   d t   , which can reflect to what extent both stochastic variables influence each other beyond their development trends [30,39].




2.2.3. Revenue of Ash Sale


The ash produced by straw-based power generation, which contains potassium, calcium, phosphorus and other nutrients, is the high-quality raw materials of organic fertilizer. Thus, the ash has important commercial value. The revenues of selling ash could be represented by:


   A S  R t  =  q t S  ⋅ I C ⋅ E u  e t  ⋅  p t  A C     



(7)




where     p t  A C      stands for the price of ash (RMB/kWh).





2.3. The Cost Structure of Straw-Based Power Generation


2.3.1. Investment Cost


Investment cost is an important factor that affects the rapid development of straw-based power generation. Nowadays, realizing the maturity of technology is a long and gradual process. In this study, given that investment cost may decrease with technological advance in the long run, we assume investment cost follows a constantly reduction trend. Thus, we can get:


   T  I t  =  I t  ⋅ I C   



(8)






    I t  =  I  t − 1   ⋅  e   α  I D R       



(9)




where    T  I t     represents the total investment cost (RMB),     I t     denotes unit investment cost (RMB/kW) and     α  I D R      stands for the reduction rate.




2.3.2. Fuel Cost


Fuel cost refers to the costs in the process that straw is transported from the producing area to the storage area in the power plant. Thus, fuel cost mainly comprises straw-purchased cost, transportation cost and storage cost. Thus, we can get:


   F T  C t  S P   =  C t  S P C   +  C t  S T C   +  C t  S S C     



(10)




where     C t  S P C      is the straw-purchased cost (RMB),     C t  S T C      denotes transportation cost (RMB) and     C t  S S C      represents storage cost (RMB).



The straw-purchased cost of straw is mainly dependent on straw price and straw consumption. Mathematically, we can get:


    C t  S P C   =  q t S  ⋅ I C ⋅ E u  e t  ⋅  P t  S P     



(11)




where     P t  S P      denotes straw price (RMB/kWh).



Straw price is determined by the market. Wang et al. [18] thought that the straw price is full of uncertainty in the future because it may fluctuate with the prospect of the biomass power generation industry. They used geometric Brownian motion to describe straw price. In this study, we also use geometric Brownian motion to describe straw price:


   d  P t  S P   =  α  S P    P t  S P   d t +  σ  S P    P t  S P   d  z t  S P     



(12)




where     P t  S P      denotes the straw price,     α  S P      stands for the drift rate of straw price and     σ  S P      represents the instantaneous volatility rate of straw price. In addition,    d  z t  S P      is the increment to a standard Wiener process,    d  z t  S P   =  ε t  S P     d t     , and     ε t  S P      is a normally-distributed random variable with zero mean and unit standard deviation. It is shown that the expected value of straw price is    E [  P t  S P   ] =  P 0  S P   ⋅  e   α  S P   ⋅ t     .



In generally, transportation cost contains transportation fuel cost, as well as loading and unloading cost. Transportation cost is directly related to the distance of collection. More straw consumption must lead to a bigger collection radius and a higher transportation cost. In order to reflect the process of determining transportation cost, we propose three assumptions: (1) The distribution of straw has the characteristics of universality and uniformity. Universality means that crop yield is able to meet the demand. Uniformity implies that the yield difference caused by crop varieties and differences in plant conditions do not exist and crops are distributed evenly. (2) There are enough transport vehicles and labor to complete the task of straw collection and transportation. (3) Some risk factors, e.g., weather factors, are not considered. On the basis of the above assumptions, the details of determining transportation cost could be described as follows.



First, it is necessary to determine the unit collection volume of straw (per ha). The unit straw yield in a certain area is represented by   S u  q 0    . The collection coefficient that reflects the possibility and reliability of collecting straw is     k 1    . The planting coefficient is    k 2    , and the coefficient that reflects that straw is used as fuel is     k 3    . The unit collection volume of straw is calculated by:


   S u q = S u  q 0  ⋅  k 1  ⋅  k 2  ⋅  k 3    



(13)







Second, it is essential to determine the collection radius. Based on the distance, we split the collection area into M areas, and the distance between two adjacent areas is 1 km (Figure 2). It is assumed that Ri represents the distance between area   i   and the power plant (considering that the roads in the countryside are usually winding, we use external diameter Ri to represent the distance between straw collection area i and power plant). For example, R1 means the distance is 1 km, and R20 means the distance is 20 km. Thus, the acreage of area   i   is:


    S i  = π ⋅ (  R i 2  −  R  i − 1  2  ) ⋅ 100   



(14)







On this basis, the collection radius is determined as follows:


    R  M L   = inf  {   R i   |   q t S  ⋅ I C ⋅ E u  e t  ⋅ R t s ≥   ∑ 1   R i      S i  ⋅ S u q      }    



(15)




where    R t s    is the unit straw consumption (t/kWh).



Third, the total transportation cost can be obtained:


      C t  S T C   =   ∑  i = 1    R  M L   - 1    [  S i  ⋅ S u q ⋅ ( n ⋅  C  L U C   + U  C  S P C   ⋅  R i  ) ] +   [ (  q t S  ⋅ I C ⋅ E u  e t  ⋅ R t s ) −   ∑ 1   R  M L   − 1     S i  ⋅ S u q   ]     ⋅ ( n ⋅  C  L U C   + U  C  S P C   ⋅  R  M L   )     



(16)




where     C  L U C      represents the unit loading and unloading cost (RMB/t),   n   stands for the frequency of loading and unloading and    U  C  S P C      denotes unit transportation fuel cost (RMB/t).



