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Abstract: The interaction among the fuel ethanol industry, the technology system, and the market
system has a substantial effect on the growth of the fuel ethanol industry which plays a key role in the
formation of a sustainable energy system in China. However, we know little about the relationships
among them and it is difficult to explore the nexus using econometric method due to the lack of
statistics on China’s fuel ethanol industry. This paper develops a history-friendly coevolutionary
model to describe the relationships among the fuel ethanol industry, the technology system, and the
market system in China. Based on the coevolutionary model, we further assess the impacts of entry
regulations, production subsidies, R&D subsidies, and ethanol mandates on the growth of the fuel
ethanol industry in China using a simulation method. The results of historical replication runs show
that the model can appropriately reflect the multidirectional causalities between the fuel ethanol
industry, the technology system, and the market system. We also found that entry regulation is
conducive to weakening the negative economic impacts induced by the growth of the grain-based fuel
ethanol industry without affecting the long-term total output of the industry; production subsidies
to traditional technology firms are helpful for the expansion of the fuel ethanol industry, but they
also impede technology transfer in the industry; only when firms inside the industry are not in the
red can R&D subsidies promote technological progress and then further accelerate the growth of the
fuel ethanol industry; the ethanol mandate has a significant impact on industrial expansion only
when a production subsidy policy is implemented simultaneously. Our findings suggest that more
attention could be paid to consider the cumulative effects caused by coevolutionary mechanisms
when policymakers assess the effects of exogenous policies on the growth of the fuel ethanol industry.
More attention also could be paid to the conditions under which these policies can work effectively.

Keywords: coevolution; the fuel ethanol industry; history-friendly model; entry regulation; ethanol
mandate; production subsidy; R&D subsidy

1. Introduction

Fuel ethanol helps to reduce harmful emissions from vehicles, contributing to the fight against
climate change and the pursuit of clean mobility [1]. Moreover, as a kind of renewable energy made
from sustainable biomass materials, fuel ethanol is an ideal substitute for the non-renewable fossil
fuels [2]. Thus, fuel ethanol is expected to play a key role in the formation of a sustainable energy
system. China is the largest consumer of fossil fuels and attaches great importance of the development
of the fuel ethanol industry. In 2018, the fuel ethanol production capacity in China reached 3.22 million
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tons. China has become the third-largest fuel ethanol consuming and producing country, following
Brazil and the United States [3]. However, China accounted for just over 3% of global production
in 2018. The development of the fuel ethanol industry in China still faces many challenges (e.g.,
technical uncertainty, demand uncertainty, and feedstock uncertainty) [4–6]. The Chinese government
announced a new nationwide ethanol mandate that will expand the mandatory use of E10 fuel (gasoline
containing 10% ethanol) from 11 trial provinces to the entire country by 2020. If China were to meet the
national mandate of E10, it would require an extra 12 million tons of fuel ethanol production capacity,
which is about four times that of its current production capacity. Therefore, exploring the nexus among
the fuel ethanol industry, the uncertain technology system, and the uncertain market demand will
be conducive to clarifying the growth mechanisms of the fuel ethanol industry and then improving
public policy to accelerate the growth of the fuel ethanol industry in China.

Many scholars have already analyzed the different factors that affect the development of the fuel
ethanol industry. These factors mainly include technology change [7–10], market demand [11–13],
feedstocks [8,14,15], renewable energy infrastructures [16,17], energy policies [18–21], and economic,
social, and environmental impacts [22–25]. These works mainly used case studies [8,10], econometric
methods [9,11,12,19], and simulation methods [7,13]. Although the existing literature provides
important information on the relationships between the fuel ethanol industry growth and its drivers,
there are still some limitations. Firstly, most studies do not consider the adverse impacts of the fuel
ethanol industry on its drivers and the interrelationships among the driving factors. The ignorance of
the above interactions may lead to a misunderstanding of the growth mechanisms of the fuel ethanol
industry [26]. Secondly, the fuel ethanol industry is an emerging industry in China. Therefore, the
econometric methods used in the existing studies could not be applied to analyze the development
of the fuel ethanol industry in China due to the lack of statistical data. Lastly, although simulation
is an ideal method to quantitatively analyze the development of emerging industries, such as the
fuel ethanol industry, this method is often questioned because of the subjectivity of its parameter
settings [27].

In addressing these limitations, this paper employs a history-friendly evolutionary model to
explore the interactions among the fuel ethanol industry and its driving factors and analyze the impacts
of different policies on the evolution of the fuel ethanol industry in China. The contributions of our
work are reflected in three aspects. First, we argue that there are multidirectional causalities among
the fuel ethanol industry, the technology system, and the market system. Therefore, we applied
a coevolutionary framework to model the above relationships. Under this framework, each party
exerts selective pressures on the others, thereby affecting each other’s evolution [28]. Second, we
developed a history-friendly model to depict the above coevolutionary relationships related to the fuel
ethanol industry in China. The parameters of the history-friendly model are set based on the historical
evolutionary characteristics of the industry but not on historical statistics. Therefore, this method can
be used to analyze the growth of the fuel ethanol industry, which lacks historical statistics in China.
At last, we further analyzed the impacts of entry regulation, production subsidy, R&D subsidy, and
ethanol mandate policy on the evolution of the fuel ethanol industry in China.

The rest of the paper is structured as follows. Section 2 reviews the driving factors that affect
the growth of the fuel ethanol industry. Section 3 features a history-friendly model based on the
coevolutionary framework, which describes the interactions among the fuel ethanol industry, the
technology system, and the market system. In Section 4, we first run the baseline simulation to select
the values of the parameters that can reflect the historical characteristics of the fuel ethanol industry
and then use this model to further analyze the impacts of several typical fuel ethanol industry policies,
while Section 5 contains concluding remarks and policy implications.
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2. Literature Review

2.1. The Effects of Technology Change on the Evolution of the Fuel Ethanol Industry

One of the most important factors limiting the scale of the fuel ethanol industry in the United States
is technological progress. Fuel ethanol could account for about 10% of total energy consumption if there
is no major technological advance, but if technological progress is significant, then this proportion could
rise to 20%. This proportion could further rise to 25% if the major usage of the land could be partly
converted to planting energy crops [7]. The success of the fuel ethanol industry was not only due to
resource advantages but also due to the advantage of technological progress [8]. In addition, the effect
of technological progress on the production of fuel ethanol is adjusted by mandatory consumption
policies [9].

There is no doubt that technological change has vital impacts on industry evolution. However,
the origin of the fuel ethanol industry’s technological progress remains controversial. One of the
hypotheses is that technological advantage is derived from the accumulation of knowledge, which is
one of the “learning by doing” types [29]. Another opinion is that technological progress is driven
by the new energy automobile industry, especially the development of flexible fuel vehicles that
began in 2003 [30,31]. In addition, agricultural output is believed to be the main source of the fuel
ethanol industry, so the progress of agricultural technology has had an important impact on the
development of the fuel ethanol industry [32]. Different actors (e.g., ethanol producers, public and
private research institutions, and government institutions) in the industrial chain could also affect
technological progress [7]. Some scholars found that more attention should be paid to scientific
progress, especially the impact of scientific progress on fuel ethanol technology in recent years [33].

