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Abstract: Among the regulatory policies, feed-in tariffs (FIT) and renewable 9 

portfolio standards (RPS) are the most popular to promote the development of 10 

renewable energy power industry. This paper uses system dynamics (SD) to establish 11 

models of long-term development of China’s biomass power industry under FIT and 12 

RPS schemes, and provides a case study by using scenario analysis method. The 13 

model, on the one hand, not only clearly shows the complex logical relationship 14 

between the factors but also reveals the process of coordination between the two 15 

policy tools in the development of the industry. On the other hand, it provides a 16 

reference for scholars to study similar problems in different countries, thereby 17 

facilitating an understanding of biomass power’s long-term sustainable development 18 

pattern under FIT and RPS schemes, and helping to provide references for 19 

policy-making institutions. The results show that in the perfect competitive market, 20 

the implementation of RPS can promote long-term and rapid development of China’s 21 

biomass power industry given the constraints and actions of the mechanisms of RPS 22 

quota proportion, the TGC valid period, and fines, compared with FIT. At the end of 23 

the paper, policy implications are offered as references for the government. 24 

Key words: biomass power, the development of industry, feed-in tariff, renewable 25 

portfolio standard, system dynamics, China 26 
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1.1 Background 28 

Countries around the world have proposed various policies to promote the 29 

development of renewable energy, because renewable energy policies can 30 

significantly contribute to the expansion of domestic industrial activities in terms of 31 

sustainable energy [1]. Among the regulatory policies, feed-in tariffs (FIT) and 32 

renewable portfolio standards (RPS) are the most popular. More than 60 countries and 33 

regions worldwide have implemented one or other of the two policies [2]. FIT and 34 

RPS have common attributes, in that both are policy tools with dual characteristics of 35 

government intervention and market regulation. 36 

FIT policy, represented by China, South America, and most European countries, 37 

is a scheme designed to accelerate investment in renewable energy technologies. It is 38 

a government-led regulatory mechanism that requires power grid enterprises to buy 39 

electricity from renewable energy producers at government-specified prices. In the 40 

early stages of renewable energy development, it ensured the sale of renewable energy 41 

at a protected price, ensuring that the high costs of electricity generation associated 42 

with certain renewable energy technologies do not prohibit the development and use 43 

of those technologies, eliminating the usual uncertainties and risks of renewable 44 

energy [3]. The goal of the FIT is to offer cost-based compensation to renewable 45 

energy producers, providing them with price certainty and long-term contracts that 46 

help finance renewable energy investments [4]. 47 

RPS policy, represented by the United Kingdom, Belgium, and multiple states in 48 

the USA, is a main promotion scheme of a quota obligation on electricity suppliers to 49 

supply an increasing proportion of their electricity from renewable sources [5]. It is 50 

structured as a quantity regulation, letting the market determine a reasonable price for 51 

renewable energy power. In this approach, governments set targets or quotas to ensure 52 

that power grid enterprises purchase a certain market share of capacity or generation 53 

of electricity coming from renewable energy sources. In most cases, governments 54 

create tradable green certificates (TGC) to track the fulfillment of quotas [6]. The 55 

competitive market determines the transaction price. The advantage of RPS policy is 56 
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that it is a framework policy that is easy to integrate with other policy measures and 57 

can be implemented in conjunction with the FIT.  58 

Renewable electricity production is in China at present supported by a FIT 59 

support scheme. Taking China’s biomass power as an example, the National 60 

Development and Reform Commission (NDRC) issued the Notice on Improving 61 

Feed-in Tariff of Biomass Power in July, 2010, to standardize biomass power prices 62 

within the whole country [7]. The main contents of the notice cover two aspects: one 63 

of these is that biomass power FIT would be applied at 0.75 yuan/kWh for all the 64 

power plants, and the other is that the biomass power price cost sharing system would 65 

be implemented continually. However, the current situation is likely to change in the 66 

future. Along with the economic transformation and adjustment of its industrial 67 

structure, China has implemented new power system reforms. The NDRC issued the 68 

Notice on Trial Implementation of Renewable Energy Tradable Green Certificate 69 

Issuance and Voluntary Subscription Trading System on January, 18th, 2017 [8]. The 70 

notice stipulates that the wind power and photovoltaic power sectors trial RPS policy 71 

from July 1st, 2017, and that all renewable energy resources must subscribe to TGC 72 

from January 1st, 2018. The introduction of RPS policy will greatly change the 73 

biomass power industry, which is an important industry for resource-saving and 74 

eco-friendly society in China, and there are many important problems worth studying, 75 

such as the direction of the development of biomass power in the long term under the 76 

two policy schemes, potential problems that may arise during the development 77 

process, and future policy-making. 78 

1.2 Literature review 79 

Many scholars have built various models to study the renewable energy power 80 

industry under FIT and RPS schemes. Some scholars have used multi-objective 81 

programming approaches to serve the decision makers in the renewable energy 82 

industry. Ref. [9] emphasizes a method that integrates the backward dynamic 83 

programming algorithm and Least-Squares Monte Carlo method to assess the optimal 84 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

levels of FIT for photovoltaic power generation industry in China. Ref. [10] 85 

quantitatively compares the impact of RPS and FIT on renewable energy power 86 

industry via a dynamic long-term capacity investment model, which includes various 87 

objects and constraints. Some scholars have used bottom up models. Ref. [11] 88 

develops a long-term consumption forecasting model to study the influence of FIT 89 

variables on energy industry in Italy. Ref. [12] analyzes the potential of renewable 90 

energy for power generation under RPS scheme in Pakistan using a bottom up type of 91 

long term energy system based on the MARKAL framework. Other models have also 92 

been used. Ref. [2] establishes a two-stage model to compare the affect of FIT and 93 

