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1. Introduction 

Due to globalisation and technological improvement among innovative firms, governments 

have not only reformed mixed ownership, but significantly enacted various policies to 

encourage R&D activities. While many industries are composed of mixed ownership in which 

(partially privatized) semi-public firms have substantial influence in a broad range of sectors 

with large portions of shares,1 many governments in both developed and developing countries 

offer substantial subsidies to firms for improving financial resource accessibility and resource 

reallocation.2 However, it is not clear how the government should grant economic aid to 

different types of firms with heterogenous objectives and cost structures in the industries. 

Recent studies have examined innovation activities and R&D policies in a mixed oligopoly 

where a public firm competes with private firms. For example, Gil-Molto et al. (2011, 2020) 

and Lee and Muminov (2020) considered cost-reducing innovation and investigated the R&D 

subsidies and privatization policies. Further, Kasevayuth and Zikos (2013), Lee et al. (2017), 

Haruna and Goel (2017), and Atallah (2019) compared the relative superiority between R&D 

subsidies and output subsidies. They found that R&D subsidies are more socially beneficial 
when R&D spillovers are high, whereas output subsidies are superior when R&D spillovers 

are low. 3   

While existing literature has only examined a uniform output subsidy to the firms in a mixed 

oligopoly, Hamada (2016, 2017) and Li et al. (2019) identified firm heterogeneity and 

examined discriminatory output subsidies without considering R&D activities. They 

demonstrated that if the government can credibly commit to a discriminatory subsidy rate from 

the introduction stage of an output subsidy policy, it poses significant implications for 

supporting superior welfare properties associated with a committed subsidy policy. Therefore, 

the discriminatory output subsidy always yields the highest welfare compared to the uniform 

output subsidy, irrespective of the degree of privatization. However, these works did not 

address an increasing topic in a mixed oligopoly about the timing of privatization and related 

subsidy policies.4 

In this study, we consider a time-consistent output subsidy framework in which the government 

can observe the R&D investments of the firms with mixed ownership, which yields 

heterogenous cost structure, and set the discriminatory output subsidy rate opportunistically. 

We highlight the interaction between the output subsidy policy and ex-ante innovation 

 

1 For example, the Chinese government has steadily advanced mixed-ownership reform of state-owned enterprises, 
which resulted in the number of mixed-owned firms under government control totalling approximately 30% in 
2018, while intensively competing with privately-owned firms in certain sectors such as transportation, energy, 
finance, education, and healthcare. See the 2019 China Statistical Yearbook published by National Bureau of 
Statistics of China (http://www.stats.gov.cn/english/Statisticaldata/AnnualData/) and reports from State-Owned 
Assets Supervision and Administration Commission of the State Council of China (http://en.sasac.gov.cn/ ). 
2 In OECD countries, governments finance between 8–10% of R&D spending by firms (García-Quevedo, 2004). 

Studwell (2013) shows that subsidies, along with other policies, played an important role in the economic 

development of Asian countries such as Japan, South Korea, and China.  
3  In practical policies, while governments decide to subsidise R&D directly, there is some debate on the 

effectiveness of R&D subsidies (Kauko, 1996; Rebolledo and Sandonis, 2012; Lee and Muminov, 2021). For 

example, governments might subsidise output rather than R&D either when output enhancement is politically 

more popular among consumers or when the administration of R&D subsidies is relatively more complicated 

compared to output subsidies. 
4 Recent research have examined the time-consistent policy in a mixed oligopoly where the government is not 

able to commit to privatization policy or subsidy/tax (Xu et al., 2017; Leal et al., 2018; Garcia et al., 2018; Chen 
et al., 2019) For some discussions on the practical evidences of contract and commitment in mixed oligopolies, 

see also Lee et al. (2018), Chen et al. (2020) and Ino and Miyaoka (2020). 



activities, and show that strategic incentive for innovation among firms do not necessarily result 

in welfare improvement. We find contrary results to the committed case where the government 

can credibly commit to the subsidy rate. We show that the private firm invests more in R&D 

than the semi-public firm to induce the government to grant a higher subsidy, resulting in the 

private firm producing a higher output, regardless of the degree of privatization. It happens 

because the private firm intentionally and strategically invests aggressively in R&D to earn a 

higher subsidy, which increases the firm’s output and profit. Since R&D investments are 

strategic substitutes irrespective of the degree of privatization, when the private firm increases 

R&D and output, the semi-public firm reduces R&D and output. Subsequently, a 

discriminatory output subsidy redistributes output from the public firm with high marginal 

costs to the private firm with low marginal costs. Hence, the government grants a lower output 

subsidy to the public firm than the private firm, while the difference decreases as the degree of 

privatization increases. Finally, we compare with the time-consistent uniform output subsidy 

and show that optimal discriminatory subsidy rates are higher (lower) than those of uniform 

subsidy rates for a sufficiently high (low) degree of privatization, which results in a decrease 

(increase) of social welfare. This finding is contrast to the committed case in Li et al. (2019) 

where the discriminatory subsidy always yields higher welfare than the uniform subsidy 

irrespective of the degree of privatization.5 

2. The Model 

We consider a duopoly market which produces homogeneous goods. The inverse demand 

function is ܲሺܳሻ = � − ܳ, where ܲ is market price, ܳሺ= �଴ + �ଵሻ is market output, and �� is 

the output of firm � = Ͳ,ͳ, respectively. Then, consumer surplus is CS = ܳଶ/ʹ. 