The relationship between the progress of fuel ethanol technology and public policy is very
close. However, the focus of the scientific community is different than the focus of the government.
The scientific community is concerned about environmental protection and technology, while the
government is concerned more about geopolitics. This difference reveals that either the scientific
community needs to pay more attention to the knowledge demands of policymakers or that
policymakers need to focus more on scientific and technological knowledge [10].

2.2. The Effects of Renewable Energy Policy on the Evolution of the Fuel Ethanol Industry

The development of new technologies in the fuel ethanol industry still faces various barriers [34].
In many countries such as the United States [35], governments have adopted a wide range of policies
to support the development of their fuel ethanol industries, especially, to spur the new technologies.
These policies (e.g., subsidies, tax cuts, mandatory consumption, and tariff protections) have had
important impacts on the development of the fuel ethanol industry. If the government’s subsidy
policy is properly designed, it can effectively compensate for the risk difference caused by land quality
difference, and further, promote the greater use of marginal land with poor quality to produce energy
crops [36]. R&D support policies play an important role in the technological progress of the fuel
ethanol industry, and the quantity of public R&D funds directly affects the progress of fuel ethanol
technology [7].

Some scholars have investigated the impact of various renewable energy policies on industry
evolution. A vertically integrated market model, including fuel ethanol, by-products, and corn, was
used to analyze the social impact of the fuel ethanol industry’s subsidy policies, and the results
showed that subsidy policies may not lead to positive social benefits [18]. It is also found that the
tariff protection and tax-cut policies of biofuels in the United States may lead to the loss of total social
welfare [37].

Other scholars analyzed the distortion effect of fuel ethanol policy from the perspective of
international trade. If the U.S. government were to cancel tariff protection and reduce the scope of tax
cuts, ethanol imports would increase 130%, while domestic ethanol production would fall 9% [11]. The
current biofuel trade protection policy in the United States not only reduces the industrial competitive
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advantage of corn-based ethanol but also increases dynamic learning costs, which will also reduce
the international competitiveness of the future cellulosic ethanol industry [38]. No matter how high
the carbon tax rate is, a single carbon tax policy without additional subsidies will not promote the
evolution of the fuel ethanol industry [19].

Although many studies have noted the distortion effects of fuel ethanol policies, other scholars
maintain that subsidies can help to overcome market failure [20]. Gehlhar et al. (2010) evaluated
the long-term economic impact of fuel ethanol subsidies in the United States and concluded that the
development of the fuel ethanol industry is conducive to lowering the dependence on oil imports,
thereby contributing to the development of the overall economy. Further, the overall benefits induced
by the subsidy were greater than the welfare losses [21].

However, due to the characteristics of the emerging industry, the future direction of the fuel
ethanol industry policy is highly uncertain, which increases the uncertainty of the development of
the fuel ethanol industry [39]. The development of the fuel ethanol industry involves issues of food
security, energy security, and environmental protection. Therefore, in the process of formulating
supporting policies for the fuel ethanol industry, attention should be paid to the integration of these
policies [32,40].

2.3. The Effects of Market Factors on the Evolution of the Fuel Ethanol Industry

Since oil and biofuels are substitutes, and crops like corn and sugar cane are the main feedstocks
of biofuels, the price of oil, corn, and sugar cane will have an important impact on the evolution of
the biofuel industry. An empirical study showed that an increase in oil prices will lead to an increase
of biofuel production, while the increase of corn and sugarcane price will lead to a decrease of fuel
ethanol production [11]. Government subsidies for the fuel ethanol industry and biodiesel industry
should be increased because uncertainty in oil prices and crop yields would affect the evolution of the
fuel ethanol industry [12]. It is also found that a 30% drop in oil price would lead to a significant drop
in fuel ethanol demand, and, at the same time, fuel ethanol prices would also drop significantly [13].

The cost of feedstocks was found to be the main influencing factor affecting the short-term
evolution of the fuel ethanol industry. Therefore, the future R&D of the fuel ethanol industry should
focus on the low cost of decomposition from lignocellulose sugar and the comprehensive utilization of
lignocellulose [14]. It is also found that an insufficient understanding of feedstock cost is the main
reason for the slow progress in the commercial utilization of fuel ethanol in Africa [5].

The above literature sheds important light on the relationships between the fuel ethanol industry
and its driving factors. However, the ignorance of the industry’s multidirectional relationships may
lead to an inaccurate assessment of the relationship between the fuel ethanol industry and its drivers.
Therefore, in order to understand the growth mechanism of the fuel ethanol industry in China, this
paper will analyze the relationships among the fuel ethanol industry, the technology system, and
the market system using a history-friendly coevolutionary model. This paper will further assess
the impacts of several policies (i.e., entry regulation, production subsidy, R&D subsidy, and ethanol
mandates) on the growth of the fuel ethanol industry.

3. The Model

3.1. The History-Friendly Model

As an emerging industry in China, there are limited statistics of the fuel ethanol industry. Therefore,
it is difficult to analyze the mechanisms and factors affecting the fuel ethanol industry using a statistical
model. In order to explore the coevolutionary relationships between the fuel ethanol industry, the
technology system, and the market system, this paper employs a history-friendly evolutionary model
which has been applied to many industries, including computers, DRAM chips, pharmaceuticals,
semiconductors, synthetic dyes, and mobile phones and memory chips [41–46]. Scholars studying
industrial dynamics generally rely quite heavily on the appreciative theory which is a body of verbal
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arguments representing causal explanations of observed patterns of economic phenomena [47,48].
Although the appreciative theory is an appropriate tool to characterize the main mechanisms at work, it
is difficult to verify the logical consistency of the theory due to its complexity and the lack of precision
of the verbal language [47]. The history-friendly model is a formal model of the appreciative theory and
can overcome the above limitations of the appreciative theory [41]. It aims to analyze, in a more formal
form, the influential factors and their influencing mechanisms in industry evolution, technological
progress, and institutional change that have been confirmed by appreciative theory [41,49].

The construction of the history-friendly model consists of three important steps [47]. The first step
is the selection of the stylized facts deserving attention from theoretical perspectives. These stylized
facts mainly refer to the history and evolution of the fuel ethanol industry such as specific institutions,
technological change, and market characteristics. Second, there is the choice of how to represent the
selected phenomena. In this respect, the history-friendly model adopts the same basic representations
used in evolutionary models. All reported models are built around four main blocks: firm behavior,
technological change, market demand, and industry dynamics [50,51]. The creation, entry, exit, and
technological change of the business firms affect the performance of the industry and further impact
industry evolution. The third step is the manipulation and implementation of the model designed in
the second step.