RPS on renewable energy power industry. Ref. [6] examines the relative effectiveness 94 

of FIT and RPS in promoting wind power industry’s development using non-linear 95 

econometric and statistical model with panel data. 96 

Numerous system dynamics (SD) simulation models built by scholars have been 97 

developed and applied successfully to a variety of problems related to energy 98 

planning and management [13]. Ref. [14] simulates the TGC price dynamics of a 99 

market designed to support an aggressive mandate for wind power generation in the 100 

northwestern USA. Ref. [15] describes the conceptual development of the SD model 101 

of U.S. energy supply and demand, and its use in analyzing national energy policy 102 

issues. Ref. [16] shares reflections on why SD practitioners have been successful in 103 

energy power industry. Ref. [17] uses SD models to study various aspects of security 104 

of energy supply faced by the Swiss electricity market. Ref. [18] establishes a SD 105 

model to analyze the regulation and intervention in the markets affect the long-term 106 

prospect for the secure supply of gas in Argentina. Ref. [19] addresses SD models 107 

considered for the assessment of policy options in the natural gas industry in 108 

Colombia, which focus on both modeling and policy, specifically with respect to 109 

industry sustainability, and also on environmental impacts. 110 

1.3 Rationale and structure of the paper 111 

In the existing literature, scholars have presented various methods to provide 112 
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useful analysis for renewable energy industry’s development under FIT and RPS 113 

schemes. However, the dynamics of development of the renewable energy industry 114 

are complex. Most of the literature examines the static impact of a single factor on 115 

renewable energy power industry’s development, and few examples visually indicate 116 

the complex relationship between various important factors and long-term renewable 117 

energy power industry’s development. Thus, our goal is to fill this gap. In this paper, 118 

we synthetically consider various important factors with the analysis of the existing 119 

literature, and use SD to establish models of long-term development of China’s 120 

biomass power industry under FIT and RPS schemes. It should be noted that in the 121 

countries with mature energy policies and a sound energy system, some countries 122 

implement one of the FIT and RPS schemes, and others implement the two schemes 123 

at the same time but never on the same energy power industry. However, China is 124 

now in the stage of power system reform, the FIT scheme is implemented to 125 

encourage the development of biomass power generation industry, while RPS scheme 126 

is implemented to realize the institutional change of biomass power industry from 127 

government subsidy policy to a mandatory system in which the government policies 128 

and the market mechanism work together. In other words, in view of the current 129 

situation of China’s renewable energy power system, the market mechanism of 130 

biomass power industry will gradually transfer from FIT scheme to RPS scheme 131 

rather than the RPS scheme immediately replaces the FIT scheme without a perfect 132 

TGC trading system (Figure 1 shows the changing process of the market mechanism 133 

of China’s biomass power generation, and China is now in the stage of market 134 

mechanism transferring from FIT to RPS scheme) [8]. Thus, the contents of this paper 135 

are divided into two parts, one part is the development of China’s biomass power 136 

industry under FIT scheme, and the other is the development of China’s biomass 137 

power industry under FIT and RPS integrate scheme. The model not only clearly 138 

shows the complex logical relationship between the factors but also reveals the 139 

process of coordination between the two policy tools in the industry’s development. In 140 

addition, the paper studies the development of China’s biomass power industry by 141 

using scenario analysis model. The models proposed in this paper can provide a 142 
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reference for scholars to study development of biomass power industry, thereby 143 

facilitating an understanding of biomass power’s long-term sustainable development 144 

pattern under FIT and RPS schemes and helping to provide references for 145 

policy-making institutions. The structure of this paper is as follows. Section 2 146 

establishes the models of development of biomass power industry under FIT and RPS 147 

schemes. Section 3 carries out data analysis, presents the results of simulations of 148 

different scenarios, and conducts a sensitivity analysis. Section 4 is the discussion, 149 

and conclusions and policy implications are shown in Section 5. 150 

2. Methodology 151 

SD is a systems modeling and dynamic simulation methodology for the analysis 152 

of dynamic complexities in socio-economic and biophysical systems with long-term, 153 

cyclical, and low-precision requirements [20]. Through the complex relationship 154 

between the various elements of the system, SD establishes a relatively effective 155 

model, which can achieve the predetermined goal and meet the predetermined 156 

requirements. Based on the principle of system thinking and feedback control theory, 157 

SD helps understand the time-varying behavior of complex systems [21]. The 158 

development of the renewable energy power industry under FIT and RPS represents a 159 

dynamic system that contains a range of factors, including investment, cost, installed 160 

capacity, quota, TGC price, and TGC demand and supply, shown in Figure 2. These 161 

factors affect and restrict each other and determine the behavior mode of TGC 162 

suppliers and demanders (for details, please see Ref. [14]). Development of the 163 

renewable energy power industry under FIT and RPS involves multivariable, high 164 

order, and nonlinear, dynamic feedback complex systems, with obvious SD 165 

characteristics. Although other types of quantitative modeling can be used for the 166 

impact analysis, the SD model, which has the advantage of solving dynamic problems, 167 

can better simulate the process of development of the renewable energy power 168 

industry [22]. 169 
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2.1 Theoretical framing analysis 170 

FIT and RPS policies are the two instructional tools guiding investors’ 171 

confidence and direction for the renewable energy power industry. In the process of 172 

renewable energy power industry’s development, the introduction and implementation 173 

of FIT and RPS first lead to the change of investment sentiment, which is the 174 

investors’ enthusiasm, and then affect the new investment, thereby affecting the 175 

industrial scale and industry’s profits, which are the most important evaluation 176 

indicators of the development of the industry. We can see that investors’ enthusiasm is 177 

very important for the industry development, thus, the theoretical framing of the 178 

model in this study analyzes the main factors influencing the investors’ enthusiasm 179 

under FIT and RPS schemes, as shown in Figure 3. We use the installed capacity of 180 

biomass power to represent its industrial scale in the figure. 181 

(1) FIT module 182 

To encourage the investment to the development of the renewable energy power 183 

industry under FIT, the government subsidizes the electricity price of renewable 184 

energy power through developing an appropriate proportion of the long run marginal 185 

cost of renewable energy power [23]. This part of the subsidy price is a premium price, 186 

which directly determines the on-grid prices of renewable energy power. The FIT 187 

scheme improves investors’ enthusiasm for developing renewable energy projects. On 188 

