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Abstract

We analyze patent promotion policies (PPP) in China by constructing a general equilibrium
growth model with endogenous productivity improvement and carrying out empirical analyses.
We examine how provincial PPP stimulates R&D and patent generation and analyze how it
affects national welfare. We derive a necessary condition for provincial PPP to be welfare-
improving for the nation. We then carry out an elaborate empirical welfare analysis by calibrat-
ing the model and carrying out counterfactual exercises to find out the impacts of provincial
PPP on national welfare in China. We found that there is a non-trivial probability of 26%
that provincial PPP adopted in 1995-2009 had been welfare-improving in China. However, the
expected value of the welfare change caused by PPP during this period was negative in every

year, and it was increasing over time.
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1 Introduction

Innovation is widely considered as a key engine that drives a nation’s long-run growth and a
major determining factor of a country’s competitiveness. Many countries have resorted to the
provision of subsidies to promote innovation (Dimos and Pugh, 2016). Extensive empirical studies
have been conducted in the literature to examine the relationship between subsidy policies and
innovation in a wide range of countries, including the United States (Smith, 2020), Germany (Hud
and Hussinger, 2016), Switzerland (Beck, Lopes-Bento and Schenker-Wicki, 2016), Italy (Bronzini
and Piselli, 2016), Turkey & Poland (Szczygielski and Grabowski and Pamukcu and Mehmet and
Tandogan, 2017), pan-Europe (Hiinermund and Czarnitzki, 2019; Sziics, 2020), South Korea (Doh
and Kim, 2014; Choi and Lee, 2017), and India (Ivus and Jose and Sharma, 2021). The effects
of pro-innovation policies can vary according to different countries’ degree of trade liberalization
(Geng and Saggi, 2022) and other economic policies such as climate change policies (Gans, 2012)

and fiscal policies (Montmartin and Herrera, 2015; Stoj¢i¢ and Srhoj and Coad, 2017).

In recent decades, China has also emphasized the use of pro-innovation policies aiming at
stimulating inventions and sustaining higher economic growth. According to World Intellectual
Property Organization (WIPO), China had the fastest growth in patent filings among all major
countries during the last decade, with a growth of over 174% from 561,472 in 2012 to 1,538,549 in
2021.! The growth in the US, Japan, Germany, France, UK, and Switzerland in the corresponding
period were 7.5%, —15.8%, —9.8%, —5.9%, 3.6% and 14%, respectively. Furthermore, in 2011, the
China National Intellectual Property Administration (CNIPA) became the busiest patent office in
the world when it overtook the United States Patent and Trademark Office (USPTO) and Japan
Patent Office (JPO) in receiving patent applications. CNIPA reached another milestone in 2015
when it surpassed the USPTO and JPO in the number of patents issued to become the patent office
that awards the largest number of patents in the world.? Hu, Zhang, and Zhao (2017) has provided
a nice documentation of the patent growth in China in 2007-2011, and the surge in patents was

found to be associated with increased productivity (Fang and He and Li, 2020).

One factor widely considered as important in contributing to the stark contrast between China
and other countries in the growth of patent output is the extensive R&D subsidy policies imple-
mented in China, which have led to a remarkable increase in R&D expenditure as a share of GDP
(Boeing, 2016; Guo and Guo and Jiang, 2016; Guo and Guo and Jiang, 2017; Gao and Hu and Liu

and Zhang, 2021).3 Among various pro-innovation policies, one important type is patent promo-

' A common measure of countries’ innovative capability is the number of patent applications granted.
?Data taken from the World Intellectual Property Office (WIPO).
3In fact, R&D subsidies are also found to generate other economic effects, such as raising employment (Lanahan



tion policies (PPP), which were widely adopted by provincial governments across China. PPP may
take the form of reward or subsidy policies that directly impact the benefits and costs of patent

production.*

This paper aims at examining the effectiveness of these PPP in stimulating provincial R&D
expenditure, innovation, and their impacts on national welfare. The model considers two types of
PPP. The first type is provincial patent reward policy that incentivizes successful patent applica-
tions via tax deductions, tax rebates, and rewards for holders of granted patents. The second type
is provincial patent subsidy policy that provides subsidies to inventors for paying patent applica-

tion or maintenance fees.’

To carry out the analysis, we develop a tractable general equilibrium
growth model with endogenous productivity improvement through innovation. Based on our model,
we identify four sources of externalities, namely knowledge spillovers (positive), business stealing
(negative), appropriability (positive) and congestion externalities (negative). This implies that the
decentralized provincial market equilibrium gives rise to a sub-optimal national allocation of la-
bor to R&D activity that is strictly lower than the national social planner’s allocation if the net
externality is positive. We derive a necessary and sufficient condition for this to be true, and use
it to guide our empirical welfare analysis. If this condition holds, it justifies the use of provincial

patent-promotion policy to close the wedge.

We go on to calibrate the model and carry out counterfactual exercises to estimate the impacts
of provincial PPP on national welfare. We employ patent-level data from the China National
Intellectual Property Administration (CNIPA) and PPP data from 31 Chinese provinces in 1985-
2009. This is an elaborate empirical welfare analysis. The most important result of this exercise is
that the probability that provincial PPP in China was welfare-improving during 1995-2009 is 25.9%,
which is non-trivial. Thus, we conclude that PPP in China during this period was potentially

welfare-improving. This stands in contrast to the findings of the prevailing literature.

Overall, our contribution to the literature is twofold. First, we develop a novel general equilib-
rium endogenous growth model with growth being propelled by productivity improvement through
innovation. The model captures the mechanism through which provincial PPP affects provincial
and national quantity and quality of patents generated through its stimulative effect on provincial
R&D. We derive the condition under which provincial PPP will improve national welfare. We derive

a necessary condition for the socially optimal level of R&D to be higher than the equilibrium level,

and Joshi and Johnson, 2021), signaling R&D quality (Bianchi and Murtinu and Scelera, 2019), enhancing university
cooperation (Sziics, 2018), extending collaboration networks (Broekel and Fornahl and Morrison, 2015; Chapman and

Lucena and Afcha, 2018), and increasing access to other forms of financing (Meuleman and De Maeseneire, 2012).
4Other countries have also adopted various country-specific patent policies, such as compulsory licensing or tax

reduction on patent income, to promote innovation production. However, the effectiveness of these policies was mixed

across countries (Baten and Bianchi and Moser, 2017; Gaessler and Hall and Harhoff, 2021).
®These two policies had very similar innovation-stimulating effects, and welfare effects. So, we pool them together

when we carry out our empircial analysis.



and explain why it is plausible that PPP are potentially welfare-improving in China and other low-

and middle-income countries.