The history-friendly model is a type of agent-based simulation model dealing with the complexity
of the economic system [52]. A typical history-friendly model has many variables and parameters.
Under a wide range of parameter settings, some of the parameter settings will lead to the replication
of the industry history being modelled. Importantly, “replication” here mainly refers to qualitative
reproduction, not quantitative reproduction [53]. Once the model is built, there is room for wider
applications such as policy analysis. The history-friendly nature is threefold. Firstly, in the process of
model construction, stylized facts in industrial development are fully considered, and the relationship
between variables is constructed on this basis. Secondly, the initial values of variables in the model are
set based on the true values of industrial history. Thirdly, the selection of the parameters’ values can
qualitatively reproduce the stylized facts in industrial history.

There are two compelling reasons for using a history-friendly model in this paper. First, a
history-friendly model helps us better explore the causal mechanisms in the evolution of the fuel
ethanol industry. As a formal model, all the logic that drives model outcomes is explicitly represented
in a history-friendly model [27]. In addition, the mechanisms built into the model are transparent
which means that if the model does not work as expected, the analyst can adjust the settings of the
model until the model is able to qualitatively capture the stylized facts in the appreciative theory [54].
Developing and working through a history-friendly model could bring to mind mechanisms, factors,
and constraints of the industry evolution [41]. Therefore, compared with the appreciative theory, the
history-friendly model is conducive to analyzing the causal mechanism of the fuel ethanol industry.
Second, the model setting of the history-friendly model is transparent rather than arbitrary, so, it serves
as a good starting point for further policy analysis. Comparing the influence of different systems
and policy arrangements on industry evolution can provide a deep understanding of the influence
mechanism of the above factors and provide a basis for further policy selection and institutional
arrangement [41,55].

3.2. The Model Specification

The basic model is presented in this section. Given the complexity of the history-friendly model,
it is difficult to lay out all the details of all the equations without confusing the reader and obscuring
the basic logic of the model [41]. Therefore, we have tried to present only the equations which can
reflect the stylized facts of the fuel ethanol industry and put other related equations in the Appendix A.
Just like most of the other history-friendly models [50,51], our model is also built around four main
building blocks: firm, technology progress, market demand, and industrial dynamics. In selecting the
stylized facts to investigate, we considered their relevance on the selection of the variables and the
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relationships among these variables, which affect the model specification [47]. These stylized facts are
put at the beginning of each block. In addition, given that our model involves many subjects which are
further divided into different types, we use a lot of superscripts to minimize the number of variables
used in the model. The variables with superscripts b and f represent the variables associated with the
properties of fuel ethanol and fossil fuels, respectively. The variables with superscripts tf, nf, and rd
represent the variables associated with the properties of traditional technology firms, new technology
firms, and R&D firms, respectively. The variables with superscripts m and t represent the variables
associated with the properties of materials and traditional materials, respectively.

3.2.1. Firm

(1) R&D investment of the firm
As a typical emerging industry, the fuel ethanol industry is still faced with the urgent need for

continuous improvement of its related technologies. Therefore, one of the stylized facts is that almost
all firms in the fuel ethanol industry have research and development (R&D) investments. We assume
that the firm’s R&D investment consists of two parts. The first part is the fixed amount of R&D
investment. Whether the company is profitable or not, it will invest in R&D. The second part is that
when the firm has a positive profit, a fixed proportion of profit will be invested in R&D. Thus, R&D
investment can be expressed as:

Ri,t = Max{rd + σ ·πi,t, rd} (1)

where rd denotes the fixed amount of R&D investment; σ denotes the fixed proportion of profit invested
in R&D, and πit denotes firm’s profit which is defined by Equation (A7) in the Appendix A.

(2) Entry of firms
We assume that a firm’s entry decision is influenced by the industry’s profit to cost ratio. Let

ϕ(x) = Φ · exp(−ϕ · x), where ϕ and Φ are positive constants, and Φ ∈ (0, 1] is given a distribution
function ps, s = 1,2...,l; then, the number of latecomers in each period can be expressed by the following
equation:

γs =

{
0 with probabilityψ(x)
s with probability ps · (1−ψ(x))

(2)

where ψ(x) = ϕ(max[Γt, 0]).
In Equation (2), if Φ = 1 is set; then, ϕ(0) = 1, which represents when the incumbent firm loses

money, and no new firms enter this industry. That is to say, Φ = 1 indicates that the firm is completely
rational. If Φ < 1 is set, even if the incumbent firms have losses, there will still be latecomers. In other
words, this model can satisfy the theoretical hypothesis of rationality or incomplete rationality by
making different assumptions.

This study assumes that the initial size and technical efficiency of the latecomers are equal to the
average level of the whole industry.

(3) Adjustment rules of the firm
During each period, the firm can determine the optimal output, si,t, and the corresponding demand

of feedstock, mi,t, according to the feedstock price and product price. Due to the matching relationship
between the feedstock input and fixed assets, the required asset size should be mi,t/α. If the firm’s
own asset scale Fi,t−1 is smaller than mi,t/α, then the firm’s asset scale expands to Fi,t = mi,t/α, and the
corresponding firm’s capacity utilization ratio is ηi,t = 1. Otherwise, if the firm’s own asset scale Fi,t−1

is larger than mi,t/α, the firm’s asset scale remains unchanged, that is Fi,t = Fi,t−1, and the capacity
utilization rate is ηi,t = mi,t/(α · Fi,t).

(4) Exit rules of the firm
We assume that when the firm has losses for several consecutive periods, the firm will

withdraw production.
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3.2.2. Technology Progress

(1) Progress and Diffusion of Traditional Technology
There are four stylized facts of the technological progress in China’s fuel ethanol industry. First,

traditional production technology is relatively mature, so technological progress is mostly reflected in
the continuous improvement of the original technology. However, there are a few major technological
innovations. In other words, with an increase in the degree of technological progress, the occurrence
probability of technological progress rapidly decreases. Second, R&D investment will improve the
probability of technological progress. Third, the higher the original level of technology, the lower the
probability of major innovation. Finally, due to technology diffusion, the technological progress of a
specific firm is positively correlated with the most advanced technology level in the industry.

In this study, it is assumed that there is the highest level of technical efficiency boundary, denoted
as e0. Let ∆ei,t be the change of the firm’s technical level; then, the technology change will not exceed
the difference between the firm’s technical level and the highest level (e0 − ei,t). Therefore, the firm’s
technology change is

∆ei,t+1 = θi,t+1 · (e0 − ei,t) (3)

where θi,t+1 is the random variable of the interval [0,1], in order to reflect the first stylized fact of
technological progress, that is, the larger the degree of technological progress, the smaller the occurrence
probability.