After straw is transported to the power plant, it is stored in stack up yard. This process would create the storage cost, including storage venue rental fees, office equipment, personnel salary and insurance premiums. Mathematically, we can get:


    C t  S S C   =  q t S  ⋅ I C ⋅ E u  e t  ⋅ U  C t  S S C     



(17)




where    U  C t  S S C     is unit storage cost (RMB/kWh).




2.3.3. Operation and Maintenance Cost


Operation and maintenance cost, which is used to ensure the normal operation of the power generation plant, mainly is comprised of repair cost, management fee, finance charge and material cost. Thus, we can get:


   S O M  C t S  =  q t S  ⋅ I C ⋅ E u  e t  ⋅ S U O M  C t    



(18)






   S U O M  C t  = S R  C t  + S M  C t  + S F  C t  + S M A  C t    



(19)




where    S R  C t     represents unit repair cost (RMB/kWh),    S M  C t     stands for unit management cost (RMB/kWh),    S F  C t     denotes unit finance cost (RMB/kWh) and    S M A  C t     represents unit material cost (RMB/kWh).




2.3.4. Tax Expenditure


The tax expenditure mainly comprises value-added tax and corporate income tax. At present, the straw-based power generation project can enjoy two years of corporate income tax relief and three years half pay. Mathematically, the value-added tax and corporate income tax can be respectively represented by:


   T a  x t  = V a t a  x t  + C I t a x   



(20)






   V a t a  x t  = ( E S  R t  + C S  R t  + A S  R t  ) ⋅  r  V a     



(21)






   C I T a  x t  = [ ( E S  R t  + C S  R t  + A S  R t  ) ⋅ （ 1 -  r  V a   ） − F T  C t  S P   − S O M  C t S  ] ⋅  r  C I     



(22)




where     r  V a      and     r  C I      respectively denote the rate of value-added tax and corporate income tax (%).





2.4. Net Present Value of the Straw-Based Power Generation Project


It is necessary to express the assumptions before describing the project value function. First, we assume the project can be constructed instantaneously. Second, after the completion of the project construction, the operating state of the power generation project is just the full load operation. Third, the investors may undertake the investment decision only once within the validity period.



The returns from selling electricity (   E S  R t    ), gains through selling CO2 emission allowances (   C S  R t    ), gains through selling ash content (   A S  R t    ), operation and maintenance cost (   S O M  C t S    ), fuel cost (   F T  C t  S P     ) and tax expenditure (   T a  x t    ) constitute the yearly cash flow. Thus, the yearly cash flow could be represented by:


   Y C  F t  = E S  R t  + C S  R t  + A S  R t  − F T  C t  S P   − S O M  C t S  − T a  x t    



(23)







Consider that a straw-based power generation project with lifetime     L  S L      could be built in year   t   (   1 ≤ t ≤  t v    ). Due to the impacts of several uncertain factors, the project value of a straw-based power generation project should be expressed with its expectation    E [ ⋅ ]   . Thus, the project value of a straw-based power generation project is:


    V t  = E [   ∑  i = t   t +  L  S L       e  − r ⋅ ( i − t )   ⋅ Y C  F t    − T  I t  ]   



(24)




where   r   is the discount rate.




2.5. Optimal Investment Rules


In the deterministic setting, i.e., without the consideration of uncertainty and managerial flexibility, investors have limited investment decision options, i.e., undertaking investment or abandoning investment. Nevertheless, in the stochastic setting, uncertainty and managerial flexibility endow investors with more decision options. They can delay investment and wait for the arrival of a better investment environment. That is, investors can choose the optimal time to undertake investment and get the highest value. Mathematically, we can get:


   F =   max   1 ≤ t ≤  t v    [ max (  V t  , 0 ) ]   



(25)








2.6. Model Solution


Given the introduction of three stochastic variables and the complexity of the project value function, we use the least squares Monte Carlo (LSM) method to solve the model [40]. The method and process resemble some previous studies [41,42,43,44,45,46]. The details of the solution process are as follows:



Step 1: Take   W   and   N   as the number of simulation paths and decision points per path, respectively, where    N =    t v    Δ t     , and    Δ t    is the step size. The stochastic variables are simulated by following the discrete versions of their stochastic motions. For each decision point per path, we should calculate the expected project value.



Step 2: For any path   j  , the model solution process starts from the last decision point and goes back to the beginning decision point. At the last decision point (   t =  t v    ), conditional on not having invested before, we can get:


    F  t , j   = max  {   V  t , j   , 0  }    



(26)






    Π  t , j   =  {          1 ,      V  t , j   > 0               0 ,     O t h e r w i s e             



(27)




where     Π  t , j   = 1    means immediate investment and     Π  t , j   = 0    means delaying investment.



In each decision point    1 ≤ t <  t v    , the investors may evaluate whether it is better to invest immediately rather than delay the investment by comparing the expected project value from immediate investment and the expected investment opportunity value by delaying investment.