Second, we carry out an elaborate empirical welfare analysis that is closely linked to the theoret-
ical model. We estimate the probability that PPP was welfare-improving during 1995-2009 as well
as the expected value of the welfare change in China caused by PPP during this period. We find that
while there is a non-trivial probability that PPP was welfare-improving, the expected value of the
welfare change caused by PPP was negative. Although our result that PPP was welfare-reducing
is in line with the literature, we arrive at our conclusion based on a different mechanism. Most
papers in the literature argue that PPP were welfare-reducing because there is a limited amount
of resources that can be used for R&D, and PPP caused more resources to be allocated to develop
a large quanity of low-quality patents that had limited commercial value and less resources to be
allocated to develop high-quality patents that had high commercial value. Thus, there is a quality-
quantity tradeoff, leading to lower welfare. By contrast, in our model, there is a limited amount of
resources that can be used for either R&D or production, and PPP caused more resources to be
allocated to R&D and less resources allocated to production. Thus, PPP would be welfare-reducing

if the market-determined amount of resources allocated to R&D was already too high.

The rest of this paper is organized as follows. Section 2 reviews the relevant literature, describes
the patenting growth in China, the various theories trying to explain it and highlights our contri-
butions. Section 3 describes the theoretical framework used to analyze the effects and implications
of PPP. Section 4 presents the empirical welfare analysis. The empirical approach, the data used

and the results of each set of work are discussed. Finally, Section 5 concludes the paper.

2 Analyses of Patenting Growth and Patent Promotion in China

Since the 1980s, China has experienced a significant increase in patent applications. There are
several theories in the existing literature that explain the driving forces behind this explosive

growth.

One important theory emphasizes the role of government support policies. Li (2012) uses
Chinese provincial data and patent data to show that patent applications increased after a province
launched a patent application fees subsidy system. Dang and Motohashi (2015) examine how patent
promotion policies affect the number of high- and low-quality patents granted. They use the number
of claims to proxy for the quality of each patent and find that policies that provide monetary rewards
increase the number of high-quality patents. Zhang and Nie (2021) found that the public health
insurance program for rural residents increases the number of pharmaceutical patents filed, with a
modest increase in quality. Wei, Xu, Yin and Zhang (2021) study the effects of the pro-innovation

programs in China. They focus on a patent subsidy policy (the InnoCom program) in China.



It is found that the policy encourages firms to hold more patents, but disregards the quality of
patents. The subsidy overall reduces the value of patents either through lowering the quality of
newly granted patents or through the inefficient trade of patents. The outcome was that aggregate
welfare declined substantially. Cao, Jiang, Li and Zhu (2023) adopt a Schumpeterian growth model
featuring innovating firms’ quantity—quality trade-off between radical and incremental innovations
under the “quantity-based” patent-subsidy schemes of China. Their model highlights the existence
of a scarce R&D resource, which induces a firm-level trade-off between quality and quantity. They
found that, from 2001-2007 to 2008-2014, patent subsidies reduced the aggregate balanced-growth
welfare by 3.31% because of the decline in the quality of patents.

In contrast, this paper presents a perspective different from the notion of a quantity-quality
trade-off. In our model, the quality (citation count per year) of a patent generated by research
is a random variable with a fixed probability density function in each year. Thus, there is a
fixed probability of generating a patent at the top kth percentile of quality which is considered
commercializable and also defined as high-quality. Under PPP, the market allocates more resources
to research and less to production. Consequently, this leads to an increase in the number of both
low- and high-quality patents awarded. It is the latter effect that fosters growth. This, however,
does not necessarily increase welfare, as the realized rate of innovation may be too high compared
with the social optimum. Thus, whether the rate of innovation is too high is an empirical question.
In our empirical welfare analysis, we find that there is a non-trivial probability of 25.9% that PPP
had been welfare-improving in China during the sample period of 1995-2009. However, we find
that the expected welfare change to China as a whole caused by the provincial PPP was negative,
indicating that the rate of innovation before the implementation of PPP might have already been

too high compared with the social optimum.

3 Theory

This section presents a tractable general equilibrium model to examine the effects of pro-innovation
policies on research activities and innovations.® The key equations are presented in this section,

and the details of the model are relegated to Online Appendix A.

3.1 Model Setup

Consider an economy (a country with many regions) in which there is a continuum of differentiated

varieties indexed by j € [0, ] that yield utility to consumers. Labor is the only factor input, which

This paper extends the general equilibrium model of Chor and Lai (2016) that analyzes the relationship between

cumulative innovation, growth and welfare-improving patent policy.



can be interpreted broadly as the totality of all resources that can be used for production or R&D.
Thus, “labor” or “worker” in this model stands for a composite factor input consisting of labor,
capital, land, and other resources that can be used for production or research.” The “wage” w
is therefore the value of one unit of this composite factor input.® The words “labor”, “worker”,
“labor force”, “factor input”, and “composite factor input” refer to the same thing and can be used
interchangeably. The “wage” and “the unit value of the composite factor input” refer to the same
thing. We assume that the composite factor input is mobile across regions, there is free trade of
goods within the country and there exists a national capital market. Free mobility of the composite

factor implies that the returns to the composite factor in all regions are equal.

Each unit of labor (or “worker”) can engage in one of two activities, namely, in the production of
differentiated varieties or in R&D. With regard to the former, the technologies used in production all
feature constant returns-to-scale. Z.(j) is the labor productivity associated with the best available
idea for producing variety j at time 7. Thus, 1/Z.(j) units of labor are required to produce each

unit of output, so that the unit cost faced by the firm that produces this variety is w./Z;(j).

In each region there is a research technology that can be used to generate commercializable
patents. The objective of R&D activity is to generate commercializable patents embodying ideas
that improve existing labor productivity. Each idea entails improving labor productivity for pro-
ducing a specific differentiated variety.” The generation of these ideas follows a Poisson process,

with the aggregate arrival rate being determined by the total quantity of R&D labor input.

In region %, the research technology yields a Poisson arrival rate of getting a patent equal to
f#(R;) where R; is the input into R&D, and conditional on getting a patent, there is a probability &
that the patent is commercializable (i.e. high-quality). Conditional on commmercializability, there
is a probability distribution of the productivity improvement (, which is a random variable. We

assume that there is a fixed measure of the variety of goods given by pu.