We construct variables k = 100 · θi,t+1 and assume Poisson distribution with parameters k and λ.
Then, there is

λ = λ0 ·R
λ1
i,t · (e0 − ei,t)

λ2 · (max
i
{ei,t}/ei,t)

λ3 (4)

where λ is the mean value of the random variable k. The larger the value, the higher the probability that
the technical efficiency will be greatly improved. The technology R&D investment, Ri,t, is positively
correlated with λ, which reflects the second stylized fact of the above mentioned technological progress.
The gap between the firm’s technical level and the highest technical level, e0 − ei,t, is positively related
to λ, which reflects the third stylized fact. max

i
{ei,t}/ei,t reflects the gap between the technological

level of the firm and the highest technological level in the industry. This value is positively correlated
with λ, which reflects the fourth stylized fact of technological progress—the diffusion of advanced
technologies in the industry. λ0,λ1,λ2, and λ3 are nonnegative constants.

Finally, when the technical level of the firm reaches its highest boundary value, the firm will stop
its R&D investment.

(2) Entry, Progress, and Exit of New Technology
Due to the insufficient supply of feedstock, another stylized fact of China’s fuel ethanol firms is

that firms need to constantly explore new feedstock and corresponding production technologies. Due
to the diversity of fuel ethanol feedstock, the corresponding production technology also shows diverse
characteristics. The adoption, progress, diffusion, and withdrawal of different production technologies
lead to the change of technological diversity in the industrial technology system, thus promoting the
evolution of the technology system.

The entry rules of new technology: This research focuses on the evolution of production technology,
which is closely related to industry evolution. Therefore, we use the innovative activities of an R&D
firm to describe the evolution of new technology. An R&D firm is a corporation whose output is new
technology while the R&D expenditure is its input. We assume that when the industry profit of using
traditional technology is negative, new R&D firms start to enter the industry, and the number of entries
is random. Among them, the number of R&D firms created by the incumbent firm γ1 and the number
of completely new R&D firms γ2 is both randomly selected from 0,1......, nt. Upon entry, all newly
created R&D firms are faced with the same initial technical efficiency level, and if an R&D firm already
exists in the technology system, the newly created R&D firms will search for the maximum technical
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efficiency in the existing R&D firms as its initial technical efficiency. The change in the technical
efficiency of R&D firms is expressed as follows:

∆ei,t+1 = ςi,t ·Ri,t (5)

In this model, the entry of R&D firms is used to reflect the evolution characteristics of new
technologies in the industry. There are two forms of entry for R&D firms: one type of firm is newly
created by incumbent firms, and the other is a random start-up. The R&D output of these two kinds of
R&D firms is mainly determined by the efficiency of technical output and the amount of R&D input.
If the newly established R&D firms have the same total amount of R&D capital, B, and take a fixed
proportion of the R&D capital as the R&D investment in each period, the differences between the two
kinds of newly established R&D firms include two elements. First, since newly established R&D firms
are usually more flexible than incumbent firms, and the flexibility of the system is more conducive to
the formation of new technologies, newly established firms will have higher R&D productivity than
incumbent firms, which is mainly reflected in the difference between the two types of firms in terms
of value ςi,t [43]. Second, as mentioned above, new technology may replace old technology, which
will lead to a sunk cost loss for the incumbent firm. Therefore, the incumbent firm will reduce the
proportion of R&D investment, which is negatively correlated with the residual fixed assets of the
original firm. Its R&D investment is

Ri,t = t · d · δ · B (6)

and the newly established firms take a fixed amount as the R&D investment:

Ri,t = δ · B (7)

where δ is a constant. Equations (6) and (7) mean that before the depreciation of fixed assets is
completed, the R&D input of the incumbent firm will be less than the R&D input of the new firm.

New technology adoption rules: Firms will only adopt new technology when the average cost of
production using that new technology is lower than the average level of traditional technology. This
means that, before a firm is able to enter the market, it must go through a long R&D period. During this
period, it is difficult for the firm to generate profits and maintain survival. Therefore, in the start-up
stage of the new R&D firm, that firm must rely on external capital which is reflected as the initial
capital stock of the new R&D firm in this model.

Rules for R&D firms to withdraw from R&D activities: When the initial capital stock is all used
for R&D expenditures, and the production costs of new technology still do not reach the average
levels of those of traditional technology, the R&D firms will choose to withdraw, which means the
withdrawal of new technology.

3.2.3. Market Demand

There are three stylized facts in the production market of the fuel ethanol industry in China. First,
fuel ethanol is a typical emerging product whose market demand is gradually forming and expanding
or shrinking. Second, there is a competition between fuel ethanol and liquid fossil fuels. The market
demand for fuel ethanol comes from the substitution of the market demand for fossil fuels. Third, the
government can intervene in the fuel ethanol market through legal or administrative measurements.

In the production market, fuel ethanol is directly incorporated into the formal gasoline sales
network, which is an oligopoly market. This means that the price of fuel ethanol will be consistent
with gasoline prices, which are decided by the supplier as follows:

pb
t = (1 + ρ1)p

f
t (8)
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where pb
t denotes the price of fuel ethanol, p f

t denotes the price of gasoline, and ρ1 denotes the
markup percentage.

In pilot provinces, the demand for fuel ethanol will reach a larger scale in the short term after the
implementation of the pilot because the pilot consumers can only purchase E10 gasoline. On the other
hand, the output of fuel ethanol is relatively smaller in the early stages of the fuel ethanol industry.
This means that market demand is horizontal before reaching a specific value but becomes vertical
after reaching a specific value. Therefore, Equation (8) can be regarded as the demand function of the
fuel ethanol market.

Then, we need to consider the entry, adjustment, or exit of the consumer. As mentioned above, the
evolution of the fuel ethanol market is reflected in the entry of potential consumers and the adjustment
of consumption by incumbent consumers or the exit from the market.

Consumer Entry Rules: As the consumption of E10 is mandatory, new consumers of fuel ethanol
will enter into the market with the expansion of pilot areas.

Consumer Adjustment Rules: When the price of fuel ethanol remains constant, the changes in
demand only affected by the changes in consumer’s fuel spending. Therefore, consumers will increase
or decrease their demand for fuel ethanol based on changes in total fuel spending. The adjustment to
fuel ethanol purchases for specific consumers is

.
xb

j,t =
.

M j,t (9)

where
.
xb

j,t denotes the percent change in fuel ethanol demand for consumer j in period t;
.

M j,t denotes
the percent change in consumer j’s income in period t.

Consumer Exit Rules: Consumers who are not satisfied with the consumption of fuel ethanol will
choose to exit the market.

3.2.4. Industrial Dynamics

(1) Entry of Production Firms
Production firms in the fuel ethanol industry are divided into two types: one is the traditional

technology firm which mainly uses traditional production technology and the other is the new
technology firm which mainly uses new production technology. Let ∆1nt f

t denote the number of

traditional technology firms entering in period t. According to the previous section, it is related to Γt f
t−1

and nt f
t−1, which indicate the cost to revenue ratio of traditional technology firms and the number of

firms in the industry of the last period respectively, as well as the random distribution function ps. In
addition, in the fuel ethanol industry, the entry of traditional technology firms is also restricted by the
shortage of feedstocks. Then, we can describe the number of traditional technology firms as follows:

∆1nt f
t = f1(Γ

t f
t−1, nt f

t−1, mt
t−1, ps) (10)

where mt
t−1 represents the demand for traditional feedstocks in the last period.