the one hand, FIT scheme can make renewable energy power compete in the market at 189 

a lower on-grid price to ensure that power grid enterprises acquire renewable energy 190 

power in priority [24]. On the other hand, it can ensure that renewable energy power 191 

investors legitimately recover the cost of investment. Thus, the FIT is a main factor 192 

affecting the investors’ enthusiasm. 193 

FIT scheme ensures investment and revenue of biomass power industry. 194 

However, with the growing scale of the industry, various construction costs, land 195 

occupation costs, raw materials and fuel costs, human resources costs, and loans 196 

gradually increase within the construction of biomass power projects. The profits of 197 

biomass power industry continuously change, which can not only directly affect the 198 
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development of the industry but also influence short-term investment of construction 199 

projects. Investors will adjust the new investment in the next period according to 200 

changes of profits. It reveals that industry’s profit is a main factor affecting the 201 

investors’ enthusiasm. 202 

(2) FIT and RPS integrate module 203 

The implementation of FIT and RPS integrate scheme relies on FIT policy, that 204 

is, FIT ensures the initial investment and industry scale when RPS implementing at 205 

early stage according to the above analysis, which lays a good foundation for the TGC 206 

market transaction scale. TGC refers to a certificate of renewable energy generation 207 

mode, which can be tradable and honored as a currency. TGC system is a 208 

market-based subsidy scheme designed to promote renewable energy power by 209 

prescribing the RPS quota proportion, which is a critical policy variable reflecting 210 

government policy objectives [25]. In this market, traditional power plants and power 211 

grid enterprises (TGC demanders) that purchase green certificates undertake 212 

designated RPS quota proportion. The renewable energy power plants (TGC suppliers) 213 

that sale green certificates can trade with TGC demanders on the basis of the 214 

renewable energy power generating capacity. In general, one kWh of electricity can 215 

be converted to one unit of TGC. The supply and demand of TGC determine the TGC 216 

price in the trading market. Besides, TGC has its valid period. TGC suppliers need to 217 

sell TGCs, and TGC demanders need to turn TGCs in RPS before expiration. Thus, 218 

TGC valid period affects the amount of TGC sold to demanders. To ensure the 219 

implementation of RPS, the government will punish either TGC suppliers or 220 

demanders who do not fulfill their quota obligations by setting a fine. 221 

Within the implementation of RPS, the formation of TGC trading market affects 222 

the development of biomass power industry. The revenue of biomass power plants is 223 

not only from electricity sales but also from TGC sales, which is determined by TGC 224 

price and amounts of TGC sold to demanders. The change of revenue affects the 225 

industry’s profits. In addition, according to microeconomics theory, TGC price 226 

increases when TGC demand (amount of TGC purchases) is greater than supply 227 

(amount of TGC sales). In this situation, the investors hold that selling TGC is 228 
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profitable, and invest new biomass power projects, and vice versa. It shows that TGC 229 

price affects investors’ enthusiasm, thereby influencing new investment and the 230 

development of biomass power industry. 231 

2.2 Model design 232 

At the beginning of model design, we define the biomass energy of our study. 233 

Different regions or countries have different definitions of biomass energy that can be 234 

generated. For example, the raw material for biomass power generation in Europe is 235 

the biodegradable part of different types of waste according to the “Renewable 236 

Sources” European Directive 2001/77/CE. China uses natural plants, poultry manure, 237 

and organic waste from urban and rural areas for biomass power generation according 238 

to the Renewable Energy Law (2006). Agriculture as one of the largest industries in 239 

China provides a rich source for biomass resources [26]. As the residue of wood 240 

harvesting in agriculture and the forestry industries, crop straw accounts for 241 

approximately 60% of the total biomass resources in China [27]. The future 242 

development of biomass energy resources is likely to continue and expand from the 243 

traditional agriculture and forestry residues into areas as poultry excrement, urban 244 

garbage and biological liquid fuels [28]. The resource amounts and availability of 245 

biomass energy in China is shown in Ref. [28] in detail. 246 

To facilitate the theoretical study and establishment of the model, there are 247 

several assumptions in the process of model establishment: 1) The market is a perfect 248 

competitive market, that is, the market traders are rational economic people, and 249 

supply and demand determines the transaction price. 2) Do not consider the 250 

technological progress, that is, FIT and unit cost do not change with time. 3) Do not 251 

consider the impact of tail gas on the environment, that is, the residents do not hinder 252 

but accept the construction of biomass power plants. 253 

2.2.1 Model under FIT scheme 254 

Based on the above analysis, we believe that the development of biomass power 255 
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industry under FIT is mainly affected by FIT level and industry’s profits. This study 256 

sets the variables showing the cumulative results to state variables (shown in boxes), 257 

the variables showing the changing rate of state variables to rate variables (shown 258 

with double triangles), and the rest of the relevant variables to auxiliary variables 259 

according to the characteristics of the factors [22]. The flow graph is a good tool for 260 

modeling the cause and effect relationships between various components of the SD 261 

model. A flow graph of the development of biomass power industry under FIT scheme 262 

is established in this paper using Vensim software, as shown in Figure 4. The 263 

directions of the arrows indicate the influence interaction, and the impact of the FIT 264 

level and industry’s profits on the development of the industry is stressed via boldface 265 

and thick line. 266 

There are approximately twenty control functions in this flow chart that are used 267 

to express the quantitative relationships between parameters. Due to the limited length 268 

of the article, only the main formulas and significant functional relationships of the 269 

impact of the FIT level and industry’s profits on the development of biomass power 270 

industry in the flow chart are enumerated, as follows. Interested readers can collect all 271 

the necessary information from Refs. [29,30] to completely understand the model 272 

under FIT scheme. 273 

( ) biomassi LMCFITs /α+=                                           (1) 274 

ε×= IPpi                                                      (2) 275 

( ) ϕ××+= cumulativeiiexpected ICpsIC                                    (3) 276 

( )
0cumulativenewcumulative ICdtEDICIC +−= ∫                               (4) 277 