By getting a commercializable patent, the firm can prevent others from using the idea. Thus,
the patent-owning firm is the only one who can produce and market the variety (say, variety j)
with this new technology and will indeed have the entire market for j to itself as it is now the most
productive manufacturer of j. This monopoly power only expires when the next idea that improves

upon j arrives.'? Ideas that are not patented but are marketed can be imitated immediately by

"Formally, we can assume that human capital, labor, physical capital, land, and other resources are employed in
fixed proportions to each other in a Leontief fashion for carrying out R&D and they are also employed in (different)

fixed proportions for carrying out production.
$We shall eventually set w = 1 for normalization.
% Alternatively, the innovation process can be viewed as one that brings improvements along a quality dimension.

Each new idea brings greater benefits to consumers without increasing the production cost of the good (and thus the
market price).
0 Given the continuous measure of varieties, the probability of the same actor successively obtaining two ideas for

producing the same variety is zero



other firms that would compete away the inventor’s profits. It follows that firms will immediately
patent any new idea they receive. In equilibrium, then, no goods are marketed without first being

patented.!!

To encourage innovation, the government of region 7 offers two incentives to firms. The first
type of policy rewards firms with a certain amount of money once a patent is acquired. We call
this a reward policy, and the financial reward per patent is equal to S;. The second type of policy
directly lowers the cost of factor input (i.e., labor) used in R&D that pursue patents. This type of
incentive policy will be called subsidy policy, and the monetary subsidy per R&D worker is equal

to a fraction s; of the wage.

We now describe the productivity level associated with each arriving high-quality (i.e. commer-
cializable) idea. To initialize the innovation process, we assume that at the start of time (7 = 0),
there is a baseline technology for each variety that is freely available to all firms. We normalize the
productivity of this baseline technology to be 1, so that Z(©)(j) = 1 for all varieties j € [0, u]. Next,
we define Z(*)(j) to be the productivity associated with the k-th idea to arrive for variety j, where
k is a non-negative integer. Thus, {Z(©(5), ZW(5), 23 (4),...} form a sequence of the successive
best technologies for producing this variety. To describe how this frontier technology evolves, define
¢ED () = 2D (5) /2 (5) to be the productivity improvement associated with the next idea
to arrive. We adopt a specification where the size of each productivity improvement is stochastic
so that ¢ (kH)( j) is the realization of an independent draw from an underlying stationary random

variable, denoted by (.

We shall begin our analysis with a general distribution for {. Later in the paper, we will
specialize into a Pareto distribution. Suppose the random variable on productivity improvement
(or inventive step) ¢ is drawn from the following standardized Pareto distribution with shape
parameter 6 > 1:

Pr(¢ <z)=1-2"? where z € [1,00). (1)

Recall that a lower 6 implies a more fat-tailed distribution which places greater weight on drawing
relatively large productivity improvements. This Pareto distribution will prove to make a very
tractable model. It is straight-forward to show that:

6

B[] = 150

where [ is the expectation operator, (2)

which we will use later in our analysis of the model.

1YWe first assume that patents do not expire, i.e., that patent duration is infinite, so that incumbent patent holders
lose their monopoly power only if they are displaced by a new idea. It can be shown that the main results remain

the same when there is a finite patent length.



3.2 General Equilibrium

We now embed the above cumulative innovation process in a general equilibrium setting.

3.2.1 Utility

There are n regions in this country. The utility function of the representative consumer in each
region as of time 0 is given by: -
Wo :/ e Tlnu, dr. (3)
0

Here, p is the rate of time preference, while u, aggregates the instantaneous utility from the
consumption of differentiated varieties at time 7. Denoting the quantity of variety j consumed at

time 7 by x; (j), we assume that u, is given by:

Uy = exp{/oulnivr () dj}- (4)

The representative consumer chooses {z; (7)}22, to maximize (3), subject to the intertemporal

budget constraint: .
/ X, dr < b(0),
0

where X; = [ pr (j) 2+ (j) dj denotes the flow of consumption spending at time 7, with p; (j)
being the corresponding price of variety j at that time (which the consumer takes as given). The
prevailing interest rate is r, and this is determined by the rate of return for owning a patent, which
is the only asset in our economy. Finally, b(0) denotes the present value of the future stream of
wage income that will be earned by each consumer plus the value of their initial asset holdings at
date 0.

It is well known (see, e.g., Grossman and Helpman, 1991) that solving this dynamic optimization

problem yields the following:

T:p—i_iu

where X is the time derivative of X. Let E, = LX, denote aggregate expenditure in this country

at time 7. Thus, the above equation becomes

E
r:p+E.



3.2.2 Market structure and profits generated by high-quality patents

Let II. be the total expected profits of all firms at time 7 and (Il;)_ be the expected profits per
variety at time 7. Thus, I, = p - (Il5). In Online Appendix A, we show that

E

I, =(1-EB[¢")E = a+o)

if we assume the Pareto distribution as stated in equation (1). Since E; is constant over time and

¢ is drawn from a stationary distribution, the above profits are also constant over time.

3.2.3 Research Productivity of the research technology

Let the contribution to the incremental Poisson arrival rate of new patents in region ¢ by the
marginal R&D worker in region i be equal to A’ (R;), where R; is the allocation of labor to R&D
in region i. We assume that X’ (R;) is a convex and decreasing function that converges to zero:
()\i)/ (R;) <0, ()\i)” (R;) > 0, X (0) > 0, \* (c0) = 0. This is shown in Figure 1. These assumptions
imply that the success rate of obtaining a patent by a marginal worker is relatively high when
fewer labor resources are devoted to R&D. As more and more resources are devoted to R&D, the
additional success rate contributed by the marginal worker decreases. The intuition behind this
assumption is the diminishing returns to R&D effort. The earlier efforts yield a higher marginal
Poisson arrival rate (because they reach for the lower-hanging fruits). The Poisson arrival rate as
a function of R; is defined as f? (R fo “ A (z) dz. Note that we assume that all R&D workers
are equally productive. Thus, the P01sson arrival rate of any R&D worker is a random variable
with an expected value equal to the mean ¢’ (R (fo N (2 da:) J/R; = fi(R;) /R;. Tt can be
easily shown from Figure 1 that (qb’) (R;) <0 as ()\Z) (R;) < 0. Intuitively, since the incremental
Poisson arrival rate of the marginal R&D worker is lower than the average Poisson arrival rate of
the existing R&D workers, the allocation of an additional unit of labor to R&D lowers the average

Poisson arrival rate.
<Figure 1 about here>

In any region, conditional on the research yielding a patent, there is a probability ¢ that the
patent is commercializable. Conditional on commmercializability, there is a probability distribution
of the inventive step (. Refer to Appendix B for the assumed probability density function of the
quality of patents (measured by the citation per year (CPY) to be defined later) generated by the
research technology. The empirical facts align with the assumption of constant §, and a constant
share (k%) of commercializable patents in the context of our model. We define the expected number

of high-quality patents awarded in region i as h;(R;) = 6 f* (R;).