There are two kinds of new technology firms entering in period t in the fuel ethanol industry: one
is transformed from R&D firms, which is denoted by ∆1nn f

t ; the other includes newly established firms

that use new technology, denoted by the parameters’ values ∆2nn f
t . According to the above definition,

∆1nn f
t is related to the number of R&D firms in the last period, nrd

t−1, its production costs in the last
period, crd

i,t−1, and the highest production cost in the last period, Max{ct
i,t−1}, which can be shown as:

∆1nn f
t = f2(crd

i,t−1, Max{ct
i,t−1}, nrd

t−1) (11)
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∆2nn f
t is related to the cost of new technology firms in the last period, Γn f

t−1, to the revenue rate,

the number of new technology firms in the industry, nn f
t−1, and random distribution function, ps, so:

∆2nn f
t = f3(Γ

n f
t−1, nn f

t−1, ps) (12)

(2) Exit of Firms
According to the above rules, when a firm loses money in a continuous k-period, it will exit from

production. If the number of withdrawing traditional technology firms in period t is denoted by ∆2nt f
t ,

and the number of withdrawing new technology firms in period t is denoted by ∆3nn f
t , then there are

∆2nt f
t = f4(n

t f
t−1, {πt f

i,t−1, · · · ,πt f
i,t−k }) (13)

∆3nn f
t = f5(n

n f
t−1, {πn f

i,t−1, · · · ,πn f
i,t−k }) (14)

(3) Change in the Number of Firms in Production
Then, the number of traditional technology firms in period t is

nt f
t = nt f

t−1 + ∆1nt f
t + ∆2nt f

t
= f6(n

t f
t−1, Γt f

t−1, mt
t−1, ps, {π

t f
i,t−1, · · · ,πt f

i,t−k })
(15)

The number of new technology firms in period t is

nn f
t = nn f

t−1 + ∆1nn f
t + ∆2nn f

t + ∆3nn f
t

= f7( nn f
t−1, crd

i,t−1, Max{ct
i,t−1}, nrd

t−1, Γn f
t−1, ps, {π

n f
i,t−1, · · · ,πn f

i,t−k })
(16)

The total number of firms involved in the production in the industry at period t is

n f
t = nt f

t + nn f
t = f8( f6, f7) (17)

According to Equations (15) and (16), the entry or exit of firms in an industry is influenced not only
by the industrial system itself but also by the evolution of the market system and technology system.

4. Results and Discussion

4.1. History Replicating Runs

4.1.1. Baseline Scenario

The aim of the history replicating runs is to find a set of parameters values, based on which the
simulation results can reflect the historical stylized facts of the fuel ethanol industry in China [56]. This
kind of replicated history is also called the baseline scenario which could be used as a starting point for
further policy assessment [57]. Therefore, it is important to select the historical stylized facts that the
simulation results intend to capture. Given that the ultimate purpose of our paper is to understand
how the fuel ethanol industry has grown, we mainly focused on the following stylized facts about
the number of firms and the output of the fuel ethanol industry in China, which are derived from
a detailed analysis of the industrial history and from the existing appreciative literature on the fuel
ethanol industry in China [58,59].

(1). Once established, traditional technology firms would not withdraw even if they lost money,
because the government subsidized loss-making firms to foster the growth of new energy industry.

(2). There is a ceiling of the number of the traditional technology firms because the available raw
materials (i.e., expired corn and wheat) used by these firms are limited.
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(3). All R&D firms established by the incumbent traditional technology firms failed to transform into
new technology firms.

(4). All new technology firms are derived from newly established firms with new production
technology rather than the firms transforming from R&D firms.

(5). The number of incumbent firms also has a ceiling because the maximum market capacity is fixed.
When the aggregated output of the fuel ethanol beyond the maximum market capacity, there
would be no new firms entering the industry.

(6). The total output increased faster before the number of traditional firms reached the ceiling because
the increasement of the total output is mainly caused by the entry of traditional technology firms.

(7). When the number of traditional technology firms reaches the ceiling, the growth rate of their
total output will decrease significantly, because the increasement of the total output is mainly
caused by the relatively small expansion of the incumbent firms.

(8). When the new technology firms start entering the industry, the total output will increase faster
again until there is no entry of the new technology firms.

In order to find the set of parameters values which can ‘reproduce’ the above-mentioned stylized
facts, the following steps used in most of the relevant literature were employed in this paper [46,51,60,61].
Firstly, we set the initial values of the variables in the system based on the historical data of the fuel
ethanol industry in China. These initial values are shown in Table A1 in Appendix A. Then, we divided
the parameters into two groups when setting the values of the parameters. The first group includes the
parameters (e.g., the rate of depreciation) which can be set based on the industry history. In these cases,
it is possible to fix the parameter to one value. The second group includes other parameters (e.g., the
degree of firm rationality) which could not be set to a fixed value for the lack of enough data to estimate
its exact value. Thirdly, for the second group of parameters, we did not attempt detailed quantitative
matching to historical data, reflecting our ignorance about their ‘true’ values. Alternatively, we chose
values randomly in the predetermined ranges of the parameters and then adjusted the values until the
simulation results could qualitatively capture the stylized facts. To adjust the values of the parameters
more efficiently, we assessed each parameter’s impact on the simulation results, respectively, through
keeping all parameters but one constant and then gave preference to adjusting the parameters which
had greater impacts. Once the simulation results about the output and the number of firms could
qualitatively reflect all the above eight stylized facts, we stopped the adjustment and chose this set of
values as the parameters’ values under the baseline scenario. Although ‘qualitatively reflect’ means
that there may be many sets of parameters values satisfying the above condition, we did not need to
judge which was the best one to reflect these stylized facts because the aim of the history-friendly model
was to explore the causal relationships rather than the magnitude of the effects between variables. The
final values of parameters are shown in Table A2 in the Appendix A. An additional constraint orienting
the choice of parameter values was provided by the time structure of the model, because the definition
of what ‘one period’ means in real-time (half a year in this model) is crucial for establishing which
actions take place at any one period. The simulation is implemented using Mathematica software
package. The results under the baseline scenario are shown in Figures 1–4.