Following Lee et al. (2017), we consider a quadratic cost function of output production where 

marginal costs increase with respect to output:6 �ሺ��, ��ሻ = ሺ� − ��ሻ�� + ��ଶ, where � is the 

initial cost level with � > � > Ͳ and �� denotes the amount of R&D investment required for 

firm i to reduce the cost level. We also assume that the firm has to spend ��ଶ to implement cost-

reducing R&D, ��, which exhibits decreasing returns to scale. Subsequently, the R&D cost 

function is given as �ሺ��ሻ = ��ଶ where � = Ͳ,ͳ. 

We consider that each firm receives an output subsidy, ����, where ��  denotes the per-unit 

(discriminatory) subsidy to output quantity, ��. Then, the profit function of the firm and social 

welfare, defined as the sum of consumer surplus, industry profits, and net subsidy, are as 

follows:7 �� = ሺ� − �଴ − �ଵሻ�� − ሺ� − ��ሻ�� − ��ଶ − ��ଶ + �� �� ,                                                                ሺͳሻ ܹ = �� + �଴ + �ଵ − �଴ �଴ − �ଵ�ଵ.                                                                                                  ሺʹሻ 
 

5 In Appendix B, we examine the committed case where the government can commit a discriminatory (or uniform) 

output subsidy before firms choose R&D investments, and show that the committed discriminatory output subsidy 

policy always yields the highest welfare for society than the uniform subsidy. It confirms the result in Li et al. 

(2019) in which commitment can eliminate the strategic incentive of the firms to invest more in R&D after 

observing the output subsidy policy. This result comes from the revelation principle where the government can 

achieve at least the same welfare level with the uniform subsidy under the discriminatory subsidy because it can 

choose the same subsidy rate from the first stage if the discriminatory subsidy worsens the welfare. 
6 It is necessary in the analysis of mixed markets for ruling out the uninteresting case of a public monopoly. 
7 We assume that subsidies are financed by taxpayers in the form of lump-sum payments, to avoid influencing 

welfare directly and to be cancelled out when aggregated. 



We assume that firm 1 is a private firm that maximizes profit while firm 0 is a (partially 

privatized) public firm. That is, we allow the government to sell shares of firm 0 to private 

investors who are seeking profit maximization. As a result, firm 0 is under mixed ownership 

of government control and jointly owned by the government and private investors. Following 

Matsumura (1998), let � ∈ [Ͳ,ͳሻ refer to the shares of firm 0 held by private investors, while 

firm 0 maximizes the convex combination of profit and welfare: ܸ = ሺͳ − �ሻܹ + ��଴.                                                                                                                          ሺ͵ሻ 
The timing of the game is as follows. In the first stage, both firms decide to invest in R&D 

simultaneously. In the second stage, the government sets discriminatory output subsidies, ��, � = Ͳ,ͳ, after both firms’ R&D decisions are realized. In the last stage, firms compete in 

quantities in a Cournot fashion. We solve the subgame perfect Nash equilibrium by backward 

induction. 

3. The Analysis 

In the third stage of output choice, the first-order conditions provide the following equilibrium 

output: 

�଴ሺ�଴, �ଵ, �଴, �ଵሻ = ͵ሺ� − �ሻ + Ͷ�଴ − �ଵ + Ͷ��଴ − �ଵͳͳ + Ͷ� , 
�ଵሺ�଴, �ଵ, �଴, �ଵሻ = ሺ� − �ሻሺʹ + �ሻ − �଴ + ሺ͵ + �ሻሺ�ଵ + �ଵሻ − ��଴ͳͳ + Ͷ� , 
ܳሺ�଴, �ଵ, �଴, �ଵሻ = ሺ� − �ሻሺͷ + �ሻ + ͵�଴ + ͵��଴ + ሺʹ + �ሻሺ�ଵ + �ଵሻͳͳ + Ͷ� .                                   ሺͶሻ 
This shows that an increase in R&D increases the output of the firms, but the increasing rate 

of a public firm is higher than a private firm, i.e., 
��బሺ�బ,�భ,�బ,�భሻ��బ > ��భሺ�బ,�భ,�బ,�భሻ��భ > Ͳ. However, 

the firm’s R&D decreases the output of the rival firm, i.e., 
��భሺ�బ,�భ,�బ,�భሻ��బ = ��బሺ�బ,�భ,�బ,�భሻ��భ < Ͳ. 

In sum, an R&D investment will increase total industry output. It also shows that the output 

subsidy increases the output of the firm, but the increasing rate of the private firm is higher 

than that of the public firm, i.e.,  ��భሺ�బ,�భ,�బ,�భሻ��భ > ��బሺ�బ,�భ,�బ,�భሻ��బ > Ͳ . However, the output 

subsidy of a firm decreases the output of the rival firm, i.e., 
��బሺ�బ,�భ,�బ,�భሻ��భ ≤ ��భሺ�బ,�భ,�బ,�భሻ��బ < Ͳ, 

where the equality holds only if � = ͳ. Note that the output subsidy of the public firm has no 

effect on the output of either of the firms if the public firm is fully nationalised, that is, � = Ͳ. 