Where, 278 

is  is the impact of subsidy price on investment, 279 

biomassLMC  is the long run marginal cost of biomass power, 280 

ip  is the impact of industry’s profits on investment, 281 

IP  is industry’s profits, 282 
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expectedIC  is the expected installed capacity to construct under FIT, 283 

cumulativeIC  is the cumulative installed capacity, 284 

newIC  is the newly-added installed capacity, 285 

ED  is equipment depreciation, 286 

0cumulativeIC  is the initial value of the cumulative installed capacity when time 287 

equals zero, 288 

α , ε , and ϕ  are economic parameters. 289 

is  can be seen as a comparative advantage over long biomassLMC , and it is 290 

positively correlated with FIT levels, as shown in formula (1). IP  directly 291 

determines investors’ investment strategies, and ip  is positively related to the profits, 292 

as shown in formula (2) [29]. Both is  and ip  can be seen as the proportion of 293 

investment in the next period of the construction plan with cumulativeIC , thus expectedIC  294 

is shown as formula (3). The biomass power projects need to be operational after the 295 

construction period, thus, we use the delay function in Vensim to represent the 296 

newly-added installed capacity, which is 297 

( )0,, periodonconstructiCPFIXEDDELAY . cumulativeIC  is the cumulative value of 298 

the difference between the newly-added installed capacity and ED  each year, as 299 

shown in formula (4), where ED  is calculated by the average depreciation method. 300 

θ−×= cumulativebb ICCC 0                                              (5) 301 

Where,  302 

bC  is the biomass cost per unit of power generation, 303 

0bC  is the initial value of the biomass cost per unit of power generation, 304 

θ  is the learning rate index of cumulative installed capacity in the biomass cost 305 

per unit of power generation. 306 

The price of biomass is changing, which leads to the fluctuation of raw materials 307 
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and fuel costs, and with the expansion of industry scale, the biomass cost per unit of 308 

power generation is decreasing gradually [31]. The decreasing biomass cost with the 309 

expansion of industry scale can be quantified by learning rate of industrial 310 

development, which is estimated by learning curve model [32]. Thus, the biomass 311 

cost per unit of power generation is shown in equation (5) (for details, please see Ref. 312 

[31]) 313 

2.2.2 Model under FIT and RPS integrate scheme 314 

Based on the above analysis, we believe that the development of biomass power 315 

industry under RPS scheme is mainly affected by FIT level, industry’s profits, and 316 

TGC price. A flow graph of development of biomass power industry under RPS 317 

scheme is established, as shown in Figure 5, where, the impact of FIT level, industry’s 318 

profits, and TGC price on the industry’s development is stressed via boldface and 319 

thick line. 320 

There are approximately forty control functions in this flow chart, and only the 321 

main formulas and significant functional relationships of the impact of TGC price on 322 

the development of biomass power industry and the process of TGC fluctuation in the 323 

flow chart are enumerated, as follows. Interested readers can collect all the necessary 324 

information from Refs. [14,33,34] to completely understand the model under RPS 325 

scheme. 326 

( ) biomassi LMCAPt /η+=                                            (6) 327 

( ) δ××′++=′ cumulativeiiiexpected ICtpsCI                                 (7) 328 

( )hpppsales TGCTGCTGCmfTGC ××=
0

//                              (8) 329 

( )[ ]





≤−××
>

=
thdhdtpp

thd

purchases TGCTGCifTGCTGCTGCTGCmf

TGCTGCif
TGC

,//

,0

0

  (9) 330 

fpopf tTGCTGC /λ×−=                                           (10) 331 

Where,  332 

it  is the impact of TGC price on investment, 333 
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AP  is TGC annual price, 334 

expectedCI ′  is the expected installed capacity to construct under RPS, 335 

it′  is the impact of TGC price on investment after adjustment, 336 

salesTGC  is the expected TGC sales amount, 337 

f  is fine, 338 

m  is the maximum value of probable TGC price, 339 

pTGC  is TGC price, 340 

0pTGC  is the initial value of TGC price when time equals zero, 341 

hpTGC  is TGC held by biomass power plants, 342 

purchasesTGC  is the expected amount of TGC purchases, 343 

hdTGC  is TGC held by demanders, 344 

tTGC  is TGC turned in for RPS, 345 

pfTGC  is TGC price fluctuation, 346 

oTGC  is TGC oversupply, 347 

fpt  is adjustment time of TGC price fluctuation, 348 

η , δ , and λ  are economic parameters. 349 

it  can be seen as a comparative advantage over biomassLMC , which is similar to 350 

is , and, as mentioned above, the higher the TGC price, the greater the enthusiasm of 351 

investors; thus, it  is positively correlated with pTGC . In addition, investors use 352 

AP , a relatively stable price, as a reference for the next period of investment [35]; 353 

thus, it  is shown in formula (6). expectedCI ′  is similar to formula (3), as shown in 354 

formula (7). As there is a time difference between a TGC price signal and a new 355 

biomass power project starting to produce energy, it′  is shown by using a delay 356 
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function in Vensim, as ( )trendpriceTGCoftimeadjustmenttDELAY i ,1 . 357 

Newly-added installed capacity and cumulative installed capacity are the same as 358 

those under FIT. 359 

In the TGC market, salesTGC  is based on hpTGC  and is affected by two aspects 360 

of f  and pTGC . On the one hand, salesTGC  changes as the pTGC  changes, that is, 361 

biomass power plants plan the sales amount by taking the ratio of the current pTGC  362 

to 
0pTGC  as a reference [14]. When based on marginal cost price, 

0pTGC  is the 363 

difference between biomassLMC  and the long run marginal cost of traditional power. 364 

On the other hand, as f  set by the government is generally higher than m , TGC 365 

suppliers would rather sale more TGC than accept punishment [33]. To show the 366 

promotion effect of a fine, we set mf /  as a proportion representing the more 367 

amount of TGC sales based on the initial sales amount of biomass power plants. Thus, 368 

salesTGC  is shown in formula (8). Similarly, purchasesTGC  is shown in formula (9), 369 

which is a conditional function shown as 370 

( )( )hdtppthd TGCTGCTGCTGCmfTGCTGCTHENELSEIF −××> //,0,
0

 in 371 

Vensim. hdTGC  is the difference between TGC sold to demanders and tTGC , where 372 