Figure 1 shows the change in the number of firms in the fuel ethanol industry under the baseline
scenario, which can be divided into four stages. There were only traditional technology firms in the
first stage, and the number of firms kept increasing. The second stage starts after the 17th period,
during which the number of traditional technology firms was no longer increasing. At the same time,
R&D firms with new technology appeared, and their numbers increased gradually. However, after
the 22nd period, the number of R&D firms began to decline. On the one hand, some R&D firms
transformed into production firms and began to produce fuel ethanol. On the other hand, some R&D
firms failed to survive because they did not meet the expected innovation goals. The third stage starts
in the 26th period. New technology firms began to produce at this stage, and their number increased
gradually due to the establishment of the new technology firms and the transformation of R&D firms
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to new technology firms. According to the simulation results, all production firms transformed from
R&D firms are originated from the newly established R&D firms, while the R&D firms created by
traditional technology firms failed to transform into production firms, which is consistent with the
evolutionary history of the fuel ethanol industry in China. The fourth stage starts from the 31st period.
Due to the limitation of market capacity, the number of new technology firms is no longer increasing,
and the number of firms in the market remains stable.
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Figure 2 shows the change in the output of the fuel ethanol industry under the baseline scenario,
which is divided into four stages. In the first stage, the total output of the industry increased
continuously. The total output curve coincides with the output of traditional technology firms since
there are only traditional technology firms in the industry. The second stage starts from the 17th period
when the number of traditional technology firms was not increasing. Although the total output was
still increasing, the growth rate of the total output decreased significantly. The increase in output
mainly comes from the increase in the output of incumbent firms. The 25th period indicates the third
stage: with the entry of new technology firms, the total output began to increase rapidly until the
31st phase. Due to the limitation of market capacity in this period, the number of new technology
firms did not increase. The output growth of new technology firms significantly dropped again and
then entered the fourth stage. The total output growth is relatively low since there is no entry of new
firms. The increase of output in this stage mainly depends on the expansion of the production scale of
existing firms.

Figure 3 shows the change of the average technical efficiency of traditional technology firms, R&D
firms, and new technology firms under the baseline scenario. The average technical efficiency of all
three kinds of firms is increasing. However, the extent of this increase varies from firm to firm. The
average technical efficiency of traditional technology firms changes relatively slowly, while the average
technical efficiency of R&D firms improves relatively quickly. The average technical efficiency of new
technology firms improves rapidly in the initial stage of production but tends to be flat in later stages.
The main reason for the above difference is that the technological progress of R&D firms is significantly
faster than that of existing production firms. The average technical efficiency of all R&D firms improves
relatively quickly because the technical progress among R&D firms is cumulative, and new R&D firms
will absorb the experience of existing R&D firms. In the initial stages of production, new technology
firms usually adopt the most advanced technology, which significantly improves the average technical
efficiency of the whole industry. When the entry of new technology firms stagnates, the improvement
of average technical efficiency only depends on the technological progress of incumbent firms. As a
result, the rate of technological progress becomes relatively slow.

Figure 4 describes the technology transformation in the fuel ethanol industry under a baseline
scenario. Technology transformation refers to the transformation of the industry from traditional
production techniques to new production technology. The proportion of the output of new technology
firms to the total output of the industry is used to measure technology transformation. According
to Figure 4, the value of the technology transformation has rapidly increased since the 25th period
and reached about 32% in the 31st period. However, the growth rate of technology transformation
has declined rapidly because new technology firms have closed entry to the industry. This means
that technology transformation mainly depends on the continuous entry of new technology firms.
When there is no continuous entry of new technology firms, the competitive advantage of traditional
technology firms in incumbent firms is comparable to that of new technology firms, so, the market
share of traditional technology firms will not significantly decrease.



Energies 2020, 13, 1034 14 of 26

4.1.2. Robustness Test

Simultaneous simulation of “History Replication” and “History Divergent” for the same industry
is a commonly used method to test the robustness of the setting of the parameters’ values [41,44,62].
The characteristics of the biodiesel industry under the baseline scenario are simulated by adjusting
the parameters and setting the initial values according to the stylized facts of the biodiesel industry
in China. The simulation results are shown in Figures 5 and 6. The characteristics of the biodiesel
industry evolution are significantly different from those of the fuel ethanol industry evolution. This
means that the simulation results of the coevolutionary model set in Section 3.2 are indeed affected by
the parameter settings. Therefore, the setting of the parameters’ values and the initial values under the
baseline scenario can be used for further policy analysis.
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4.2. Policy Impacts Simulation

4.2.1. The Impacts of Entry Regulation

Entry regulation is one of the most important industry regulation policies. The government often
uses this kind of policy to avoid overcapacity or other negative social or economic impacts due to
overheating industrial development. Entry regulation has also been used in the management of the
fuel ethanol industry. How effective is this policy? Does this policy have any other impacts on the
industry’s growth while achieving its policy objectives? These questions are essential for evaluating
the performance of regulation policy. To shed some light on the above questions, we analyzed the
impacts of entry regulation on the fuel ethanol industry’s evolution using the simulation method. The
simulation results are shown in Figures 7–9.
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In order to prevent the sharp rise in grain prices due to the rapid development of the traditional
grain-based fuel ethanol industry, the Chinese government has implemented an entry regulation that
restricts the new establishment of grain-based fuel ethanol firms. The results in Figure 7 show that this
regulation policy effectively suppresses the demand for traditional feedstock (e.g., corn and wheat).
However, an entry regulation has no significant impact on grain price (shown in Figure 8), because
the demand for grain as feedstock for the fuel ethanol industry is only a small part of the total grain
demand. Figure 9 shows that the growth of the fuel ethanol production decreases in the short term due
to entry regulations. However, in the long run, the restraint effect of entry regulation on production will
be eliminated due to the creation of new technology firms. Therefore, entry regulation is conducive to
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restricting the expansion of the grain-based fuel ethanol industry in the short term, while the long-term
impact on the fuel ethanol industry is not too large. Moreover, this policy is helpful in promoting new
technology and accelerating technology transformation.

4.2.2. The Impacts of Production Subsidy

A production subsidy is one of the most common policies for the government to promote the
development of an emerging industry. Whatever the form of the subsidy, the mechanism of the subsidy
is to avoid the losses caused by an immature technology and market in the early stages of the industry
so that incumbent firms can continue to produce and improve their technology. With the improvement
of technology and the market environment, firms will face competition in the market and make normal
profits. Figures 10 and 11 show the impacts of a production subsidy on the output and the number of
firms in the fuel ethanol industry, respectively.
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As shown in Figures 10 and 11, under no production subsidy scenario, firms will continue to enter
randomly, and some will withdraw because of losses. Therefore, the industry output and the number
of firms will remain at a low level for a long time. However, under the production subsidy scenario,
the number of firms entering production will continue to increase, and the output will also continue to
rise. The figures also show that the growth rate of the output declined significantly because of the entry
regulation on grain-based fuel ethanol firms after the 20th period. Only when new technology firms
enter the industry does the output increase significantly again. Therefore, although the simulation
results indicate that a subsidy promotes industry growth, this is not a general conclusion. A production
subsidy only promotes the growth of subsidized firms and the industries constituted by these firms.
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When there are different technological routes in the development of the fuel ethanol industry, the
implementation of a single subsidy policy may not promote—or even hinder—the development of
the industry.