Therefore, the output subsidy is insignificant with regards to welfare in the presence of a 

nationalised public firm.  

In the second stage, the government determines the welfare-maximizing output subsidy rate, 

by considering the firm’s R&D investment. The first order condition yields the following 

optimal output subsidies:8 

 

8 Note that given R&D investments, the optimal output subsidy is independent of the degree of privatization. 
However, once the R&D stage is introduced in the below, the degree of privatization affects the equilibrium R&D 
investments and thus output subsidy depends on the degree of privatization. See Lee et al. (2017) and Lee and 
Tomaru (2017). 



�଴஽ሺ�଴, �ଵሻ = ʹሺ� − �ሻ + ͵�଴ − �ଵͺ           and          �ଵ஽ሺ�଴, �ଵሻ = ʹሺ� − �ሻ − �଴ + ͵�ଵͺ .      ሺͷሻ 
where the superscript D denotes the equilibrium under the discriminatory output subsidy. This 

shows that the output subsidy increases in the firm’s R&D, i.e., 
��೔ವሺ�బ,�భሻ��೔ > Ͳ,  while it 

decreases in the rival firm’s R&D, i.e., 
��೔ವሺ�బ,�భሻ��ೕ < Ͳ. 

In the first stage of R&D investment, the first-order conditions present the following reaction 

functions: 

�଴ሺ�ଵሻ = ሺʹ + �ሻሺʹሺ� − �ሻ − �ଵሻʹ͸ − ͵�            and          �ଵሺ�଴ሻ = ͵ሺʹሺ� − �ሻ − �଴ሻʹ͵ .                   ሺ͸ሻ 
Then, R&D decisions are strategic substitutes where the slope of the reaction function of each 

firm is negative, but that of the public firm is higher than the private firm, i.e., 
��భವሺ�బሻ��బ <��బವሺ�భሻ��భ < Ͳ.  

Solving the reaction function yields the following equilibrium R&D investments: 

�଴஽ = ͷሺ� − �ሻሺʹ + �ሻ͹Ͷ − ͻ�           and          �ଵ஽ = ͵ሺ� − �ሻሺ͸ − �ሻ͹Ͷ − ͻ� .                                                  ሺ͹ሻ 
Lemma 1. �଴஽ < �ଵ஽ for � ∈ [Ͳ,ͳሻ.  
The private firm aggressively invests in R&D under the discriminatory output subsidy. The 

public (private) firm’s R&D increases (decreases) as the degree of privatization increases, i.e., ��బವ�� > Ͳ > ��భವ�� .  

By substituting (7) with (5), we obtain the following optimal output subsidy rates: 

�଴஽ = ʹͲሺ� − �ሻ͹Ͷ − ͻ�           and          �ଵ஽ = Ͷሺ� − �ሻሺ͸ − �ሻ͹Ͷ − ͻ� .                                                               ሺͺሻ 
Proposition 1. �଴஽ < �ଵ஽ for � ∈ [Ͳ,ͳሻ. 
The government grants a higher subsidy to the private firm than the public firm under the 

discriminatory output subsidy policy. Since R&D investments are strategic substitutes 

irrespective of the degree of privatization, when the private firm increases R&D and output, 

the semi-public firm reduces R&D and output. Subsequently, the discriminatory output subsidy 

redistributes output from the public firm with higher marginal costs to the private firm with 

lower marginal costs. Hence, the government grants a lower output subsidy to the public firm 

than the private firm, while the difference decreases as the degree of privatization increases. 

Note that output subsidy rates are always positive, but that to the public (private) firm increases 

according to the degree of privatization, i.e., 
��బವ�� > Ͳ > ��భವ�� . Thus, a higher degree of 

privatization can encourage the semi-public firm to invest more in R&D and output production.  

The equilibrium outputs are as follows: 



�଴஽ = ʹͲሺ� − �ሻ͹Ͷ − ͻ�              and          �ଵ஽ = Ͷሺ� − �ሻሺ͸ − �ሻ͹Ͷ − ͻ�                                                             ሺͻሻ 
Lemma 2. �଴஽ < �ଵ஽ for � ∈ [Ͳ,ͳሻ. 
The private firm aggressively produce under the discriminatory output subsidy.9 The public 

(private) firm’s output is positive and increases (decreases) in the degree of privatization, that 

is, 
��బವ�� > Ͳ > ��భವ�� . 

Finally, we obtain the resulting profit of the private firm and social welfare as follows: 

�ଵ஽ = ʹ͵ሺ� − �ሻଶሺ͸ − �ሻଶሺ͹Ͷ − ͻ�ሻଶ           and          ܹ஽ = ͳͲሺ� − �ሻଶሺͳͷʹ − �ሺ͵͸ + �ሻሻሺ͹Ͷ − ͻ�ሻଶ              ሺͳͲሻ 
The profit of the private firm decreases in the degree of privatization, that is, 

��భವ�� < Ͳ. This is 

because the (partially privatized) rival firm invests more in R&D and produces more output as 

the degree of privatization increases. If the degree of privatization is sufficiently high, the profit 

incentive of the semi-public firm is stronger, which encourages investment by the semi-public 

firm. Then, the distribution of production costs across the firms is more symmetric and efficient 

while the firms produce a lower industry output. Hence, although a sufficiently high degree of 

privatization can remove cost inefficiency, underproduction has distorting effects on welfare. 