    F  t , j   = max  {   V  t , j   ,  e  − r    E t  [  F  t + 1 , j   ]  }    



(28)






    Π  t , j   =  {          1 ,      V  t , j   >  e  − r    E t  [  F  t + 1 , j   ]               0 ,     O t h e r w i s e             



(29)







It should be pointed out that the expected investment opportunity value, i.e., the continuation value, is estimated by least squares regression. The dependent variable is the investment value from year t + 1 to the end of the validity period under the optimal investment behavior. The independent variables are the uncertain factors in year t. The regression function is     e  − r    E t  [  F  t + 1 , j   ] =  a 0  +  a 1   P t C  +  a 2    (  P t C  )  2  +  a 3   P t d  +  a 4    (  P t d  )  2  +  a 5   P t  S P   +  a 6    (  P t  S P   )  2    , which is the same as some previous studies [42,45]. Longstaff and Schwartz [40] have proved that the results are remarkably robust to the choice of basis functions, and the value of regression is unaffected by the correlation among the independent variables. However, we still test various polynomials to ensure the rationality of the results, which shows that the results may not be affected significantly in this study [43].



Step 3.The recursion is rolled back in time and repeated unit the optimal decision in each paths are determined.     t j     is the optimal investment time in path   j  . The final most likely optimal investment time is the one with the highest frequency. Additionally, the final investment value is the average value over all of the paths.


    t j  = inf  {  t  |   Π  t , j   = 1    }    1 ≤ t ≤  t v    



(30)






   F =  1 W    ∑ 1 w    e  − r ⋅  t j     F  t , j       j = 1 , 2 , 3...... W   



(31)







In addition, it should be noted that this studies applies the antithetic variable variance reduction technique to improve the accuracy of simulation and reduce the complexity [47].





3. Data


In this study, a 25-MW straw-based power plant will be evaluated with the model explained in Section 2. Table 2 shows the parameters used in this study. The base year is 2015 and the validity period is 15 years (2016–2030). The step size is one year. The desulfurization electricity price is used to represent the market price of electricity. Now the average desulfurization electricity price is 0.43 RMB/kWh. The data are collected from the Notice of National Development and Reform Commission (NDRC) on Reducing the Price of Coal-fired Electricity and Electricity Prices for Industrial and Commercial Use in 2015 [48]. Under the free market mechanism, the market price of electricity varies with the power generation cost. The drift rate and volatility rate are taken from Zhou et al. [40]. In addition, we use the CO2 prices from October 2014–June 2016 in the Shenzhen carbon trading market. The drift rate and volatility rate of the CO2 price are estimated with the maximum-likelihood method [49]. The straw price is taken from the history data in the collection area. Additionally, its drift rate and volatility rate are estimated with the maximum-likelihood method [49]. The value-added tax rate and corporate-income tax rate are respectively collected from The Provisional Regulations on Value Added Tax of China [50] and Corporate Income Tax Law of the People’s Republic of China [51].




4. Results and Discussions


4.1. Base Case Analysis


This study uses MATLAB software to solve the model [41,42]. The investment value and the most likely optimal investment time are employed to reflect the optimal investment strategy. Additionally, we differentiate two cases, i.e., with the carbon emission trading scheme non-existent (Case 1) and existent (Case 2), respectively, to carry out analyses and examine the effects of the carbon emission trading scheme. At first, it is essential to check the stability of the results and then to determine an appropriate number of simulations. The robustness of the result is determined by calculating the investment value for a great number of simulated paths [44]. Figure 3a,b illustrate the statistical convergence of the investment value in both cases. It can be observed that the solutions are robust for a number of simulations greater than 7000 and 4000 in both cases. Thus, we perform 10,000 simulations.



Table 3 shows the optimal investment strategy. As shown, it is not wise for investors to undertake an investment decision in 2016 under two cases. Investors should delay the investment decision. Figure 4 shows the probability distribution of the most likely optimal investment time. It can be seen that the investors should undertake the investment in 2030, i.e., the last year of the validity period. Comparing two cases, the probability that the investment should be undertaken in 2030 in Case 2 is lower than that in Case 1. In other words, the implementation of the carbon emission trading scheme theoretically can advance the most likely optimal investment time. In Case 1, investors can obtain investment a value of 14,869,254.8 RMB. It is estimated that the payback period is 19 years. When the carbon emission trading scheme is considered, i.e., in Case 2, the investment value reaches 37,608,727.6 RMB. It is estimated that the payback period is 17 years. Therefore, the implementation of the carbon emission trading scheme could improve the investment value. In short, although the current CO2 price is not able to advance the most likely optimal investment time, the implementation of the carbon emission trading scheme is conductive to promote straw-based power generation investment.




4.2. Discussions


The optimal investment strategy could be affected by many factors. It is meaningful to examine the extent of the optimal investment strategy’s exposure to some key factors. In this section, we analyze the dynamics of the optimal investment strategy under different subsidy policies, CO2 prices, straw prices, installed capacity, correlation structures and the validity period of investment.



4.2.1. Implications of Subsidy Policy


Under current conditions, it is essential to provide subsidy for investors to attract investment. The subsidy policy can affect the optimal investment strategy by two means, i.e., subsidy level and change pattern. Figure 5a,b display the changes of the optimal investment strategy under different subsidy levels. The positive relationship between subsidy level and investment value can be clearly identified. At the same level of subsidy, the investment value in Case 2 is higher than the one in Case 1, which indicates the extra value brought by the carbon emission trading scheme. As a whole, the most likely optimal investment time is advanced by the increase of the subsidy level. The most likely optimal investment time could be advanced to the year 2016 when the unit subsidy is raised to 0.5 RMB/kWh under two cases. Furthermore, at the same level of subsidy, the most likely optimal investment time in Case 2 is equal to or earlier than the one in Case 1, which indicates the most likely optimal investment time is more easily advanced when the carbon emission trading scheme is implemented.