4.2.3. The Impacts of R&D Subsidy

A subsidy for R&D activities helps to accelerate technological progress by increasing R&D
investment. Therefore, an R&D subsidy policy is widely used to promote industry growth. In terms of
the fuel ethanol industry, there are not only traditional technology firms but also new technology firms
and R&D firms in the industry. This section will analyze the differences in the policy effects of R&D
subsidy given to different types of firms. To reduce the influences of random factors, the impacts of
the R&D subsidy on average technical efficiency industry output were all simulated 10 times. The
simulation results are shown in Figures 12–15.
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The results in Figures 12 and 13 show that the R&D subsidy promotes the technical efficiency of
the fuel ethanol industry significantly, regardless of the R&D subsidy for traditional technology firms,
R&D firms, or new technology firms. However, in terms of industrial scale, the results in Figures 14
and 15 show that the R&D subsidies have no significant impact on industry output, regardless of the
subsidy to traditional technology firms or new technology firms. The reason for this result is that firms
in the fuel ethanol industry are all in the red and obtain their production subsidy from the government.
Therefore, the improvement of firms’ technical efficiency, which is partly caused by the R&D subsidy,
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has little influence on the output decisions of firms. This means that when firms are in the red, the
influence mechanism of the R&D subsidy to promote a firm’s output will be hindered.
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4.2.4. The Impacts of Ethanol Mandate

In order to accelerate the development of the fuel ethanol industry in its early stages, the Chinese
government implemented an ethanol mandate policy that required the gasoline sold in pilot cities
to contain 10% fuel ethanol. Will this policy help the development of the fuel ethanol industry? To
answer this question, we simulated the impacts of the ethanol mandate policy on the output of the fuel
ethanol industry. The simulation results are shown in Figure 16.
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The result in Figure 16 shows that when there is no production subsidy for losses of firms, the
ethanol mandate has no obvious impact on industry output. However, under the subsidy loss scenario,
the ethanol mandate will obviously accelerate the development of the fuel ethanol industry. The reason
for this phenomenon is that fuel ethanol firms are usually in the red while the industry remains in its
embryonic stage. Firms enter the industry randomly and then exit due to continuous losses, so the fuel
ethanol industry scale is relatively small. This means that the equilibrium output of the fuel ethanol
industry is mainly affected by the number of incumbent firms but not changes in market demand.
Therefore, the ethanol mandate has no obvious influence on the output of the fuel ethanol industry,
but when firms obtain a loss subsidy, the number of firms will continue to increase, and the industrial
output will increase rapidly and reach a larger scale. In this context, the equilibrium output will be
mainly affected by market demand. Therefore, an ethanol mandate policy will be helpful to promote
the expansion of the fuel ethanol industry.

5. Conclusions and Policy Implications

The interaction among the fuel ethanol industry, the technology system, and the market system
has a substantial effect on the growth of the fuel ethanol industry which plays a key role in the
formation of a sustainable energy system in China. However, we know little about the relationships
among them and it is difficult to explore the nexus using an econometric method due to the lack of
statistics on China’s fuel ethanol industry. In order to investigate the coevolutionary relationships
between the fuel ethanol industry system, technology system, and market system in China, this paper
developed a history-friendly simulation model. The setting of the initial values for the simulation
model is based on the historical values of the fuel ethanol industry system, technology system, and
market system in China. The parameter values of the model were acquired by adjusting the parameters’
values continuously until the simulation results could reflect the stylized facts of the fuel ethanol
industry. According to the baseline model, this paper further assessed the impacts of entry regulation,
production subsidy, R&D subsidy, and ethanol mandate on the growth of the fuel ethanol industry.
The results show that multidirectional causalities reflected by the coevolutionary model developed in
this paper can describe the relationships between the fuel ethanol industry, technology system, and
market system appropriately. This means that the evolution of the fuel ethanol industry interacts
with the evolution of the technology system and the market system. Meanwhile, the evolution of
the technology system also interacts with the evolution of the market system. Entry regulation is
conducive to weakening the negative economic impacts (e.g., rising grain prices and grain shortages)
of the expansion of the grain-based fuel ethanol industry without affecting the long-term total output
of the industry. A production subsidy for traditional technology firms is helpful to the expansion of
the fuel ethanol industry. However, this subsidy also impedes technology transfer in the industry. In
terms of R&D subsidy policy, only when the firms inside the industry are not in the red can an R&D
subsidy promote technological progress and further accelerate the growth of the fuel ethanol industry.
The ethanol mandate policy has a significant impact on industrial expansion only when a production
subsidy policy is implemented at the same time. This policy can also speed up the improvement of
new technology efficiency by advancing the creation of R&D firms and new technology firms.

According to the above conclusions, the policy suggestions are as follows: firstly, an assessment
of the effects of an exogenous factor on any one of these three systems must consider the cumulative
effects caused by the coevolutionary mechanisms. Secondly, in the context of this uncertain industry’s
economic and social impact in China, implementing an entry regulation would be helpful to promote
the steady growth of the fuel ethanol industry. Thirdly, when the optimal technology path has not
been determined in the Chinese fuel ethanol industry, it will be necessary to implement a production
subsidy combined with a new technology promotion policy to avoid technology lock-in. Fourthly,
considering that most firms in the fuel ethanol industry in China are still running under a deficit, an
R&D subsidy for production firms needs to be implemented along with a production subsidy for
unprofitable firms. Lastly, the Chinese government can accelerate the development of the fuel ethanol
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industry with the help of an ethanol mandate policy. Additionally, the ethanol mandate policy should
be implemented together with the production subsidy policy if a firm is running under a deficit.

6. Limitation and Future Research

One limitation of this study is that it does not check the robustness of the simulation results using a
statistical approach. It is difficult to estimate the values of the parameters in our model using a statistical
method for the lack of enough observations and the complex nonlinearity of the history-friendly model.
Alternatively, we employed a process used in most literature about the history-friendly model to
determine the values of the parameters in our model. The aim of the process is not the specification
of the model parameters as close as possible to their actual values, nor is to explain the quantitative
values observed in the historical episode under investigation. Rather, the objective is just to seek a set
of parameters’ values which can generate simulation results qualitatively capturing the stylized facts
of the industrial history, because the purpose of history-friendly modelling is to explore the causal
relationships and the mechanism between variables in the model [44]. This means there may be many
sets of parameters’ values that satisfy the requirement. Therefore, after determining a set of parameters’
values for the base case, it is necessary to check the robustness of the simulation results. There are
two commonly used approaches to test the robustness in the existing literature [41,47]. One is the
inspection of individual runs of the model and the analysis of sensitivity to specific parameter values.
The other is the running of a history divergent simulation. These two approaches are also used in this
study to check the robustness of the results. However, we suggest there should be a more intense
discussion of sensitivity analyses using a statistical method in future research because the above two
commonly used approaches could not completely reflect the impacts of stochastic components on the
simulation results. Some scholars have already made a bit of progress in this direction. For example,
Brenner and Murmann initially developed a process to define the values of the parameters that can be
observed with precision [61]. Landini et al. introduced a statistical method which can be used to check
the robustness of their results with different variation in the ranges of the parameters [46]. However,
both statistical methods have their own drawbacks. The first one turns out not to be immediately
comprehensible and could not be completely and clearly described due to the usual limits imposed on
the number of words for a paper [50]. The second is still arbitrary in the selection of the variation in
the range of parameters. Future research can further improve these two statistical methods and then
apply them to the testing of the robustness of the simulation results.
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Appendix A

A1. Modeling the Basic Characteristics of the Firms in the Fuel Ethanol Industry in China

(1) The Production Capacity and Output of the Firm
The production capacity of the firm is related to the fixed capital input of the firm Fi,t. The variable

input of the firm is denoted as
mi,t = ηi,t · (α · Fi,t) (A1)
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where ηi,t represents the capacity utilization rate of firm i at time t, and ηi,t ∈ [0, 1]. A value of ηi,t equal
to 0 indicates that the firm stops production. α represents the maximum variable input combined with
a one-unit fixed input.