Contrarily, if the degree of privatization is sufficiently low, a high level of asymmetry exists 

between the firms, which results in inefficient distribution of production costs across the firms, 

while the semi-public firm can produce more output to increase total industry output. 

Consequently, although a sufficiently low degree of privatization can increase cost inefficiency, 

there is a welfare distortion of underproduction distortion. Therefore, social welfare decreases 

(increases) when the degree of privatization is high (low), that is, 
��ವ�� >< Ͳ if � <> Ͳ.ͳͷ͵. It 

implies that the optimal degree of privatization is �஽ = Ͳ.ͳͷ͵.  

Proposition 2. Mixed ownership with partial privatization policy is optimal under the 

discriminatory output subsidy policy. 

4. Discussion and Comparisons with Non-discriminatory Uniform 

Output Subsidy 

We now compare with uniform output subsidy of which equilibrium outcomes are provided in 

Appendix A.  

Proposition 3. �଴஽  >< ��� if � >< Ͳ.͸ͻͻ and �ଵ஽ ><  ��� if � >< Ͳ.ͳ͸ʹ. 

The government is more flexible in granting output subsidies under discriminatory output 

subsidies, but that the rate depends on the degree of privatization. This is because the firm’s 
strategic profit incentive for making R&D decisions in a time-consistent framework in which 

the output subsidy rate is affected by the cost asymmetry between the firms, significantly 

depends on the degree of privatization. In particular, the discriminatory output subsidy rate is 

 

9 Haruna and Goel (2017) and Lee and Muminov (2021) considered R&D spillovers and showed that the public 
firm produces less (more) output than the private firm with higher (lower) R&D spillovers. 



always higher (lower) than the uniform output subsidy for a sufficiently higher (lower) degree 

of privatization. When the degree of privatization is high (low) where the semi-public firm is 

dominantly owned by private investors (government), the government can set a lower (higher) 

uniform subsidy rate. As a result, welfare could possibly be reduced by aiding a less efficient 

public firm under the discriminatory output subsidy. However, when the degree of privatization 

is intermediate, �଴஽ < ��� < �ଵ஽ if Ͳ.ͳ͸ʹ < � < Ͳ.͸ͻͻ. For instance, if the semi-public firm is 

almost equally owned by the government and private investors, the government will set an 

intermediate subsidy rate under the uniform output subsidy.  

Proposition 4. ܹ஽ ><ܹ� if � <> Ͳ.Ͳ͵͵. 

In a time-consistent regulatory framework, when the government determines the output subsidy 

policy between discriminatory and uniform subsidy rates after observing the firms’ R&D 
decisions, it crucially depends on mixed ownership. In most cases, the government prefers the 

non-discriminatory output subsidy to the discriminatory output subsidy to reduce strategic 

welfare-distorting R&D decisions of the firms that initiate profit. However, the opposite is true 

for a sufficiently lower degree of privatization in which the welfare loss from strategic R&D 

can be minimized. Furthermore, if the government chooses the optimal degree of privatization, 

the welfare effect of the output subsidy presents that ܹ஽ሺ� = Ͳ.ͳͷ͵ሻ < ܹ�ሺ� = Ͳ.ͻ͵͵ሻ. 
Therefore, the discriminatory output subsidy could further distort welfare under the optimal 

privatization policy.  

Economic explanations of the findings are as follows: the optimal subsidy rates for both firms 

are higher (lower) than those of the uniform subsidy rate for a high (low) degree of privatization, 

which results in a decrease (increase) of social welfare. On the one hand, if the degree of 

privatization is high, social concern of the semi-public firm is weak with a much stronger profit 

incentive. Subsequently, once the firms choose R&D investments, the distribution of 

production costs across the firms is more symmetric and efficient. Thus, the government can 

provide higher output subsidies for both firms to increase total industry output. That is, for a 

high degree of privatization, underproduction distortion from the private firms becomes more 

serious and is thus remedied by the higher uniform output subsidy.  

On the other hand, if the degree of privatization is sufficiently low, social concern of the semi-

public firm is much stronger, which discourages overinvestment between the firms, compared 

to the higher degree of privatization. Due to the larger asymmetry between the firms, the 

distribution of production costs across the firms is inefficient, however, the semi-public firm 

can produce more output to increase total industry output. That is, although the (efficient) 

private firm receives an output subsidy for a low degree of privatization, so does the (inefficient) 

public firm under the uniform output subsidy. Therefore, welfare could decrease when less 

efficient firms are aided. Further, these uniform subsidies distort competition further according 

to the fact that firm's R&D choices occur before they are set. Thus, the firms’ strategic 

behaviour that influences subsidies, further reduces the welfare level compared to the 

discriminatory subsidy.  
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Appendix A.: Non-discriminatory uniform output subsidy 

Under uniform output subsidy, the equilibrium outcomes in the last stage are similar but �଴ =�ଵ = ��. In the second stage of the welfare-maximizing output subsidy, the first order condition 

yields: 

���ሺ�଴, �ଵሻ = ͸ሺ� − �ሻሺͳ + ʹ�ଶሻ − ሺ͵ + Ͷ�ሺͳ − Ͷ�ሻሻ�଴ + ሺͻ + Ͷሺͳ − �ሻ�ሻ�ଵʹͶ + Ͷͺ�ଶ .              ሺ�ͳሻ 
where the superscript “N” denotes the non-discriminatory output subsidy.  