TGC sold to demanders is shown by using extremal function as 373 

( ) ( )( )salesespurchasesed TGCTGCMAXTGCTGCMAXMIN ,,,  in Vensim ( edTGC  and 374 

esTGC  are the amount of expired TGC of TGC demanders and suppliers, 375 

respectively). tTGC  is determined by electricity demand and RPS quota proportion 376 

each year. As mentioned above, TGC supply and demand directly determines the TGC 377 

price changes: the greater the supply of TGC, the higher the TGC price. Thus, pfTGC  378 

is negatively correlated with oTGC , as shown in formula (10) [36]. 379 

2.3 Validation of dynamic models 380 
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SD models are causal models, suitable for analysis and evaluation of the policy 381 

in a period of time, rather than a precise numerical prediction at a time [37,38]. 382 

Consistent with this assertion, the key purpose of our developed SD models is to 383 

assist us in the assessment and analysis of biomass power industry sector. 384 

Furthermore, all the models which produce the outcomes based on the right structure 385 

should be tested its validity. Without appropriate validity testing of the model, it is 386 

hard for anyone to buy in the claims of the study [39]. Therefore, we followed 387 

validation methods and steps that the SD community subjects their models to 388 

according to Refs. [40,41]. Both the structural (shown as follows) and behavior 389 

validity procedures (shown in the analysis of the results) are applied to SD models. It 390 

is noted that the validation methods and steps in Refs. [40,41] are suitable for all SD 391 

models, and directly used by us for a certain case study in the following contents. 392 

2.3.1 Boundary adequacy 393 

Figure 6 summarizes the major endogenous and exogenous variables in the 394 

models. Consistent with the purpose of the development of biomass power industry, 395 

all the major aggregates: investment, capacity, profits, costs, and TGC price are 396 

generated endogenously. Electricity demand, FIT, construction and equipment factors, 397 

RPS mechanisms, long run marginal costs, rate, and adjustment times are exogenous 398 

variables. 399 

2.3.2 Structure verification 400 

The structure verification of the models are tested by two aspects. One of them is 401 

the specific case-China’s biomass power industry data (or available knowledge about 402 

the real system) shown in Section 3, and the other are sub-models/ structures of the 403 

existing models of the domain shown in Table 1. 404 

2.3.3 Dimensional consistency 405 

The dimensional consistency test requires testing all mathematical equations in 406 
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the models, and ensuring that the units of variables in each equation are consistent. 407 

We have used “Unit Test” in Vensim and found that the dimensional consistency 408 

passed the test. We take formula (1) as an example, the value of α  is estimated 409 

based on the effect of FIT implementation in China. We considered all 34 locations 410 

(except for Hong Kong, Macao, and Taiwan) of biomass power plants, and the 411 

relation among the development of biomass power generation, the long run marginal 412 

cost of biomass power, and the FIT at each of these provinces were obtained to 413 

estimate the value of 55.0−=α . Now if we do the dimensional analysis of formula 414 

(1) using “Unit Test”, we can have 415 

[dimensionless]=[(yuan/kWh)/(yuan/kWh)]=[dimensionless]. Thus, not only the value 416 

of α  is based on the existing knowledge of the real system but also the formula is 417 

dimensionally consistent. 418 

2.3.4 Parameter verification 419 

The selection of parameter values determines the validity and feasibility of the 420 

model outcomes. The values in this study are sourced from the existing knowledge 421 

and numerical data form case-China’s biomass power industry data. The detailed 422 

description is given in Section 3. 423 

2.3.5 Extreme condition test 424 

We set (i) both FIT and RPS quota as 0, and (ii) construction delay to a very 425 

large number as several extreme conditions. We have found that installed capacity, 426 

investment and industry profits gradually reduced and close to zero in these cases, 427 

shown as Figure 7. It reveals that the output of the models is in line with the actual 428 

situation under extreme conditions, and the models we produced passes the extreme 429 

condition test and their validity is enhanced. 430 

2.3.6 Structurally oriented behavior test 431 

In this test, the behavioral sensitivity of the models are evaluated, which are 432 
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shown in sensitivity analysis of Section 3 in detail. 433 

In summary, the structure of SD models of biomass power industry development 434 

under FIT and RPS schemes were exposed to all the six tests for overall structural 435 

validity. Based on these evaluations, we have strong confidence in the credibility of 436 

our scenario-based conclusions. 437 

3. Data, simulation results and analysis 438 

3.1 Data 439 

To facilitate the study of the dynamic development, the temporal resolution of 440 

the model needs to be small. This study assumes that the step size is 1 month. At 441 

present, each country’s TGC contract period usually ranges from 3 to 10 years. To 442 

study the impact of policy on the long-term development of the industry, this study 443 

considers the actual situation in China, and assumes that the simulation time is 10 444 

years, or 120 months, and that the start time is January, 2016. The key parameters and 445 

their practical initial values in the study are shown in Table 2. Most of the data are 446 

collected from the China Statistical Yearbook, a survey of the data from the China 447 

Electricity Council and National Energy Administration. The initial value of the RPS 448 

quota proportion of 1.3% is the proportion of biomass power generating capacity 449 

represented in the total electricity consumption in January, 2016. As the RPS quota 450 

proportion of China’s biomass power will reach at least 5% we estimate in 2025 451 

according to NDRC [42], its growth rate is set as 1.13% each month. As China’s 452 

long-term electricity demand growth rate is approximately 3% each year [43], it is set 453 

as 0.25% each month. The key parameters and their assumed values in the study are 454 

shown in Table 3. According to Ref. [44], the learning rate index of cumulative 455 

installed capacity in the biomass cost per unit of power generation is 0.48. As the 456 

maximum value of the probable TGC price is approximately twice the long run 457 

marginal cost of biomass power [36], we set it as 1.2 yuan/kWh. 458 

3.2 Simulation results 459 
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The simulation of the development of China’s biomass power industry under FIT 460 

and RPS schemes will be operated based on the SD models in Figure 4 and Figure 5. 461 