The National Development and Reform Commission (NDRC) has proposed that the subsidy should be reduced by 2% per year [52]. However, in the Notice of Improving the Price Policy of Biomass Power Generation, the NDRC further increased the feed-in tariff to 0.75 RMB/kWh, i.e., the subsidy is raised to 0.32 RMB/kWh [53]. At the same time, many professionals also proposed that the subsidy should be further raised due to the increase of fuel cost. Therefore, the change pattern of subsidy has some effect on the investment of the straw-based power generation project.



In order to reveal the impact of different change patterns of subsidy, we set three values of     α  E P S      = {−0.02, 0, 0.02} to examine the corresponding changes of the optimal investment strategy.     α  E P S      = −0.02 is the base case.     α  E P S      =0 represents a constant-pattern, and     α  E P S      =0.02 indicates a growth pattern. Figure 6a,b display the results. It can be seen that the growth pattern of subsidy may lead to a higher investment value and the earliest investment time. These indicate that the government should continue raising the subsidy. In addition, the most likely optimal investment time in the constant pattern and the growth pattern is the same because the impact of the change pattern of the subsidy on the most likely optimal investment time is not even [14,18,39,41].




4.2.2. Implications of the Carbon Emission Trading Scheme


The implementation of the carbon emission trading scheme has unavoidable effects on the straw-based power generation investment. In this subsection, we analyze the changes of the optimal investment strategy caused by the CO2 price and its volatility. Figure 7 displays how the changes of the CO2 price influence the optimal investment strategy. It can be observed that the increase of the CO2 price corresponds to a growth of investment value. At the same time, the most likely optimal investment time is shifted to an earlier year. If CO2 price is increased to 0.28 RMB/kWh, investors can undertake the investment in 2016. Thus, it can be concluded that the increase of the CO2 price is completely conducive to attract straw-based power generation investment.



Figure 8 shows the dynamics of the optimal investment strategy under different CO2 price volatilities. As shown, the increase of the CO2 price volatility raises the investment value. Although the CO2 price volatility can delay the most likely optimal investment time by following the real options theory, the most likely optimal investment time in this study is kept to the year 2030, i.e., the last year within the validity period of investment, which indicates that we cannot advance the most likely optimal investment time just by reducing the volatility of CO2 price. The volatility of the CO2 price is caused by the carbon market fluctuation. Thus, maintaining the stability of the CO2 price is an important measure to improve the investment environment and attract more recent investment.




4.2.3. Influence of Straw Price


Straw price is an important factor influencing straw-based power generation investment. This subsection examines the impact of straw price and its volatility on the optimal investment strategy. Figure 9a,b show the impact of the straw price. It can be observed that the increase of the straw price may reduce investment value. Under the same straw price, the investment value in Case 1 is lower than that in Case 2, which indicates the extra revenue brought by the carbon emission trading scheme. Additionally, the most likely optimal investment time is delayed by the increase of the straw price. Under the same straw price, the most likely optimal investment time in Case 2 is equal to or earlier than the one in Case 1, which indicates that the most likely optimal investment time is more difficult to delay when the carbon emission trading scheme is implemented. The implementation of the carbon emission trading scheme mitigates the negative impact of straw price.



Figure 10a,b display how straw price volatility affects the optimal investment strategy. Overall, the straw price volatility can lead to the reduction of the investment value. Under the same straw price volatility, the investment value in Case 2 is higher than that in Case 1. The most likely optimal investment time is kept in the year 2030 under two cases no matter how the straw price volatility changes. These indicate the small impact of straw price volatility on the most likely optimal investment time.




4.2.4. Influence of Installed Capacity


Figure 11a,b show the changes of the optimal investment strategy under different installed capacity. Larger installed capacity is accompanied by more straw consumption, which may result in higher fuel cost. Thus, the changes of installed capacity may affect the optimal investment strategy. Recently, most of the straw-based power generation projects built in China range from 20MW–50MW. As shown, the investment value shows a growth trend with the increase of installed capacity. Under the same installed capacity, the investment value in Case 2 is higher than that in Case 1, which indicates the extra revenue brought by the carbon emission trading scheme. Additionally, the most likely optimal investment time in Case 1 remains at the year 2030. In Case 2, the most likely optimal investment time is shifted to the year 2029 when installed capacity is raised to at least 35 MW.




4.2.5. Impact of Correlation Structure


There may some interactive relationships among stochastic variables in the long run. This study considers the correlation between CO2 price and the market price of electricity. This subsection examines the changes of the optimal investment strategy under different correlation coefficients between the CO2 price and the market price of electricity. Figure 12 shows the results. This subsection only considers Case 2, because the carbon emission trading scheme is non-existent in Case 1. As shown, the investment value shows a growth trend. However, the most likely optimal investment time remains at the year 2030, i.e., the last year of the validity period of investment.




4.2.6. Impact of the Validity Period of Investment


As shown in the base case analysis, the most likely optimal investment time remains at the last year of the validity period, which indicates the choice of the validity period of investment may influence the optimal investment strategy. Figure 13a,b presents the optimal investment strategy under different validity periods of investment. It can be found that the extension of the validity period of investment may increase the investment value. However, the most likely optimal investment time is kept at the last year of the validity period, which further indicates the drawbacks of the current investment environment. In other words, the current investment environment may delay the straw-based power generation investment. Thus, the government should take great efforts to improve the investment environment.