In the first stage of R&D, the first-order condition yields the equilibrium R&D investments:  �଴� = ሺ�−�ሻሺଷ଺଴+଼ଵ�+ଶଷସଷ�మ+ହଵ଺�య+ହ଴଻଺�ర+ଵଷ଻଺�ఱ+ଷହ଼ସ�ల+ଵଶ଼଴�ళሻଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళ ,  �ଵ� = ሺ�−�ሻሺଷ+ସ�మሻሺଶଵ଺+ଶ଻�+ଽ଴ଽ�మ+଼�య+ଽଽଶ�ర−଺ସ�ఱሻଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళ .                                             ሺ�ʹሻ  
Lemma A1. �଴� < �ଵ�  for � ∈ [Ͳ,ͳሻ. 
Similar to the discriminatory output subsidy, the private firm invests more aggressively in R&D 

under the output subsidy policy. Then, we obtain the optimal production subsidy level:  ��� = ଵଶሺ�−�ሻሺଵ+ଶ�మሻሺ଻ଶ+ଵଷ�+ଶ଼଻�మ+ସ�య+ଷଶ଴�రሻଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళ .                                              ሺ�͵ሻ  
The equilibrium output of both firms are obtained: 



�଴� = ଵଶሺ�−�ሻሺଵ+ଶ�మሻሺ଺଴+ଵଷ�+ଶ଼ଷ�మ+ଶ଴�య+ଷଶ଴�రሻଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళ,  �ଵ� = ସሺ�−�ሻሺଵ+ଶ�మሻሺଶଵ଺+ଶ଻�+ଽ଴ଽ�మ+଼�య+ଽଽଶ�ర−଺ସ�ఱሻଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళ .                                             ሺ�Ͷሻ  
Lemma A2. �଴� < �ଵ� for � ∈ [Ͳ,ͳሻ. 
Similar to the discriminatory output subsidy, the private firm more aggressively produces 

output under the output subsidy policy. We can compare discriminatory and uniform output 

subsidies:10  

Lemma A3. ሺ�ሻ  �଴஽ > �଴�  for any � ∈ [Ͳ,ͳሻ; �ଵ஽ >< �ଵ�  if � >< Ͳ.Ͳ͵͹ and ܺ஽ > ܺ�  for any � ∈[Ͳ.ͳሻ ; ሺ��ሻ  �଴஽ > �଴�  for any � ∈ [Ͳ,ͳሻ ;  �ଵ஽ >< �ଵ�  if � >< Ͳ.ͳͲͺ  and ܳ஽ ><  ܳ�  if � >< Ͳ.Ͳʹͺ ; ሺ���ሻ  �ଵ஽ < �ଵ� for any � ∈ [Ͳ,ͳሻ.  
Finally, the resulting social welfare is as follows: 

ܹ� = { 
 ʹሺ� − �ሻଶሺͻͺͶͻ͸Ͳ + ʹ͸ͲͶͻ͸� + ͳ͵ͳʹʹ͵ͷͳ�ଶ + ʹͷ͵͹ͷͺ͸�ଷ +͹ʹ͵͸͹͸ʹ͵�ସ + ͺͻͺͷͳʹͲ�ହ + ʹͳͳ͹ͳͳͶͶͺ�଺ + ͳʹͳͶ͵ͲͲͺ�଻ +͵Ͷ͸ͺͳʹʹ͹ʹ�଼ − ʹ͵͵ͻͷͺͶ�ଽ + ͵Ͳͳ͸ͷ͹͵ͶͶ�ଵ଴ − ʹͲͶͻ͸͵ͺͶ�ଵଵ +ͳͲͺͶͺ͸͸ͷ͸�ଵଶ − ͳ͵͹ʹͻ͹ͻʹ�ଵଷ − ͷʹͶʹͺͺ�ଵସሻ } 

 
{ ʹ͸͸Ͷ + ͵ͷͳ� + ͳ͹ͷʹͻ�ଶ + ͳͲͷʹ�ଷ +͵ͺʹͷʹ�ସ − ʹʹͶ�ହ + ʹ͹͹͹͸�଺ − ͳ͹ͻʹ�଻}ଶ .              ሺ�ͷሻ 

Appendix B.: Committed output subsidy 

Under the committed case in which the government credibly commits to discriminatory output 

subsidies before the firms choose R&D decisions, as like in Li et al. (2019). The timing of this 

game between the R&D stage and subsidy stage is reversed: the government chooses output 

subsidy in the first stage whereas both firms choose R&D investment in the second stage and 

output in the third stage.  