We set up the three following scenarios of FIT for comparative study. Scenario A is a 462 

practical situation, with a subsidy rate of about 30% relative to the long run marginal 463 

cost of biomass power, while Scenario B and C are comparative scenarios, with 464 

subsidy rates of 35% and 40%, respectively. 465 

Scenario A: FIT is 0.75 yuan/kWh 466 

Scenario B: FIT is 0.78 yuan/kWh 467 

Scenario C: FIT is 0.81 yuan/kWh 468 

The simulation results of the development of China’s biomass power industry 469 

under FIT scheme are shown in Figure 8. We can see that, starting from the 470 

commencement of operation, the expected installed capacity to construct, cumulative 471 

installed capacity, and industry’s profits continue to grow steadily under three FIT 472 

levels, with increases in the level of subsidy directly correlated with increases in the 473 

speed of growth. Under the three FIT levels, the cumulative installed capacities will 474 

approach 25.5 GW, 30.6 GW, and 36.7 GW, respectively, and the biomass power 475 

industry’s profits will reach ¥57.1 billion, ¥70.9 billion, and ¥87.5 billion, respectively, 476 

in 2025. 477 

We verify the behavioral validity of the model under FIT scheme in this part by 478 

comparing the results of the simulation with the Chinese government’s planning 479 

values. As the industry planning of China’s biomass power is up to 2020, we compare 480 

the data in 2020 shown in Table 4. As the technological progress is not considered in 481 

the simulation, the planning value may higher than the simulation results. Since the 482 

model is not intended for forecasting but rather for policy analysis, the errors in 483 

installed capacity and profits growth rate are of little concern, as it will not affect the 484 

relative efficacy of policies [40]. As a result, it is fair to conclude that the model under 485 

FIT scheme, a model used for policy analysis rather than forecasting purposes, 486 

accurately replicates the actual data. 487 

The simulation results of the development of China’s biomass power industry 488 

under RPS scheme are shown in Figure 9. By comparing the results of TGC price 489 
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with the related literature [14,33,35,36], we find that the overall trend of TGC prices 490 

is an initial increase followed by a decrease and that the maximum TGC price is less 491 

than the fine level. This proves that our simulation results are consistent with those of 492 

other scholars. 493 

First, we analyze the practical situation, namely Scenario A. We can see from the 494 

figure that construction of the TGC market begins in 2016–2020 (Time from 0 to 60), 495 

during which period, within the context of the continuing growth in electricity 496 

demand and the government’s requirement for the RPS quota ratio, there is always 497 

TGC excess demand in the market and the TGC price will rise steadily. The growth of 498 

the TGC price causes two changes. First, investors’ enthusiasm grows, with the result 499 

that new biomass power plants will access the market. On the other hand, the revenue 500 

of biomass power plants increases. This causes steady growth of the expected 501 

installed capacity to construct, cumulative installed capacity, and industry’s profits. 502 

With the construction of the TGC market and the expansion in scale of the 503 

biomass power industry, the electricity demand increases steadily and the generating 504 

capacity of biomass power grows fast. In addition, the effect of a fine contributes to 505 

increasing TGC purchases and sales. On the other hand, TGC demanders and biomass 506 

plants use the TGC held by themselves and the amount of expired TGC to adjust the 507 

amount of TGC in the market. Thus, the market interplay between TGC demanders 508 

and biomass power plants gradually intensifies from 2021 (Time=61) and begins to 509 

fluctuate violently, while TGC excess demand decreases, and TGC price, the expected 510 

installed capacity to construct, cumulative installed capacity, and industry’s profits 511 

continue to grow. 512 

With the further fast expansion of the biomass power industry, fluctuating excess 513 

demand for TGC gradually changes into oversupply. The TGC price reaches a 514 

maximum of 0.88 yuan/kWh in 2024 (Time=96) and then begins to decline rapidly. 515 

Due to the delayed effect of the TGC price signal on new biomass power projects, 516 

investors do not immediately reduce their investment in new biomass power projects 517 

in 2024. Thus, the expected installed capacity to construct and the cumulative 518 

installed capacity both still grow rapidly. However, the rapid decline of the TGC price 519 
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and the growth of construction costs causes the profits of the biomass power industry 520 

to increase slowly. Finally, the cumulative installed capacity and industry’s profits 521 

approach 76.9 GW and ¥273 billion, respectively, in 2025. 522 

We verify the behavioral validity of the model under RPS scheme in this part. As 523 

China has not yet implemented RPS, there is no practical data for comparison. 524 

However, on the one hand, as mentioned above, simulation results of TGC price are 525 

consistent with those of other scholars. On the other hand, according to the experience 526 

of other countries, the installed capacity will reach the target ahead of time if RPS can 527 

be well implemented. The simulation results of our model are consistent with the fact. 528 

It reveals that the model under RPS scheme, a model used for policy analysis rather 529 

than forecasting purposes similar to that under FIT scheme, accurately reflects the 530 

actual development trend. 531 

Second, we conduct a comparative analysis using three scenarios. When the 532 

TGC market is in the TGC excess demand phase, the higher the subsidy price, the 533 

greater the enthusiasm of investors, the greater the expected installed capacity to 534 

construct and industry’s profits, the more rapid growth of the cumulative installed 535 

capacity of biomass power, the greater the TGC supply, the lower the TGC price 536 

while the easier to balance TGC demand, and more quickly reaching the maximum 537 

TGC price. Moreover, we find that the higher the subsidy price, the smaller 538 

fluctuation of market interplay between TGC demanders and biomass power plants. 539 

When TGC excess demand changes into oversupply, the TGC price begins to drop. 540 