5. Conclusions


As the energy shortage and greenhouse gas emissions problems become increasingly serious, biomass as an important renewable energy resource has drawn wide attention across the world. China is abundant with straw resource. Straw-based power generation is the most effective way to utilize straw. Given the uncertainty and complexity in the investment environment, it is hard to determine whether and when to invest (concerns of investors), as well as how to determine a reasonable and effective incentive policies system (concern of governments). This paper proposes a real options model for evaluating the straw-based power generation project investment in China. The uncertainties in the market price of electricity, CO2 price and straw price are considered. Meanwhile the dynamic relationship between installed capacity and fuel cost, as well as the gradual reduction of subsidy are described. Two scenarios, i.e., the carbon emission trading scheme is non-existent (Case 1) and existent (Case 2), is built to empirically evaluate the investment of a 25-MW straw-based power generation project. The results present not only the optimal investment strategy, i.e., the investment value and the most likely optimal investment time, but also the impact of multiple key factors on the optimal investment strategy.



Several conclusions are derived from this study. First, the results suggest that investors should not undertake an investment decision in 2016 in both cases. Investors should undertake investment in 2030 based on which investors can obtain investment values of 14,869,254.8 RMB and 37,608,727.6 RMB, respectively. Second, the implementation of the carbon emission trading scheme theoretically could improve the investment value and the most likely optimal investment time. However, the current CO2 price is not sufficient to advance the most likely optimal investment time. Third, the subsidy level and CO2 price have a positive relationship with the investment value and may advance the most likely optimal investment time. The volatility of the CO2 price could increase the investment value and does not change the most likely optimal investment time. The volatility of the straw price could reduce the investment value and does not change the most likely optimal investment time. Fourth, the growth pattern of subsidy helps attract investment, because it could increase the investment value and advance the most likely optimal investment time. Although the growth of installed capacity and the correlation coefficient can increase the investment value, it has less impact on the most likely optimal investment time. Due to the drawbacks of the current investment environment, the most likely optimal investment time remains at the last year of the validity period no matter how the validity period of investment is extended. Sixth, under the carbon emission trading scheme, the most likely optimal investment time is more easily advanced and difficult to delay by the relevant factors. Additionally, the project value is more difficult to change by the relevant factors.



Given the above, the investment environment that has the features of higher subsidy, higher CO2 price, a growth pattern of subsidy and lower volatility of CO2 price is conducive to attracting more investments of straw-based power generation projects. Thus, the government should take some measures, such as increasing the subsidy, setting the growth pattern of subsidy, establishing and perfecting a nationwide carbon trading market, as soon as possible. It should be stressed that the effectiveness of the incentive policies would be improved if the volatility of the CO2 price were reduced to the lowest extent. In addition, strengthening technological progress and improving generating efficiency are also important.



In contrast to the existing literature, this paper successfully addresses the following points: (1) considering more uncertain factors and the long-term reduction of subsidy; (2) explaining the dynamic relationship between installed capacity and fuel cost; (3) applying a simulation method to solve the model; and (4) providing not only the optimal investment strategy, but also the impacts of several key factors on the optimal investment strategy. However, considering the complexity in evaluating the straw-based power generation investment, there are some limitations in this paper. First, the stability of straw supply is not considered. Second, the improvement of power generation efficiency resulting from technological progress is not considered. Future studies that can handle these issues would be of greater practical value.







Acknowledgments


The authors gratefully acknowledge the financial support provided by the National Natural Science Foundation of China (Nos. 71573121, 71573119, 71573186 and 71503039), the Jiangsu Natural Science Foundation for Distinguished Young Scholar (No. BK20140038), the Jiangsu “333 programme” research project (No. BRA2015332), the Nanjing University of Aeronautics and Astronautics (NUAA) fundamental research fund (Nos. NE2013104, NJ20150034) and the Ministry of Education in China (MOE) Project of Humanities and Social Sciences (No.15YJC630048).




Author Contributions


All of the authors made contributions to the work in this paper. Mingming Zhang proposed the idea and contributed to the model development, data collection and analysis. Dequn Zhou contributed to policy analysis. Hao Ding and Jingliang Jin provided some suggestions and contributed to the language improvement. All authors have read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



National Development and Reform Commission (NDRC). Middle and Long Term Plan for Renewable Energy Development; National Development and Reform Commission: Beijing, China, 2007. (In Chinese) [Google Scholar]

	



Liu, G.; Shen, L. Quantitive appraisal of biomass energy and its geographical distribution in China. J. Nat. Resour. 2007, 22, 9–19. (In Chinese) [Google Scholar]

	



Zhang, Q.; Zhou, D.Q.; Zhou, P.; Ding, H. Cost analysis of straw-based power generation in Jiangsu province, China. Appl. Energy 2013, 102, 785–793. [Google Scholar] [CrossRef]

	



Chen, L.Q. How about the future of China’s biomass power generation? Rev. Econ. Res. 2013, 51, 37–44. (In Chinese) [Google Scholar]

	



Venetsanos, K.; Angelopoulou, P.; Tsoutsos, T. Renewable energy sources project appraisal under uncertainty—The case of wind energy exploitation. Energy Policy 2002, 30, 293–307. [Google Scholar] [CrossRef]

	



Kjarland, F. A real option analysis of investments in hydropower—The case of Norway. Energy Policy 2007, 35, 5901–5908. [Google Scholar] [CrossRef]