In the third stage, output choice is similar to the non-committed output subsidy in (4). In the 

second stage, the first-order conditions provide the following equilibrium R&D investments 

and outputs: �଴஼஽ሺ�଴, �ଵሻ = ሺ�−�ሻቀଶ଻ହ+�(ଶସ଼+�ሺ଺ହ+ସ�ሻ)ቁ+�(ସଶଽ+�ሺଷଷ଻+଺଺�ሻ)�బ−ሺଷ+�ሻሺଵ଻+�ሺଷଷ+ଵ଴�ሻሻ�భଵ଼ଷ଻+�ሺଶଵହଽ+ଶ�ሺସଶହ+ହ଺�ሻሻ ,  �ଵ஼஽ሺ�଴, �ଵሻ = ଶሺଷ+�ሻቀሺ�−�ሻ(ଷଷ+�ሺଷଷ+଼�ሻ)−ଶ�ሺଵଵ+ସ�ሻ�బ+ଶሺଷ+�ሻሺଽ+ସ�ሻ�భቁଵ଼ଷ଻+�(ଶଵହଽ+ଶ�ሺସଶହ+ହ଺�ሻ)                            

 

10 (i) �଴஽ − �଴� = ସሺ�−�ሻ�(ଷହଵଽ+ଵ଴ଽ଼�+ଶ଴ଶ଺଻�మ+ସଶ଴଴�య+ଷଷଶଶ଴�ర+ହଽହଶ�ఱ+ଵସ଺ଶସ�ల+଺ସ଴�ళ)ሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ > Ͳ for any � ∈ [Ͳ.ͳሻ, 
 �ଵ஽ − �ଵ� = ସሺ�−�ሻ�ሺ−ସହଽ+�ሺଵଶଷ଺଺+�ሺ−ଶ଻଻ହ+ସ�ሺଵଶଷଷ଴+�ሺ−ଶଽ଺ହ+ଵ଺�ሺ଼଴ଷ−ଶ�ሺଵଵଽ−଺�ሻሻሻሻሻሻሻሺ−଻ସ+ଽ�ሻሺ−ଶ଺଺ସ+�ሺ−ଷହଵ+�ሺ−ଵ଻ହଶଽ+ସ�ሺ−ଶ଺ଷ+�ሺ−ଽହ଺ଷ+ହ଺�ሺଵ−ସ�ሺଷଵ−ଶ�ሻሻሻሻሻሻሻ ><Ͳ if � >< Ͳ.Ͳ͵͹ and ܺ஽ > ܺ� = ଵ଺ሺ�−�ሻ�ሺ଻଺ହ+ଷଷ଺଺�+ସଷ଻ଷ�మ+ଵଷଷ଼଴�య+ହଷସ଴�ర+ଵସଷଷ଺�ఱ−ଵହଶ�ల+ଷହଶ�ళሻሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ > Ͳ for any � ∈ [Ͳ.ͳሻ.  
(ii) �଴஽ − �଴� = ସሺ�−�ሻ�(ସ଼ଽ−ଵସ଻଴�+ହଽଶଽ�మ−ସଵଽ଴�య+ଵଷଽଶଶ�ర−ଶଵଶ଴�ఱ+଼ଷଶ଴�ల)ሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ > Ͳ for any � ∈ [Ͳ.ͳሻ, 
 �ଵ஽ − �ଵ� = ଼�ሺ−ଷ଴଺+ଶଽଵ଺�−ଵ଼଺଼�మ+ଵ଴ହଷଽ�య−ହଷ଻଻�ర+ଽ଼ଵ଺�ఱ−ହ଺଴଴�ల+ଷଶ଴�ళሻሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ >< Ͳ if � ><Ͳ.ͳͲͺ and  ܳ஽ − ܳ� = ସ�ሺ−ଵଶଷ+ସଷ଺ଶ�+ଶଵଽଷ�మ+ଵ଺଼଼଼�య+ଷଵ଺଼�ర+ଵ଻ହଵଶ�ఱ−ଶ଼଼଴�ల+଺ସ଴�ళሻሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ >< Ͳ if � >< Ͳ.Ͳʹͺ. 



�଴஼஽ሺ�଴, �ଵሻ = ሺଵଵ+ସ�ሻ(ሺ�−�ሻሺହଷ+ଶଵ�ሻ+ସ�ሺଵଽ+଻�ሻ�బ)−(ଶଵହ+�ሺଵଽଷ+ସଶ�ሻ)�భଵ଼ଷ଻+�(ଶଵହଽ+ଶ�ሺସଶହ+ହ଺�ሻ) ,  �ଵ஼஽ሺ�଴, �ଵሻ = ሺଵଵ+ସ�ሻቀሺ�−�ሻ(ଷଷ+�ሺଷଷ+଼�ሻ)−ଶ�ሺଵଵ+ସ�ሻ�బ+ଶሺଷ+�ሻሺଽ+ସ�ሻ�భቁଵ଼ଷ଻+�(ଶଵହଽ+ଶ�ሺସଶହ+ହ଺�ሻ) .  
where the superscript “CD” denotes the equilibrium under the committed discriminatory 

output subsidy.  