A(0)

Figure 1: M\ (R;) is the incremental Poisson arrival rates of patents in region i, where R; is the

allocation of labor to R&D in 3.

3.2.4 Savings, Investments, and the Structure of the Economy

Since R; is the quantity of labor in region ¢ that are hired by firms to engage in R&D activity,
the remaining quantity of labor in region ¢, I; — R;, engages in the production of goods, where I;
is the total amount of labor employed in region . Note that I; is endogenous as each region hires
an amount of labor from the national labor market to satisfy the need for R&D and production of
goods. In equilibrium, the demand for labor is equal to the supply of labor in the national labor
market: ) .l; = L. Firms need to obtain financing in order to hire R&D workers as their profits
accrue in the future. This spending on R&D is the only form of investment in our model as the
innovation is undertaken to generate ideas that yield an expected future stream of profits. There
is a national capital market (financial intermediary). To obtain financing, firms issue claims (in
the national capital market) on the flow of profits from their patents. These claims are the only
assets in the economy (the country), and the total value of these assets at time 7 is denoted by A;.
Note that A is equal to the expected value of each high-quality patent (call it (As),) multiplied by
the number of varieties i, given that we have only one active commercializable (i.e. high-quality)

12 The above investment in R&D activity is financed through the savings

patent for each variety.
of workers. This could occur with savers directly owning the equity of firms or with the financing

channeled through an intermediary such as a bank.

Ex-post (i.e. after it is revealed whether a patent is commercializable), only high-quality (i.e.
commercializable) patents have commercial value. Therefore, high-quality patents have positive

asset value, Ag > 0, and low-quality patents have no asset value.

124, = Jo(As), (J)dj = p- (As), since (As), (j) = (As), for all j.



3.2.5 Factor Market Equilibrium in Each Region

The composite factor input will be allocated, through the market, to work in either (i) R&D or (ii)
production. In equilibrium, the returns to the composite factor from engaging in production and
R&D are equal due to free mobility of the factor and free entry into the industries. Free mobility
of the composite factor implies that the returns to the composite factor, called w, are equal in all

regions.

Assume that the job of an R&D worker is not only to create a new patentable idea but also
prepare a patent application for the idea. The Poisson arrival rate of a patentable idea covers the
successful completion of both tasks. Different provinces offer different levels of awards for approved
patents and subsidies for application of patents. A monetary reward S; is given to any firm once a
patent is granted, regardless of whether it is commercializable. The government of region ¢ provides
any qualified firm with a subsidy of a fraction s; of the wage of an R&D worker during the process
of applying for a patent (regardless of whether the application is successful). We can think of ws;
as a monetary subsidy on the patent application fee. There is an important distinction between
these two channels of pro-innovation policies (i.e. reward policy and subsidy policy). The patent
reward is granted only after a patent is issued, while the patenting subsidy is granted to subsidize

patent application.

In a competitive labor market, to obtain an interior solution of labor allocation (i.e. positive
amount of labor allocated to R&D and production), the wage of an R&D worker needs to be equal
to their expected “value of marginal product” (VMP), which is equal to the expected value of a
patent before its commercializability is known (i.e., A5 = JA/p in the absence of the patent reward
policy) multiplied by the average Poisson arrival rate faced by the R&D worker. Moreover, the wage
of a production worker w must be equal to that of an R&D worker so that workers are indifferent
between being employed in R&D or production. Recall that ¢ (R;) = %Iji) is the expected Poisson
arrival rate of an R&D worker. Therefore, in the absence of pro-innovation policies, the equilibrium

labor allocation condition is given by

A (R,
—5-f( Z):w fori=1,2,...n (5)
Iz R;
where A, R; (assuming that there is an interior solution), and w are endogenous. (We shall set
w = 1 later as normalization.)!

In the presence of pro-innovation policies s; and S;, the expected value of a patent whose
commercializability is not yet known is 045 + S; = dA/p + S;, while the cost of one unit of the

composite factor is w (1 — s;). Thus, the equilibrium condition that determines the amount of R&D

"3 The sufficient condition for the existence of an interior solution to (5) is %(5 . Rlim % > w.

—0

10



carried out by firms in ¢ is given by

R;

where a; is a dummy variable equal to one if there is subsidy policy in province i and zero otherwise;

A (R,
<5+biSi) RACL) =w(l—a;s;) fori=1,2,..,n (6)
7
b; is a dummy variable equal to one if there is reward policy in province i and zero otherwise.

3.3 Results and Implications

We are now ready to solve the model and discuss its results and implications.

3.3.1 Steady State

First, we set w = 1 as normalization. We shall demonstrate below that this economy will jump
immediately to a steady state with A=X=E=0. The equations in the Online Appendix (21),
(22), (23), (24), (26), and the normalization w = 1 together yield 4+n equations in 4-+n unknowns r,
II, E, A, {R}}._,, where a variable with an asterisk denotes the equilibrium value. In this subsection
3.3.1, we assume a standardized Pareto distribution for the productivity improvement variable to

make the model more tractable.

We define the equilibrium Poisson arrival rate of high-quality patents in region ¢ as h] =

5 f" (RY). Note that -% [h¥] > 0 for all i, as d(d]?f) > 0 according to (6). Thus, we can write h} as

R; (A, si,S¢>] = h; <A, si,Si> for short.
) \) () () ) (+) ()

With the derivation presented in section A.3.1 of the Online Appendix A, the steady state

B

(2

condition is given by

+
Ap+ A(1+0)- ® @ g,

. (7)

Equation (7) together with (6) can be used to solve for the expected value of a high-quality
patent (A/p) as well as the equilibrium amount of R&D labor input (R}). The equations will be

used to carry out our comparative statics exercise in subsection 3.3.2.