	



Bockman, T.; Fleten, S.; Juliussen, E.; Langhammer, H.; Revdal, I. Investment timing and optimal capacity choice for small hydropower projects. Eur. J. Oper. Res. 2008, 190, 255–267. [Google Scholar] [CrossRef][Green Version]

	



Kumbaroglu, G.; Madlene, R.; Demirel, M. A real options evaluation model for the diffusion prospects of new renewable power generation technologies. Energy Econ. 2008, 30, 1882–1908. [Google Scholar] [CrossRef]

	



Reuter, W.H.; Szolgayova, J.; Fuss, S.; Obersteiner, M. Investment in wind power and pumped storage in a real options model. Renew. Sustain. Energy Rev. 2012, 16, 2242–2248. [Google Scholar] [CrossRef]

	



Boomsma, T.K.; Meade, N.; Fleten, S.E. Renewable energy investments under different support schemes: A real options approach. Eur. J. Oper. Res. 2012, 220, 225–237. [Google Scholar] [CrossRef]

	



Reuter, W.H.; Szolgayova, J.; Fuss, S.; Obersteiner, M. Renewable energy investment: Policy and market impacts. Appl. Energy 2012, 97, 249–254. [Google Scholar] [CrossRef]

	



Detert, N.; Kotani, K. Real options approach to renewable energy investments in Mongolia. Energy Policy 2013, 56, 136–150. [Google Scholar] [CrossRef]

	



Lin, B.; Wesseh, P.K., Jr. Valuing Chinese feed-in tariffs program for solar power generation: A real options analysis. Renew. Sustain. Energy Rev. 2013, 28, 474–482. [Google Scholar] [CrossRef]

	



Zhang, M.M.; Zhou, D.Q.; Zhou, P. A real option model for renewable energy policy evaluation with application to solar PV power generation in China. Renew. Sustain. Energy Rev. 2014, 40, 944–955. [Google Scholar] [CrossRef]

	



Santos, L.; Soares, I.; Mendes, C.; Ferreira, P. Real Options versus Traditional Methods to assess Renewable Energy Projects. Renew. Energy 2014, 68, 588–594. [Google Scholar] [CrossRef]

	



Wesseh, P.K., Jr.; Lin, B. Renewable energy technologies as beacon of cleaner production: A real options valuation analysis for Liberia. J. Clean. Prod. 2015, 90, 300–310. [Google Scholar] [CrossRef]

	



Wesseh, P.K., Jr.; Lin, B. A real options valuation of Chinese wind energy technologies for power generation: Do benefits from the feed-in tariffs outweigh costs? J. Clean. Prod. 2016, 112, 1591–1599. [Google Scholar] [CrossRef]

	



Wang, X.W.; Cai, Y.P.; Dai, C. Evaluating China’s biomass power production investment based on a policy benefit real options model. Energy 2014, 73, 751–761. [Google Scholar] [CrossRef]

	



Zhao, Z.; Yan, H. Assessment of the biomass power generation industry in China. Renew. Energy 2012, 37, 53–60. [Google Scholar] [CrossRef]

	



Wu, C.Z.; Huang, H.; Zheng, S.P.; Yin, X.L. An economic analysis of biomass gasification and power generation in China. Bioresour. Technol. 2002, 83, 65–70. [Google Scholar] [CrossRef]

	



Liu, J.; Wu, J.; Liu, F.; Han, X. Quantitative assessment of bio-energy from crop stalk resources in Inner Mongolia, China. Appl. Energy 2012, 93, 305–318. [Google Scholar] [CrossRef]

	



Zhao, X.G.; Feng, T.T.; Ma, Y.; Yang, Y.S.; Pan, X.F. Analysis on investment strategies in China: The case of biomass direct combustion power generation sector. Renew. Sustain. Energy Rev. 2015, 42, 760–772. [Google Scholar]

	



Zhao, Z.Y.; Zuo, J.; Wu, PH.; Yan, H.; Zillante, G. Competitiveness assessment of the biomass power generation industry in China: A five forces model study. Renew. Energy 2016, 89, 144–153. [Google Scholar] [CrossRef]

	



Sun, Y.; Wang, R.; Liu, J.; Xiao, L.; Lin, Y.; Kao, W. Spatial planning framework for biomass resources for power production at regional level: A case study for Fujian Province, China. Appl. Energy 2013, 106, 391–406. [Google Scholar] [CrossRef]

	



Morais, J.; Barbosa, R.; Lapa, N. Environmental and socio-economic assessment of co-combustion of coal, biomass and non-hazardous wastes in a power plant. Resour. Conserv. Recycl. 2011, 55, 1109–1118. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, X.; Chen, J.; Xie, X.; Wang, K.; Wei, Y. A novel modeling based real option approach for CCS investment evaluation under multiple uncertainties. Appl. Energy 2014, 113, 1059–1067. [Google Scholar] [CrossRef]

	



Osmani, A.; Zhang, J. Optimal grid design and logistic planning for wind and biomass based renewable electricity supply chains under uncertainties. Energy 2014, 70, 514–528. [Google Scholar] [CrossRef]

	



National Development and Reform Commission (NDRC). Trial Measures for the Management of Renewable Energy Power Generation Prices and Cost Sharing; NDRC Pricing Bureau: Beijing, China, 2006. (In Chinese) [Google Scholar]

	



Fuss, S.; Szolgayova, J.; Obersteiner, M.; Gusti, M. Investment under market and climate policy uncertainty. Appl. Energy 2008, 85, 708–721. [Google Scholar] [CrossRef]

	



Abadie, L.M.; Chamorro, J.M. European CO2 Prices and carbon capture investments. Energy Econ. 2008, 30, 2992–3015. [Google Scholar] [CrossRef]

	



China Electricity Council. The Development Status of China's Power Industry in 2014 and the Analysis of Development in 2015; China Electricity Council: Beijing, China, 2015. (In Chinese) [Google Scholar]

	



The United States of America and the People’s Republic of China. U.S.-China Joint Statement on Climate Change. Available online: http://finance.chinanews.com/gn/2015/09-26/7545884.shtml (accessed on 14 June 2016).