We find that the higher the subsidy price, the lower the TGC price, the slower the 541 

growth of both expected installed capacity to construct and cumulative installed 542 

capacity of biomass power, and the slower the growth of biomass power industry’s 543 

profits. Although the high subsidy price contributes to increase investors’ enthusiasm, 544 

the too-low TGC price caused by high subsidy price leads to a reduction in the TGC 545 

market transaction activity, thereby reducing the investors’ enthusiasm. Through the 546 

contrast, we can see that a high subsidy price is propitious to the industry’s 547 

development in the TGC excess demand phase while a high TGC price is conductive 548 

to the industry’s development in the TGC oversupply phase. 549 
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In summary, we draw the following three conclusions from the simulation results. 550 

First, China’s biomass power industry develops faster, increases in scale, and profits 551 

more with the constraints and actions of RPS quota proportion, TGC valid period and 552 

fines under RPS scheme. Second, the subsidy price is negatively correlated with the 553 

TGC price in industry’s development. Third, the promotion effect of FIT on new 554 

investment in the TGC excess demand phase is stronger than that in the TGC 555 

oversupply phase. In contrast, the promotion effect of TGC price on new investment 556 

in the TGC oversupply phase is stronger than that in the TGC excess demand phase. 557 

3.3 Sensitivity analysis 558 

As mentioned above, policy makers set up mechanisms of RPS quota proportion, 559 

TGC valid period, and fine, to encourage industry’s development under RPS scheme. 560 

Various values of the three mechanisms will have different effects on industry’s 561 

development, and policy makers will develop their initial values accordingly. On the 562 

one hand, these values lead to different power plants’ market behavior 563 

decision-making of RPS, and then make the TGC achieve balance. On the other hand, 564 

the TGC equilibrium strategy in turn makes the RPS scheme more adaptable, and its 565 

performance is the dynamic adjustment and adaptation of RPS quota proportion, TGC 566 

valid period, and fine. Then, the TGC equilibrium strategy becomes the common 567 

belief of all the power plants, and the RPS scheme will be strengthened. Thus, it is 568 

necessary to study the scientific setting of RPS quota proportion, TGC valid period, 569 

and fine level for the current stage of China’s biomass power generation market. We 570 

set the FIT of the biomass power as 0.75 yuan/kWh in this section. 571 

3.3.1 RPS quota growth rate 572 

We set the RPS quota proportion of China’s biomass power in 2025 as 5%, 5.5% 573 

and 6%; that is, the RPS quota growth rate is set at 1.13%, 1.21%, and 1.28%, 574 

respectively, each month as Scenarios D, E, and F, respectively. The simulation results 575 

are shown in Figure 10. We can see that the higher the RPS quota growth rate, the 576 
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higher the TGC price, the greater the expected installed capacity to construct and 577 

profits of the biomass power industry, with the increases being fast and steady, and the 578 

more rapid growth of the cumulative installed capacity. This is because higher RPS 579 

quota proportion results in greater TGC demand, increased ease of promotion of 580 

market TGC transactions, and increased investor enthusiasm, thereby promoting 581 

industry’s development. 582 

3.3.2 TGC valid period 583 

We set 12 months, 36 months, and 60 months of the TGC valid period as 584 

Scenarios G, H, and I, respectively, in this section. The simulation results are shown in 585 

Figure 11. The figure shows, first, that the longer the TGC valid period, the lower the 586 

TGC price, the smaller the magnitude of TGC price fluctuation, and the slower the 587 

growth of expected installed capacity to construct, cumulative installed capacity, and 588 

profits of the biomass power industry. This is because increases in the TGC valid 589 

period increases not only the amount of TGC that can be held by the transactors but 590 

also the length of time that it can be held and the amount that can be sold, thus being 591 

helpful for transactors to deal with long-term risk of the TGC price, and resulting in 592 

the lower TGC price and slower it rises and falls. Second, the figure also shows that 593 

the change of the TGC valid period has no significant effect on expected installed 594 

capacity to construct, cumulative installed capacity, and profits of the biomass power 595 

industry. As a mechanism that can flexibly adjust the transaction volume at different 596 

times, the TGC valid period has little effect on the total amount of TGC transactions 597 

and, thus, has no significant effect on development of the biomass on power industry. 598 

3.3.3 Fine level 599 

Setting the fine level scientifically is an effective way to make the power plants 600 

follow the RPS scheme, which is conducive to promoting the TGC strategic choice of 601 

power plants, thereby increasing the effectiveness of the RPS scheme and TGC 602 

trading system. We set 1.3 yuan/kWh, 1.5 yuan/kWh and 1.7 yuan/kWh of fine level 603 
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as Scenarios J, K, and L, respectively, in this section. The simulation results are 604 

shown in Figure 12. We can see that the higher the fine, the greater the market 605 

incentive effect, the more active the market, the higher the TGC price, the greater the 606 

enthusiasm of investors, and the more rapid the development of the biomass power 607 

industry. However, a too high fine level causes the biomass power industry to develop 608 

too fast, resulting in TGC oversupply and a rapid fall in TGC price. Moreover, the 609 

higher fine leads to the faster the rate of decline, which results in the rapid decline of 610 

the growth of biomass power industry’s profits. Thus, although a high fine level can 611 

stimulate market transactions and promote industry’s development, it will lead to 612 

greater fluctuations in the TGC price, which increases the risks of market transactions 613 

and is not conducive to the growth of biomass power industry’s profits. 614 

4. Discussion 615 

To facilitate the theoretical study, the study sets some assumptions in the 616 

modeling process. However, in the process of policy implementation, many uncertain 617 

factors, such as the assumptions, have complex impacts on the development of 618 

China’s biomass power industry. In this section, we will discuss several assumptions 619 

set in the study. 620 

4.1 Imperfect competition market 621 

In general, the electricity market has not been an ideal perfect competitive 622 

market for a long time. An imperfect competitive market cannot fully realize 623 

information symmetry and maximize the efficiency of resource allocation. Moreover, 624 

the transaction price is not directly determined by supply and demand, and the market 625 

price signal cannot accurately adjust the behavior of traders, eventually resulting in 626 

market failure. China’s electricity market, for example, is mainly dominated by five 627 

power generation groups, the China state grid, and the southern power grid company, 628 

although NDRC has issued policies to break the electricity market’s monopoly and 629 

establish a perfect competitive market in the 13th Five-Year Plan power reform 630 
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system [46,47]. This study shows that RPS can help to promote the development of 631 