3.3.2 Comparative Statics and Propositions

We carry out a number comparative statics exercises. From (7), we obtain

dA dA
d—si<0, d—Si<0,

11



and

ar; o AR,
ds; > 0; a5, > 0;
and
d—R;<O' dR;<Oforj7§i'
dsi ’ dSz ’
and no g px n i px
d X5 f (Ry)] > 0; d[>hy 1 (Ry)] > 0:

ds; ds;

Refer to Appendix A for the proolf of the above sets of inequalitlies. The first two sets of inequalities
above indicate that home province patent subsidy policy, or home province patent reward policy will
increase the allocation of resources to R&D in the home province. They have effects on A through
(7), which in turn impacts R} through (6). Although home subsidy and reward policies reduce the
value of a high-quality patent (A/x), which tends to lower the allocation of resources to R&D (R}),
such effect is more than compensated for by increased incentives to carry out R&D resulting from
the home patent subsidy or patent reward policies. Thus, the effects through A are second-order.
On the other hand, the third set of inequalties above indicates that home province patent subsidy
or reward policy will reduce the allocation of resources to R&D in other provinces where there is no
PPP, as the value of each commercializable patent falls while there is no government subsidies to
offset this negative impact on the incentives to carry out R&D. Moreover, the last set of inequalities
above indicates that PPP in any province will increase the total number of patents approved at
the national level, despite the fact that it reduces the numbers of patents approved in provinces
with no PPP. In other words, the positive effect in the province with PPP outweighs the negative
effect in the provinces with no PPP. This is a subtle point. The intuition can be found in (24) in
Online Appendix A. In that equation, as A falls, the profit rate per period, II/A, increases. Thus,
the hazard rate at which an active patent will be superseded, > j_; f (R}) /p1, must increase so
as to keep the expected rate of return of each asset equal to the rate of time preference p. This
induces more entry into R&D nationally. Note that an increase in R} imply three things. First, it
means that the amount of R&D expenditure increases. Second, it implies that there is an increase
in the Poisson arrival rate of patents, denoted by f* (R}). Third, this also means increases in the
numbers of high- and low-quality patents awarded per period, given by 6 f* (R}) and f* (R}) (1 — 6),
respectively.!* The first is about the input measure of R&D, while the third is about the output
measure of R&D.

For each individual province ¢ and at the national level, the expected share of high-quality
patents is equal to d, which is independent of PPP, as the probability of each patent being high-

quality (commercializable) is assumed to be a constant 9.

Thus, we have the following two propositions.

14 As footnote 7 indicates, “worker” in this model stands for a collection of human capital, unskilled labor, physical
capital, and so on, employed in fixed proportions to each other in a Leontief manner. Thus, the R&D expenditure is

the sum of the costs of all these factor inputs used in R&D.
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Table 1: Comparative Statics Results

A R} JURY) | Ry GG#0) | fP(R)) (G #9) | ey [P(RE) | 0
st || 1 1 ! l 1 No effect
st || 1 1 ! l 1 No effect

S; = Monetary reward per patent offered in region ¢

si = Monetary subsidy per R&D worker as a fraction of the wage offered in region ¢

A = Economy-wide total value of high-quality (i.e. commercializable) patents

R} = R&D expenditure in region %

¥ (R}) = No. of patents approved in region i

S vy fP(Ry) = No. of patents approved at the national level

0 = “Expected no. of high-quality patents approved in region ¢” /“Total no. of patents approved in region i”

= “No. of high-quality patents approved in the country” /“Total no. of patents approved in the country”

Proposition 1 PPP in a province increases the R€D expenditure and the numbers of high- and
low-quality patents awarded in the home province but reduces the R€D expenditure and the numbers

of high- and low-quality patents awarded in other provinces where there is no PPP.

Proposition 2 PPP in a province increases the R€D expenditure and the numbers of high- and

low-quality patents awarded at the national level.

We summarize the comparative statics results by Table 1.

<Table 1 about here>

3.4 Welfare Analysis: Market Equilibrium and Social Optimum

In this section, we derive the condition under which the market without government intervention
delivers less than the optimal amount of R&D. If that condition is satisfied, government pro-
innovation policies that increases R; will be welfare-improving if the increases are not excessive,
and if the policies are financed by lump sum taxes. The result is summarized by Proposition 3. Note
that even when the socially optimal level of R&D is higher than the equilibrium level, an excessive
increase in R&D induced by PPP can be welfare-reducing as it lowers current consumption too
much. Therefore, the dosage of PPP must strike the right balance between dynamic gains and
static losses to ensure welfare improvement. Thus, there are two critical conditions for PPP to
be welfare-improving. First, the socially optimal level of total R&D expenditure in China exceeds
the equilibrium level (Inequality (16)). Second, the dosage of PPP cannot be too high. In this

subsection, we focus on deriving the first condition.
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3.4.1 Equilibrium condition

To evaluate the welfare impact of patent promotion policies, we start by analyzing the market
equilibrium without PPP. Equations in the Online Appendix A, (21), (22), (23), (24), (25), and

the normalization w = 1 together yield 4 + n equations in 4 + n unknowns r, I, E, A, {R}}"_,.

Solving the above system of equations, we obtain the market equilibrium condition:

Z?:l R;
L

= (1-E[¢"]) - E[C_l}pfii fori=1,2,..,n (8)

1 0 i
— (1-1—9> — <1+0) p[lfli under Pareto distribution of ¢

where h; = §f% (R;). The derivation is explained in more detail in Online Appendix A.

3.4.2 Contrast with the social optimum

To understand the efficiency properties of the steady state, we compare the above market equilib-
rium with the outcomes under a benign social planner for the country as a whole. Conceptually,
the social planner’s problem can be formulated as a labor allocation decision over the amount of
labor to employ in R&D in each province i at each time point 7, as well as the amount of labor to
assign to the production of each variety j € [0, ] at each time point 7 (which we denote by L% (3)).

Formally, the planner sets out to maximize the welfare of the representative consumer:

max Wo
{Ri‘r}?:lv{Lg(j) ?:0
m n
s.t. / LP(j) dj = L, — ZRZ-T for all 7 >0, 9)
0 i=1
and La-(j) = LP(4)Z-(j) for all j € [0,u] and 7 > 0. (10)

The first constraint (9) is a labor market-clearing condition that states that all labor not engaged
in R&D must be employed in production. In addition, the second constraint (10) clears the market
for each variety j, setting the quantity demanded equal to the quantity produced at each point in

time.

As we show in Appendix section C, the solution to this social planner’s problem features an
equal allocation of labor to the production of each variety. In other words, given the choice of
{R;+}_, we have equal allocation of production labor to all varieties: pL?(j) = L, — > 1 | R;; for
all j € [0, u], bearing in mind that we have a measure of varieties equal to p. Further, if we assume

Pareto distribution for ¢, we have
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Under market equilibrium, since all varieties are ex ante symmetric, the law of large numbers
implies that the expected price of the state-of-the-art product of all varieties are equal. Therefore,
the expected output of all varieties are equal as well. Thus, we can use the above formula to

calculate the welfare under market equilibrium as well.