In the first stage, the government chooses the optimal discriminatory output subsidy: �଴஼஽ = Ͷሺ� − �ሻሺͷͶ + ʹͳͳ͵ͳ� + ͵Ͳͷʹͻ�ଶ + ͳ͸ͻͶͳ�ଷ + Ͷʹ͹͹�ସ + ͶͳͶ�ହሻ�ሺ͵ͳͳͳʹͻ + ͶͶ͵ͺʹʹ� + ʹͶ͵ͷͷ͵�ଶ + ͸Ͳͻͻ͸�ଷ + ͷͺ͹͸�ସሻ , �ଵ஼஽ = ሺ� − �ሻሺͺͶ͵ͺͳ + ͳʹͲͺͲͲ� + ͸ͺ͵ͳ͹�ଶ + ͳͺͲ͵Ͳ�ଷ + ͳͺͷ͸�ସሻ͵ͳͳͳʹͻ + ͶͶ͵ͺʹʹ� + ʹͶ͵ͷͷ͵�ଶ + ͸Ͳͻͻ͸�ଷ + ͷͺ͹͸�ସ .                       
It shows that �଴஼஽ > �ଵ஼஽ > Ͳ for � ∈ [Ͳ,ͳሻ while  

��భ಴ವ�� > Ͳ and 
��బ಴ವ�� ><Ͳ if � >< Ͳ.ͶͲͺ.  Then, 

we obtain the R&D investments and outputs: �଴஼஽ = ʹሺ� − �ሻሺʹʹͳͶʹ + �ሺ͵͵͹Ͷ͹ + �ሺͳͻͷͻʹ + �ሺͷͳʹͻ + ͷͳͲ�ሻሻሻሻ͵ͳͳͳʹͻ + �ሺͶͶ͵ͺʹʹ + �ሺʹͶ͵ͷͷ͵ + ͷʹ�ሺͳͳ͹͵ + ͳͳ͵�ሻሻሻ , �ଵ஼஽ = ʹሺ� − �ሻሺ͵ + �ሻሺͺͲ͸͹ + �ሺͺͷͶͺ + �ሺ͵ʹ͵ͳ + Ͷ͵Ͷ�ሻሻሻ͵ͳͳͳʹͻ + �ሺͶͶ͵ͺʹʹ + �ሺʹͶ͵ͷͷ͵ + ͷʹ�ሺͳͳ͹͵ + ͳͳ͵�ሻሻሻ, �଴஼஽ = Ͷሺ� − �ሻሺʹʹʹͶͳ + �ሺ͵ͳ͹ͳͷ + �ሺͳ͹͵ͷͷ + �ሺͶ͵ʹͷ + ͶͳͶ�ሻሻሻሻ͵ͳͳͳʹͻ + �ሺͶͶ͵ͺʹʹ + �ሺʹͶ͵ͷͷ͵ + ͷʹ�ሺͳͳ͹͵ + ͳͳ͵�ሻሻሻ , �ଵ஼஽ = ሺ� − �ሻሺͳͳ + Ͷ�ሻሺͺͲ͸͹ + �ሺͺͷͶͺ + �ሺ͵ʹ͵ͳ + Ͷ͵Ͷ�ሻሻሻ͵ͳͳͳʹͻ + �ሺͶͶ͵ͺʹʹ + �ሺʹͶ͵ͷͷ͵ + ͷʹ�ሺͳͳ͹͵ + ͳͳ͵�ሻሻሻ.                               
It shows that �଴஼஽ < �ଵ஼஽  for � ∈ [Ͳ,ͳሻ ; �଴஼஽ > �ଵ஼஽  for � ∈ [Ͳ,ͳሻ . Finally, we obtain the 

welfare under the committed discriminatory output subsidy. ܹ஼஽ = ሺ� − �ሻଶሺͳ͹͹͸ͺ͵ + ʹͷ͵ͷͷͲ� + ͳ͵ͻͲͶ͹�ଶ + ͵Ͷ͹͹͸�ଷ + ͵͵ͶͶ�ସሻʹሺ͵ͳͳͳʹͻ + ͶͶ͵ͺʹʹ� + ʹͶ͵ͷͷ͵�ଶ + ͸Ͳͻͻ͸�ଷ + ͷͺ͹͸�ସሻ .       
Under the committed uniform output subsidy, �� = �଴ = �ଵ in the second and third stages. In 

the first stage, the government chooses the optimal uniform output subsidy: ��஼� = ሺ�−�ሻሺଶ଴ଷଶସ଻+ଷଶଵ଻଺ଽ�+଺ଷ଼ହଶ଻�మ+଻ଶଷ଼ଵଽ�య+ଷ଼ସଽ଻ସ�ర+ଽହଶ଼଼�ఱ+଼ଽ଺଴�లሻ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�ల.                      
where the superscript “CN” to denote the committed non-discriminatory output subsidy. It 

shows that ��஼� > Ͳ, �଴஼஽ > ��஼�, and 
���಴��� > Ͳ for any � ∈ [Ͳ,ͳሻ while �ଵ஼஽  >< ��஼� if  � <>Ͳ.ͳ͹ͷ. 