China’s biomass power industry in the perfect competitive market, when compared 632 

with FIT. In contrast, Refs. [48,49] study the effect of FIT and RPS on electricity 633 

market in an oligopoly market, and show that the access threshold of the power 634 

industries is high, the traditional power enterprises form a monopoly, renewable 635 

energy power enterprises find it difficult to access the market, the transaction price is 636 

distorted, and FIT is more effective than RPS in promoting the development of the 637 

renewable energy in an imperfect competition market. Thus, the degree of market 638 

competition directly determines the policy effects of RPS for the development of 639 

China’s biomass power industry. 640 

4.2 Technological progress 641 

Technological progress is an important factor affecting industrial development. 642 

With the continuous operation of new biomass power plants, related supporting 643 

technologies of biomass power generation have come to maturity [50]. Technical 644 

progress, such as circulating fluidized bed, water-cooled vibrating grate furnace and 645 

other industrial technologies, reduces the costs of biomass power infrastructure 646 

construction, operation, and maintenance, in addition to other costs [31,50]. Thus, it 647 

reduces the long run marginal cost of generating biomass power in China, increases 648 

industry’s profits, and improves industry’s development under FIT [51,52]. The 649 

decline in long run marginal cost reduces the dependence of the biomass power 650 

industry on subsidy prices. Thus, the government will also reduce the FIT level and 651 

subsidy price at intervals [53]. This study shows that the reduction in FIT and subsidy 652 

price contributes to the long-term development of the biomass power industry under 653 

RPS. Overall, technical progress has a positive effect on the development of China’s 654 

biomass power industry under FIT and RPS. 655 

4.3 Environmental conflicts 656 

China’s biomass power generation is mainly based on the direct combustion of 657 

straw and on waste incineration [28]. As the rapid increase in straw and municipal 658 
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solid waste generation coupled with the lack of space for new landfill sites, China has 659 

a strong demand for biomass power [54,55]. However, because of the possibility that 660 

harmful materials, such as dioxin, carbonaceous material and levoglucosan-like 661 

species, may be emitted into the air and then jeopardize the residents’ health, the 662 

construction of biomass power plans often meet resistance from residents who fear 663 

negative environmental impacts [56,57]. Although the technological progress can help 664 

to solve the problems, the residents still hope that the biomass power projects will not 665 

sit in the vicinity of their residential areas no matter how good the technology is [58]. 666 

The construction of power plants need more support of residents because of rapid 667 

development of biomass power industry when implementing RPS. Lack of reasonable 668 

strategies to solve the contradiction between residents and the government may lead 669 

to serious conflicts resulting in discontinuing, reduction both of industry’s profits and 670 

investors’ enthusiasm, an insufficient TGC supply, and imbalanced market supply and 671 

demand, which will, ultimately, seriously affect the development of the biomass 672 

power industry. 673 

5. Conclusion and policy implications 674 

This paper establishes SD models and analyses the development of China’s 675 

biomass power industry under the FIT and RPS schemes. The simulation results show 676 

that in the perfect competitive market, the implementation of RPS can promote 677 

long-term and rapid development of China’s biomass power industry given the 678 

constraints and actions of the mechanisms of RPS quota proportion, the TGC valid 679 

period, and fines, compared with FIT. Then the paper conducts a sensitivity analysis 680 

of the three mechanisms, and finally discusses several assumptions set in the study for 681 

critical comments against current situation. In summary, some policy implications in 682 

this paper are given as follows when implementing RPS policy. 683 

First, at the beginning of RPS implementation, policy makers should continue 684 

implementing FIT to give biomass power subsidies. When the supply and demand in 685 

the TGC market tends to balance, policy makers can either gradually reduce or cancel 686 
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the subsidy price. This will contribute to the sustainable development of China’s 687 

biomass power industry. 688 

Second, to promote the development of biomass power industry, policy makers 689 

can, on the one hand, appropriately increase the RPS quota proportion, the TGC valid 690 

period and fine level. In particular, the fine level should not be too high. On the other 691 

hand, on the basis of continuous technological progress, policy makers should look 692 

for adequate strategies to go beyond the end of pipeline conflicts with residents, and 693 

try to influence the behavior of them. 694 

Third, to improve the effectiveness of RPS policy, policy makers should actively 695 

promote reform of the power system, establish a perfect competitive market, and 696 

improve relative market mechanisms as soon as possible. 697 

This paper notes some limitations that are still to be improved upon. Future 698 

studies will consider more realistic factors, such as the inflection point of electricity 699 

demand load forecasting, the auxiliary policy, the environmental constraints, and 700 

other uncertain factors, to generate a more scientific and accurate simulation of the 701 

development of biomass power industry. 702 
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Figure 1 Changing process of the market mechanism of China’s biomass power generation 
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Figure 2 The dynamics of the variables in renewable energy power industry system 
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Figure 3 The theoretical framing of biomass power industry development model 
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Figure 4 The flow graph of biomass power industry development under FIT scheme 
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Figure 5 The flow graph of biomass power industry development under RPS scheme 
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Figure 6 Summary of the models boundary 
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Figure 7 Model behavior under extreme condition test 
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Figure 8 The simulation results of China’s biomass power industry development under FIT 

scheme 
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Figure 9 The simulation results of China’s biomass power industry development under RPS 

scheme 
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Figure 10 The sensitivity analysis of RPS quota growth rate 
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Figure 11 The sensitivity analysis of TGC valid period 
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Figure 12 The sensitivity analysis of fine level 
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The highlights are as follows: 
 
� The models are based on the affect of policies for investors’ enthusiasm. 
� System dynamics is used to analyze complex system of industry’s 

development. 
� The models are suitable for similar problems in different countries. 
� The results reveal a long-term sustainable development of the industry. 