Based on the derivation in Online Appendix A, the socially optimal value of R;; in each region

1 obeys the following condition.

le_ _ PH for’L:]_,Q,,n (11)
L, SL: A" (Rir) E[In(]

3.4.3 Four sources of externalities

In this subsection, we drop the time subscript for simplicity. Under market equilibrium, equation

(8) implies that

i B (1-E[ ) - (L= R) .
S hd/n BN ot (ke ] Eenerdense (12
L) (L-"_R;
= (1+9> ( Loina 1) under Pareto distribution of ¢ (13)

(+25) I+ (S ha) /o

On the other hand, under the social optimum for the country as a whole, (11) yields

YR _ o ppli 1
L LR\ (R;)6 E(In()
_ puR; 1
- Lg; E(Q)

where g; = R\ (R;) 0. This further implies that under social optimum for the country as a whole

Zz 1RZ

S gy Bl

in the general case (14)

(L—> 1)
p

under Pareto distribution of ¢ (15)

1 (L= )
0 p
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Comparing the conditions for market equilibrium and the social optimum at the national level

in (12) and (14) respectively, we identify four sources of externalities:

1. intertemporal spillover (positive externality) — The term under social optimum: p vs. the

term under equilibrium: p+ (37" ; h;) /p in the denominator on the RHS of (12) and (14).

The effective discount rate that matters for the market equilibrium is p+ (37 ; h;) /p, whereas
that which drives the planner’s problem is p. This difference is due to the “intertemporal spillover”
effect that arises from the cumulative nature of innovation: In the market equilibrium, firms apply
a higher effective discount rate when evaluating the value of a successful innovation because they
do not internalize the positive knowledge spillovers that they generate for future productivity
improvements. Instead, they discount the future at a higher rate that incorporates the hazard
rate of being leapfrogged, (3 i, hi) /p. Ceteris paribus, this intertemporal spillover effect would
push the market equilibrium towards featuring under-investment in R&D relative to the planner’s

outcome.

2. appropriability effect (positive externality) — The term under social optimum: [E (In ()] vs.
the term under equilibrium: (1 — E[C_l}) in the numerator on the RHS of (12) and (14).

The term 1—E[¢!] appears in the numerator on the right-hand side of (13), whereas we instead
have a E[In (] term in the corresponding equation (15) for the social planner. This contrast captures
the “appropriability” effect. With the log utility specification in (3), a successful innovation drawn
from ( yields a (flow) welfare gain per unit of the good consumed equal to E[ln¢]. However,
the profit share that accrues to the innovating firm is only 1 — E[¢™!] (c.f., equation (22)). As
E[ln¢] > 1 —E[¢™!] except in the special case where ¢ is a point mass at 1, firms are indeed unable
to appropriate the full surplus enjoyed by society from their innovation.'® Thus, this effect also
pushes the market equilibrium towards a lower allocation of labor to research than the planner

would choose.

3. business-stealing effect (negative externality) — The term under social optimum: 1 vs. the

term under equilibrium: ﬁ on the RHS of (12) and (14).

Since innovation effort erodes the profits of preceding innovators in a way that the social planner

would want to fully internalize. We associate this effect with the term that appears in (12),

_1
E[¢™]
but which is absent in (14). The latter reflects the fact that aggregate profits in the economy are
still constant, despite the new innovation occurring, whereas the firm that owns this innovation

would value the private profit flows that it generates. As the support of ¢ is (1,00), we clearly

5To see this, straightforward calculus will show that the inequality Inz > (2 — 1)/z holds for all z, with equality
if and only if z = 1. Taking expectations with respect to the probability density function of ( yields the desired

inequality. This inequality will moreover be strict except in the special case where ( is a point mass at 1.
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have —- > 1, so that this business-stealing effect pushes the private actors in the direction of

B¢~
over-investing in research relative to the planner’s problem.'6

4. congestion effect (negative externality) — The term under social optimum: ()" g;) /¢ in
the denominator of LHS of (12) vs. the term under equilibrium: ("7 ; h;) /@ in the denominator
on the LHS of (12).

The addition of one more researcher reduces the average arrival rate of ideas over all researchers
(See, for example, p.100 of Jones (2002)). This is analogous to the effect that the addition of one
more car in a highway slows down the average speed over all cars in the highway. The negative
externality is reflected in the fact that g; (R;) < h; (R;) for all 4 if we plug the equilibrium value of
R; into g; (R;) and h; (R;).'7

As is shown in the comparison between (13) and (15), under Pareto distribution, effects 2 and
3 cancel each other, leaving only effects 1 and 4. Under what condition will the net externality be
positive so that the social optimum features a higher value of y ;" | R; than under equilibrium? It

is straightforward to show that (13) implies that, under equilibrium,

n eqm n
Z R — L (3 iz hi)
i=1 (PM + Z?:l hz) 0+ Z?:l hi7

whereas (15) implies that, under social optimum,
SO
(2 - .
P PO+ 3001 gi

Comparing the above two equations, it can be easily shown that

() - {8

L(3i19i) - L300 hi)
PO+ >0 gi (o + 270 hi) 0+ D70 hi
1 1

1
—_ < —_
Sragi i hi i

when R; is the equilibrium value

= when R; is the equilibrium value (16)

In order to gain insights into the condition under which (16) is more likely to hold, we introduce

more structure to the function A (R;) by assuming that A’ (R;) = 8° (R; + 1), where 8¢, v > 0.'*

6The presence of monopoly-pricing power per se does not distort labor allocations in our model. The reason is
that all firms charge the same markup in expectation (drawn from the standardized Pareto distribution, n(m)), so
that the allocation of production labor across varieties cannot be improved upon ez ante. See the related discussion
in Grossman and Helpman (1991), p.70.

17%1?) > A" (R;) for all R; > 0 as long as A\* (R;) is downward sloping.

'8 This functional form guarantees that A’ (0) # oo.
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In Online Appendix section A.4.3, we show that a sufficient condition for inequality (16) is

0% 1 1
-, 42
(1 - 7) hazard rate < P (42)

When (16) holds, small increases in R&D expenditure induced by patent promotion policies

financed by lump sum taxes will be welfare improving. Thus, we have Proposition 3 below.

Proposition 3 Inequality (16) gives a sufficient condition for the market-determined level of R€D
expenditure in a country to be less than the socially optimal level. When that condition is satisfied,
sufficiently small increases in RE€D expenditures by firms induced by pro-innovation policies financed

by lump sum taxes are welfare improving.

Inequality (42) implies that it is more likely to hold if the elasticity of incremental Poisson arrival
rate with respect to R&D input, ~, is smaller, the country is more patient (has lower discount for
the future, p), and has higher rate of replacement of old technology by new technology (higher
hazard rate). In that case, beyond the establishment of an effective patent system, additional

subsidy and reward policies to promote patenting will be welfare-improving.