	



Climate Conference in Paris. Paris Agreement. Available online: http://www.xinhuanet.com/world/bldh/index.htm (accessed on 14 June 2016). (in Chinese).

	



Alnatheer, O. Environmental benefits of energy efficiency and renewable energy in Saudi Arabia’s electric sector. Energy Policy 2006, 34, 2–10. [Google Scholar] [CrossRef]

	



Nguyen, T.L.T.; Hermansen, J.E.; Mogensen, L. Environmental performance of crop residues as an energy source for electricity production: The case of wheat straw in Denmark. Appl.Energy 2013, 104, 633–641. [Google Scholar] [CrossRef]

	



Ajanovia, A.; Haas, R. CO2 reduction potentials and costs of biomass-based alternative energy carriers in Austria. Energy 2014, 69, 120–131. [Google Scholar] [CrossRef]

	



Bentsen, N.S.; Jack, M.W.; Felby, C.; Thorsen, B.J. Allocation of biomass resources for minimizing energy system greenhouse gas emissions. Energy 2014, 69, 506–515. [Google Scholar] [CrossRef]

	



Fan, Y.; Zhu, L. A real options based model and its application to China’s oversea oil investment decisions. Energy Econ. 2010, 32, 627–637. [Google Scholar] [CrossRef]

	



Zhu, L.; Fan, Y. Modelling the investment in carbon capture retrofits of pulverized coal-fired plants. Energy 2013, 57, 66–75. [Google Scholar] [CrossRef]

	



Longstaff, F.A.; Schwartz, E.S. Valuing American options by simulation: A simple least square approach. Rev. Financ. Stud. 2001, 14, 113–147. [Google Scholar] [CrossRef]

	



Zhu, L.; Fan, Y. A real options-based CCS investment evaluation model: Case study of China’s power generation sector. Applied Energy. 2011, 88, 4320–4333. [Google Scholar] [CrossRef]

	



Zhou, W.J.; Zhu, B.; Chen, D.J.; Zhao, F.X.; Fei, W.Y. How policy choice affects investment in low-carbon technology: The case of CO2 capture in indirect coal liquefaction in China. Energy 2014, 73, 670–679. [Google Scholar] [CrossRef]

	



Shahnazari, M.; McHugh, A.; Maybee, B. Evaluation of power investment decisions under uncertain carbon policy: A case study for converting coal fired steam turbine to combined cycle gas turbine plants in Australia. Appl. Energy 2014, 118, 271–279. [Google Scholar] [CrossRef]

	



Hach, D.; Spinler, S. Capacity payment impact on gas-fired generation investments under rising renewable feed-in—A real options analysis. Energy Econ. 2016, 53, 270–280. [Google Scholar] [CrossRef]

	



Pringles, R.; Olsina, F.; Garces, F. Real option valuation of power transmission investments by stochastic simulation. Energy Econ. 2015, 47, 215–226. [Google Scholar] [CrossRef]

	



Zeng, Y.; Klabjan, D.; Arinez, J. Distributed solar renewable generation: Option contracts with renewable energy credit uncertainty. Energy Econ. 2015, 48, 295–305. [Google Scholar] [CrossRef]

	



Lavenberg, S.S.; Welch, P.D. A perspective on the use of control variables to increase the efficiency of Monte Carlo Simulations. Manag. Sci. 1981, 27, 322–335. [Google Scholar] [CrossRef]

	



National Development and Reform Commission (NDRC). Notice on Reducing the Price of Coal-Fired Electricity and Electricity Prices for Industrial and Commercial Use in 2015; NDRC Pricing Bureau: Beijing, China, 2015. (In Chinese) [Google Scholar]

	



Insley, M. A real options approach to the valuation of a forest investment. J. Environ. Econo. Manag. 2002, 44, 471–492. [Google Scholar] [CrossRef]

	



State Administration of Taxation. The Provisional Regulations on Value Added Tax of China; State Administration of Taxation: Beijing, China, 2009. (In Chinese) [Google Scholar]

	



State Administration of Taxation. Corporate Income Tax Law of the People’s Republic of China; State Administration of Taxation: Beijing, China, 2007. (In Chinese) [Google Scholar]

	



National Development and Reform Commission (NDRC). Trial Measures for the Management of Renewable Energy Power Generation Prices and Cost Sharing; NDRC Pricing Bureau: Beijing, China, 2006. (In Chinese) [Google Scholar]

	



National Development and Reform Commission (NDRC). Notice of Improving the Price Policy of Biomass Power; NDRC Pricing Bureau: Beijing, China, 2010. (In Chinese) [Google Scholar]








[image: Sustainability 08 00563 g001 1024] 