We assume that the output of the firm is determined by the input and technical efficiency. The
output of the firm is

qi,t = ei,t · (mi,t)
z (A2)

where ei,t denotes the technical efficiency of firm i at time t, and parameter z (0 < z < 1) reflects
diminishing marginal productivity.

(2) Production Cost
The total cost of the firm, which consists of the fixed cost and variable cost, is

Ci,t = d · Fi,t + pm
t ·mi,t (A3)

where d represents the depreciation rate; d · Fi,t denotes fixed cost; pm
t is the price of feedstock; mi,t is

the input amount of the feedstock; pm
t ·mi,t is the variable cost. Considering the relationship between a

firm’s input and output described by Equation (A2), Equation (A3) can also be expressed as

Ci,t = d · Fi,t + pm
t · (ei,t)

−1
z · (qi,t)

1
z (A4)

The cost per unit of the firm is
ci,t = Ci,t/qi,t (A5)

The average per-unit cost of the industry is

ci,t =

nt∑
i=1

Ci,t/
nt∑

i=1

qi,t (A6)

where nt represents the number of firms in the industry.
(3) Profit of the Firm
Let pb

t be the price of fuel ethanol; then, the firm’s profit is denoted as:

πi,t = pb
t · qi,t −Ci,t (A7)

(4) Supply Function
We assume that a specific firm makes production decisions according to the profit maximization

principle; then, the supply function of the firm, which is obtained by taking the derivative of the profit
equation (Equation (A7)) with respect to output quantity, is

qi,t = (z · pb
t /pm

t )
z

1−z
· ei,t

1
1−z (A8)

The supply function of the industry, which can be obtained by summing up the supply function
of all firms, is

qt = (z · pb
t /pm

t )
z

1−z
·

nt∑
i=1

(ei,t
1

1−z ) (A9)

(5) Feedstock demand function
Substitute the relationship between the firm output and the feedstock input of Equation (A2) into

Equation (A8); then, the feedstock demand function of the firm can be denoted as

mi,t = (z · pb
t · ei,t)

1
1−z
· (pm

t )
−1
1−z (A10)
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The feedstock demand function of the industry, which can be obtained by summing up the
feedstock demand function of all firms, is

mt = (z · pb
t )

1
1−z
·

nt∑
i=1

(ei,t
1

1−z ) · (pm
t )

−1
1−z (A11)

(6) Average Size of the Firm and Technical Efficiency in the Industry
Let the firm’s size be denoted by the firm’s fixed input, so the average size of the firm in the

industry is

Ft =

nt∑
i=1

Fi,t/nt (A12)

The average technical efficiency of the industry is reflected by the average technical level of all
firms in the industry; then, the average technical efficiency of the industry is

et =

nt∑
i=1

ei,t/nt (A13)

The industry’s average profit to cost ratio is

Γt =

nt∑
i=1

πi,t/
nt∑

i=1

Ci,t (A14)

A2. The Initial Values of the Variables in the Coevolutionary Model of the Fuel Ethanol Industry

Table A1. The initial values of the variables in the coevolutionary model of the fuel ethanol industry
(baseline scenario).

Initial Values Description

n[[1]]=1 The total number of firms in the first period.

f[[1,1]][[1]]=0 Types of technology firm: 0 denotes traditional technology firms; 1 denotes
new technology firms.

f[[1,1]][[2]]=1 Production status of firms: 0 is no production; 1 is in production.
f[[1,1]][[3]]=0.3 Technical efficiency of firms.

f[[1,1]][[4]]=1000 Initial capital of firms.

f[[1,1]][[5]] = 1 Origin of the production firms: 0 denotes newly established firms; 1 denotes
traditional technology firms.

f[[1,1]][[9]] = 0 Production status of latecomers: 0 denotes production; 1 denotes stop
production.

pf[[1]] = 2000 Price of fossil fuel.
pnm[[1]] = 600 Price of new feedstock.

nf[[1]] = 1 The number of fuel ethanol firms in the first period.
nnf[[1]] = 0 The number of fuel ethanol firms using new technology in the first period.

nntf1[[1]] = 0 The number of R&D firms established by incumbent fuel ethanol firms in
the first period.

nntf2[[1]] = 0 The number of newly established R&D firms in the first period.
nntf[[1]] = 0 The number of new technology firms in the first period.
ntf[[1]] = 1 The number of traditional firms in the first period.
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A3. The Setting of the Parameters’ Values in the Coevolutionary Model of the Fuel Ethanol Industry

Table A2. The setting of the parameters’ values of the fuel ethanol industry (baseline scenario).

Parameter Settings Description

Φ = 0.6 The degree of firm rationality. Less than 1 denotes imperfect rationality.
ϕ = 50 The impact of profit on entry probability.
d = 0.1 Rate of depreciation.

α = 0.21 × 10−3 The amount of feedstock matched with the unit capital of traditional technology
firm.

β = 0.0002 The amount of feedstock matched with the unit capital of new technology firm.
z = 0.6 Output elasticity of input.
m0 = 3 The maximum supply of feedstock.
efficiency = 0.1 Initial technical efficiency of the first group of R&D firms.
assetn0 = 1000 The initial capital of the R&D firms.
δ = 0.2 The ratio of R&D expenditure to the capital in one period.
totalrd = 20 Total R&D investment of R&D firms.
σ = 0.3 The proportion of profit used for R&D.
ε = 0.3 Minimum boundary value for capacity utilization.
rdt = 1 Minimum R&D input in each period of the traditional technology firms.
rdn = 2 Minimum R&D input in each period of the incumbent new technology firms.
efftmax = 0.4 The efficiency boundary value of traditional technology firms.
effnmax = 0.4 The efficiency boundary value of new technology firms.
λ0 = 30 Parameter related to technological change.
λ1 = 1 Parameter related to technological change.
λ2 = 1 Parameter related to technological change.
λ3 = 1 Parameter related to technological change.
κ1 = 0.005 Output efficiency of R&D firms established by incumbent firms.
κ2 = 0.008 Output efficiency of newly established R&D firms.
ρ = 0 The markup rate of pricing.
b1 = 0 The growth rate of gasoline price
maxdemand = 2.5 The maximum demand in the market.
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