To summarize, there are four sources of externalities, two positive and two negative. Under
the assumption of Pareto distribution of the inventive step of commercializable patents, one of the
positive externalities (approriability effect) exactly offset one of the negative externalities (business-
stealing effect), leaving behind just one positive (intertemporal spillovers effect) and one negative
externalities (congestion effect). When the congestion externality is sufficiently weak, as indicated
in Inequality (16), the socially optimal level of national R&D is higher than the non-intervention
market-determined level, making patent subsidies and rewards potentially welfare-improving if the

magnitude of subsidies are not too high.

4 Empirical Analysis

4.1 Data Sources and Description

Three data sets are used in this study. The first dataset contains information on invention patents
filed by Chinese entities between 1985 and 2009 obtained from the China National Intellectual
Property Administration (CNIPA). For each patent, the dataset contains 44 dimensions, such as
patent application number, filing date, publication date, filing location, applicant name, industry
classification, and grant and termination dates if the patent was granted or terminated. In this
paper, we only focus on invention patents because they are more innovation-intensive and more

technologically important compared with utility model patents and design patents. By focusing on
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invention patents, we aim to capture a subset of patents that represents a more concentrated source
of technological advancement and innovation. Furthermore, our choice to analyze only invention
patents aligns with previous research in this field. Notably, studies such as Long and Wang (2016),
Dang and Motohashi (2015), and Li (2012) have focused on invention patents in their investigations.
Similarly, when examining patents globally, researchers such as Smith (2020) and Moser and Voena
(2012) have also primarily concentrated on invention patents. By following this established practice,

we ensure consistency and comparability with existing literature while building upon prior findings.

In this paper, we use the average number of citations per year (CPY) to measure patent quality.
CPY is calculated by dividing the total number of forward citations accumulated from the publi-
cation year of the patent to 2023 by the number of years. As forward citations refer to the number
of times a particular patent is cited by subsequent patents, they tend to increase over the age of a
patent. In other words, ceteris paribus, older patents tend to have more citations than newer ones.
It is thus appropriate to take the average annual citations per year since the patent publication. In
terms of data source, we obtained the CPY count for each patent by extracting the citations from
Google Patents!?. The data was downloaded in August 2023. The data set consists of nearly 1.98
million patents filed between 1985 and 2009 worldwide.

Figure 2: Chinese invention patent applications and approvals by CNIPA from 1985 to 2009
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Since 1985, the number of applications filed by Chinese entities has been steadily growing each

Yhttps://patents.google.com/. The data was downloaded in August 2023
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Table 2: Costs of Applying for Patents with CNIPA. Source: CNIPA

Description Fee Amount (RMB)
Application Fee 900
Claim surcharges for over 11 claims 150 per claim
Documentation surcharge 50 over 31 pages and 100 over 301 pages
Early Publication surcharge 80
Substantive Examination Fee 2500
Re-examination Fee 1000
Patent Certificate Fee 200

Table 3: Annual Maintenance Costs for a Patent with CNIPA. Source: CNIPA
Year After Patent Grant 1-3 4-6 7-9 | 10-12 | 13-15 | 16-20

Annual Maintenance Fee (RMB) | 900 | 1200 | 2000 | 4000 | 6000 | 8000

year, with an average annual increase of approximately 16.8%. The annual approval rate has ranged
between 40.4% and 65.6% throughout this time period. Of these patents, we mainly focus on the
dynamics of the 0.96 million patents filed within China because China’s pro-innovation policies only
affect these patents. Figure 2 gives a summary of the patents filed within China. Their average
annual growth rate of applications is slightly higher at approximately 20% per year, but the annual
approval rates are slightly lower, ranging between 26.6% and 55.8%. The costs of applying for a

patent with CNIPA are listed in Table 2, and the annual maintenance cost is given in Table 3.
<Figure 2, Table 2, Table 3 about here>

The second data set contains information on provincial pro-innovation policies in China. To
identify these policies, we did an extensive search over various local governments’ websites and
the Annals of Chinese Intellectual Property Rights (2000-2008).2° These data sources provide a
comprehensive overview of the various legislations in the area of patent policy. Tables 4 and 5 list
the policies adopted by various provinces, their respective adoption years, and the coverage.?! Table
4 presents the information related to the adoption of reward policies??, which are denoted by S; in
our theoretical model. From now on, “province” shall mean “province/municipality” for simplicity,
unless otherwise stated. From 1995 to 2015, 10 provinces and three municipalities implemented 13
qualifying reward policies, mainly in the form of tax refunds and deductions. Both coastal regions
and inland provinces were represented. Table 5 lists the subsidy policies of various provinces, which
123

are represented by s; in our theoretical model*’. These policies were implemented from 1999 to

20 These data sources have been used in other papers like Dang and Motohashi (2015).

21 These tables are consistent with the policy information presented in Li (2012) and Dang and Motohashi (2015).
22Qur reward policies correspond to "grant-contingent rewards" in Dang and Motohashi (2015).

230ur subsidy policies correspond to the policies in Li (2012) and a combination of "filing fee subsidies" and

"examination fee subsidies" in Dang and Motohashi (2015).
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Table 4: Provincial patent reward policy (RP;)

Start Specific Patent type Applicant
Province
Year Policy coverage Type
Invention
1995 Guangdong | Tax refund Firms
and utility
Invention
1997 Liaoning Tax refund Firms
and utility
Invention
1998 Hubei Tax refund Firms
and utility
Invention
1999 Jilin Tax refund Firms
and utility
2000 Shanghai Rewards All patents All applicants
2005 Beijing Tax incentives | All patents All applicants
2005 Anhui Tax deduction | All patents All applicants
2007 Chongqing | Tax incentives | All patents Firms
2009 Jiangxi Tax incentives | All patents All applicants
2009 Jiangsu Tax deduction | All patents Firms
2009 Qinghai Tax deduction | All patents Firms
2011 Tianjin Tax incentives | All patents All applicants
Invention
2015 Gansu Rewards All applicants

and utility

2007 by 28 different provinces and municipalities, both coastal and inland. The policies of each
province remained in place each year after their implementation, although minor changes in policy

details could occur over time.?4

<Tables 4 and 5 about here>

The third data source is the China Statistical Yearbook on Science and Technology, where we
obtained data for R&D Expenditures and Science and Technology (S&T) Expenditures in each
province. R&D Expenditures consist of spending on Basic Research, Applied Research, and Exper-

imental Development by Institutions, Large & Medium-sized Enterprises, and Higher Education

24We appreciate an anonymous reviewer’s comments and it would be ideal to construct a treatment variable using
reward and subsidy data on specific patent. However, to our best knowledge, publicly available data of this nature is

not yet available for studies in the extant literature. Refinement can be made upon future availability of data.
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Table 5: Provincial patent subsidy policy (SF;)