The equilibrium R&D investments and outputs are obtained: �଴஼� = ଶሺ�−�ሻሺହଷଷଶଶ+�ሺ଼ଽ଴଻ଽ+�ሺଵ଻ଵଽଽ଴+�ሺଶ଴଴ଶଷ଻+ସ�ሺଶ଻଻଺଴+�ሺ଻ଵ଺ଷ+଻଴଴�ሻሻሻሻሻሻ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�ల,  �ଵ஼� = ଶሺ�−�ሻሺଷ+�ሻሺଵଽସସଽ+�ሺଶଷସ଻ଶ+�ሺହଶ଴଼ହ+ଶ�ሺଶସହହ଻+ଵଵଶ଴�ሺ଼+�ሻሻሻሻሻ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�ల,  �଴஼� = ሺ�−�ሻሺଶଵସଶ଺଴+�ሺଷଷ଺଼଴ହ+�ሺ଺଺ହ଻ଵ଺+�ሺ଻ସ଼ଵଽ଻+ଷଽଷ଼ହସ�+ଽ଺ସ଴଼�మ+଼ଽ଺଴�యሻሻሻሻ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�ల ,  �ଵ஼� = ሺ�−�ሻሺଵଵ+ସ�ሻሺଵଽସସଽ+�ሺଶଷସ଻ଶ+�ሺହଶ଴଼ହ+ଶ�ሺଶସହହ଻+ଵଵଶ଴�ሺ଼+�ሻሻሻሻሻ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�ల.                      



It shows that �଴஼� < �ଵ஼�  and  �଴஼� > �ଵ஼� for  � ∈ [Ͳ,ͳሻ. Finally, we obtain the welfare under 

the committed uniform output subsidy. ܹ஼� = ሺ�−�ሻమሺସଶ଼ଷ଺ଵ+଺଻ଷ଺଻ସ�+ଵଷଷଷସଷ଺�మ+ଵସଽ଺ସଽସ�య+଻଼଺ଷଽହ�ర+ଵଽଶଶ଴଴�ఱ+ଵ଻଼ସ଴�లሻଶሺ଻ହ଴଴଻ହ+ଵଵ଻ଽଶହ଼�+ଶଷଷହ଴ଶ଻�మ+ଶ଺ଵଽଽ଴଴�య+ଵଷ଻଻ସଷ଺�ర+ଷଷ଻ଵଶ଴�ఱ+ଷଵଷ଺଴�లሻ .                     
Proposition B1. ܹ஼஽ > ܹ஼� for any � ∈ [Ͳ,ͳ]. 

Appendix C. Proofs. 

Proof of Proposition 3:  �଴஽ − ��� = ସሺ�−�ሻሺ−ଶ଺଺ସ+଼ଵଷ�−଻଺଼଺�మ+ଵ଴ଶଷ଻�య−଺ଷଽ଼�ర+ଶଵଶସଶ�ఱ−ଶଽ଼ସ�ల+଼ଷଶ଴�ళሻሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ  >< Ͳ  if � >< Ͳ.͸ͻͻ 

and  �ଵ஽ − ��� = ଼ሺ�−�ሻ�ሺ−଻ହ଴+ସ଻ସ଺�−ଷଵଶ଴�మ+ଵହସ଴ଵ�య−଼଺ଵ଻�ర+ଵଶହ଴଼�ఱ−ଵ଴଺ଶସ�ల+଼ଽ଺�ళሻሺ଻ସ−ଽ�ሻሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻ >< Ͳ  if � >< Ͳ.ͳ͸ʹ. 

Proof of Proposition 4:  

ܹ஽ −ܹ� = {  
  ଼ሺ�−�ሻమ�ሺ଻ଷଷ଺଺ହ଺−ଶଶଶଷ଺଴ଶ଴ଵ�+଼ଶ଼ହ଺ହଶ଴�మ−ଶଵ଻଴଻଺ଶଽଷ଼�య+ହ଻ହଶ଴ହଵଶ଴�ర−଼଺଺ସହଶଵ଺ଶଽ�ఱ+ଶଶହ଻ଶ଴ଽସ଻ଶ�ల−ଵ଻ଽ଴ଽଶସଷଷଷ଺�ళ+ସ଺଺଺଼ହ଺ଵ଺଴�ఴ−ଵଽ଼଴଼ଵ଺଺ସଵ଺�వ+ସ଻ଵ଺଼଻ହଽ଴ସ�భబ−ଵ଴଺ଷହ଻଴ଶହଽଶ�భభ+ଵ଼ହହ଼଺଻ଷଽଶ�భమ−ଵଽଶ଺଺ହ଼଴ସ଼�భయ+଼ଷଷ଺ଽଽ଼ସ�భర+଺଺଴ଶ଻ହଶ�భఱሻ }  

  
ሺ଻ସ−ଽ�ሻమሺଶ଺଺ସ+ଷହଵ�+ଵ଻ହଶଽ�మ+ଵ଴ହଶ�య+ଷ଼ଶହଶ�ర−ଶଶସ�ఱ+ଶ଻଻଻଺�ల−ଵ଻ଽଶ�ళሻమ >< Ͳ if � <> Ͳ.Ͳ͵͵. 