Figure 1. Life cycle and value flow process. 
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Figure 2. The collection radiuses of straw. 
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Figure 3. Investment value in Chinese Yuan (RMB) according to the simulation paths in Case 1 (a) and in Case 2 (b). 
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Figure 4. The probability distribution of investment time. 
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Figure 5. The impact of subsidy levels on investment value (a) and investment time (b). 
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Figure 6. The impact of the subsidy’s change pattern on investment value (a) and investment time (b). 
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Figure 7. The impact of CO2 price. 
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Figure 8. The impact of the CO2 price volatility. 
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Figure 9. The impact of the straw price on investment value (a) and investment time (b). 
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Figure 10. The impact of straw price volatility on investment value (a) and investment time (b). 
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Figure 11. The impact of installed capacity on investment value (a) and investment time (b). 
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Figure 12. The impact of the correlation structure. 
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Figure 13. The impact of the validity period on investment value (a) and investment time (b). 
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Table 1. Summary of the studies on biomass power generation in China.
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Study

	
Purposes of Study

	
Solution Methods

	
Uncertain Factors






	
Zhao and Yan [19]

	
Assessing the strengths, weaknesses, opportunities and threats (SWOT) of the biomass power generation industry of China.

	
SWOT analysis

	
—




	
Wu et al. [20]

	
Analyzing the economic characteristics regarding the associated costs for investment, electricity generation and waste treatment.

	
Net present value

	
—




	
Liu et al. [21]

	
Analyzing temporal and spatial patterns of crop stalk resources, the potential bio-energy of straw resources and the possible pathways of straw-based energy strategies.

	
Cost-profit analysis

	
—




	
Zhao and Feng [22]

	
Exploring the characteristics, opportunities and risks of the investment in biomass direct combustion power generation.

	
Cost-profit analysis

	
—




	
Zhao and Zuo [23]

	
Assessing the competitiveness of China's biomass power industry.

	
Five forces model

	
—




	
Zhang et al. [3]

	
Estimating the straw-fired power generation costs.

	
Cost-profit analysis

	
—




	
Sun et al. [24]

	
Identifying the appropriate developing areas of biomass energy at the regional level.

	
Spatial analysis technology, economic model and scenario analysis

	
—




	
Wang et al. [18]

	
Evaluating China’s biomass power production investment based on a policy benefit model.

	
Real options method (binomial tree)

	
Straw price and CO2 price
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Table 2. Parameters.







Table 2. Parameters.







	
Variables

	
Descriptions

	
Values






	
    q S    

	
Annual running time

	
5500




	
   I C   

	
Installed capacity

	
25MW




	
   E u  e t    

	
Power generation efficiency

	
0.85




	
    r  H S C R     

	
House-service consumption rate

	
15%




	
    P t d    

	
Market price of electricity

	
0.43 RMB/kWh




	
   E P  S t    

	
Unit subsidy level

	
0.32 RMB/kWh




	
    α d    

	
Drift rate of electricity price

	
0.02




	
    σ d    

	
Volatility rate of electricity price

	
0.02




	
    α  E P S     

	
The change rate of subsidy

	
−0.02




	
    L  S L     

	
Lifetime of straw-based power generation

	
20 year




	
  r  

	
Discount rate

	
0.06




	
   C E  F t    

	
Emission factor

	
0.997kg/kWh




	
    P t C    

	
CO2 price

	
0.04 RMB/kg




	
    α C    

	
Drift rate of CO2 price

	
0.02




	
    σ C    

	
Volatility rate of CO2 price

	
0.03




	
    ρ  C d     

	
The correlation coefficient

	
0.1




	
    P t  A C     

	
The price of ash content

	
0.00628RMB/kWh




	
    I t    

	
Unit investment cost

	
10,470 RMB/kW




	
    α  I D R     

	
Reduction rate of investment cost

	
−0.02




	
    P t  S P     

	
Straw price

	
0.25RMB/kWh




	
    α  S P     

	
Drift rate of straw price

	
0.017




	
    σ  S P     

	
Volatility rate of straw price

	
0.03




	
   S u  q 0    

	
The average yield of straw

	
15 t




	
    k 1    

	
Collection coefficient

	
0.8




	
    k 2    

	
Planting coefficient

	
0.7




	
   R t s   

	
Unit straw consumption

	
0.00105t/kWh




	
    k 3    

	
The coefficient of straw used as fuel

	
0.6




	
    C  L U C     

	
Unit loading and unloading cost

	
10 RMB/t




	
  n  

	
The frequency of loading and unloading

	
2




	
   U  C  S P C     

	
Unit transportation fuel cost

	
2 RMB/t. km




	
   U  C t  S S C     

	
Unit storage cost

	
0.042RMB/kWh




	
   S R  C t    

	
Unit repair cost

	
0.04994 RMB/kWh




	
   S M  C t    

	
Unit management cost

	
0.01847 RMB/kWh




	
   S F  C t    

	
Unit finance cost

	
0.03748 RMB/kWh




	
   S M A  C t    

	
Unit material cost

	
0.02736 RMB/kWh




	
    r  V a     

	
The rate of value-added tax

	
0.17




	
    r  C I     

	
The rate of corporate income tax

	
0.25




	
    t v    

	
The validity period of investment

	
15 year (2016–2030)
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Table 3. Results.







Table 3. Results.







	
Cases

	
Case 1

	
Case 2






	
Investment value (RMB)

	
14,869,254.8

	
37,608,727.6




	
Most likely optimal investment time (Year)

	
2030

	
2030










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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