Patent Type

Start Year | Province Specific Policy
Coverage

1999 Shanghai Application and Cover all

maintenance fees
2000 Beijing Application fees Cover all
2000 Tianjin Application fees Invention, utility
2000 Jiangsu Application fees Cover all
2000 Chongqing Application fees Cover all
2001 Zhejiang Application fees Invention
2001 Heilongjiang Application fees Cover all
2001 Guangxi Application fees Cover all
2001 Hainan Application fees Invention
2001 Sichuan Application fees Invention, utility
2002 Fujian Application fees Cover all
2002 Jiangxi Application fees Invention, utility
2002 Henan Application fees Cover all
2002 Guizhou Application fees Invention
2002 Inner Mongolia | Application fees Cover all
2002 Xinjiang Application fees Cover all
2003 Shaanxi Application fees Cover all
2003 Anhui Application fees Cover all
2003 Shandong Application fees Invention
2003 Shanxi Application fees Cover all
2003 Yunan Application and Cover all

maintenance fees
2003 Tibet Application fees Cover all
2004 Jilin Application fees Invention
2004 Hunan Application and Cover all

maintenance fees
2005 Hebei Application fees Invention
2005 Qinghai Application fees Cover all
2006 Liaoning Application fees Invention
2007 Hubei Application fees Cover all
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facilities. The real R&D Expenditures and real S&T Expenditures are obtained by deflating the
nominal values with the 1985 prices. The data for R&D Expenditures are available from 1998
onwards, while the data for S&T Expenditures spans over a longer time frame from 1991 to 2008.
Therefore, the two datasets overlap during 1998-2008. An extrapolation approach is used to extrap-
olate the values of R&D Expenditures backward to earlier years in 1991-1997 based on its strong
correlation with the S&T Expenditures. Details are provided in Appendix D.

Findings from World Intellectual Property Organization (WIPO (1996)) reported that the per-
centage of patents that were ultimately commercialized was about 5-7 percent. Data from the US
Patents and Trademark Office (USPTO) also shows that the distribution of citations per patent is
severely right skewed. Therefore, patents in the highest percentiles have significantly higher cita-
tions per patent than the rest of the sample. A cutoff at the top 10th percentile was thus selected to
distinguish high-quality patents (or ‘highly cited’ patents) from the rest of the sample (Mudambi &
Swift, 2014). In this paper, patents falling into the top ten percent average CPY among all patents
awarded in China in that year are defined as high-quality patents. They spread across different

provinces, ranging from 0.02 percent of all patents granted in Tibet to 23.4 percent in Beijing.

4.2 Empirical Welfare Analysis

We go on to calibrate the model and carry out counterfactual exercises. In this section, we analyze
the probability that PPP had been welfare-improving in China during 1995-2009.

First, we try to find out how likely inequality (16) holds in China. Following section 3.4.3, we

assume that

it (Rit) = By (R +1)77

which implies that fie (Rip) = 1ﬁit (Rit + 1)1*7 _ 1] ]
-7

Recall Equation (16), a sufficient condition for the equilibrium level of ), R;; to be lower than

the socially optimal level:
1 1 1

7 - <
D19t it hi oy
In Online Appendix A, we show that a sufficient condition of (16) is (42):

vy 1 < 1
1 —+ /) hazard rate  p

where the hazard rate is the rate of complete capital loss of an asset (which is a patent) due to its

where hy = 0fi (Rit); gt = 0RiAit (Rir)

being replaced by a more productive new patented technology.?

2By definition,
I3y Bu [(Rie + 1) — 1]
1 =7)

hazard rate =
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We use (42) to guide us to find the combination of parameters that gives rise to the result that
the equilibrium level of ), R;; is lower than the socially optimal level. We note that (42) will be
more likely satisfied when 6 is large (which makes hazard rate/p large) and ~ is small. In addition

o (42), PPP is welfare-impoving only when s (the fraction by which PPP reduces the cost of R&D)
is small. Furthermore, the values of the exogenous variables and the parameters used have to be

plausible. They have to be validated by the data, external sources or other studies in the literature.

We assume different combinations of the values of s, 7, §, 8 and p, and compute the probability
that PPP was welfare-improving in China in different years. To do that, we first calibrate the model
year by year and then carry out counterfactual exercises year by year. The values of s, J, p, v and
0 are assumed to be constant over time. In addition, the set of plausible values of s, J, p, and ~ are
invariant over time. In order to fit the model with the data, we allow the set of plausible values of
0 as well as the values of 5, and p to vary from year to year. So, 3; should be denoted by 3, and
1 denoted by p,. The parameter y, is estimated based on the data and our model. R;; is from the
data. The parameter §;; is chosen so as to make fj; (R;) match the number of patents awarded in
province ¢ at year t. In Online Appendix C, we explain how we choose the range of plausible or
permissible values of each of these parameters. After some careful analyses, we determine that the
plausible values are: s = 0.1 and 0.2; p = 0.03, 0.05 and 0.07; § = 0.03, 0.05 and 0.1; v = 0.6, 0.7,
or 0.8; 0 = slightly greater than one (it cannot be less than or equal to 1; sometimes we use 1.05
to indicate it) to a maximum of no more than 20. Our sample includes the years 1995-2009, and

all 31 provinces of China.

For each year, we carry out counterfactual exercises by counterfactually removing the PPP in
the provinces where PPP were implemented. We calculated the impacts on the values of R; in
those provinces. We find that condition (16) holds for a non-trivial share of the plausible parameter
space. We then calculate the impact on the welfare of China from the following equation, which is

also given in Appendix section C.

+

1p%0 P p

1 n
Wgzut{pln [Lt—ZRM

=1

S, 6f (Riy) L, In Mt}

In Online Appendix B, we describe how we calibrate our model using the data on R&D in the
knowledge- and technology-intensive (K'TI) sectors in each province in each year R;;, the number of
patents approved in each province in each year Mj;, the value-added in the KTI sectors in China in
each year L;, and the values of the parameters s, v, §, # and p. Then we describe how we carry out
the counterfactual exercise of removing PPP in the provinces in which PPP have been implemented

in each year.

Below we explain our findings. First, we note that if we assume that PPP reduces the cost
of R&D by 10% (i.e. s = 0.1), whenever condition (16) holds, PPP is almost always (> 90%)
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welfare-improving. This is simply because when (16) holds any small subsidy to R&D will be
welfare-improving. In this case, s = 10% seems to be a sufficiently small subsidy. If we assume
that s = 0.2, it is still true that PPP is welfare-improving when (16) holds for a vast majority of
cases (> 84%). This indicates that s = 20% seems to be a sufficiently small subsidy as well. Now,
let us refer to Figures 3 to 5. Note that all of Figures 3 to 5 are based on p = 0.05 and § = 0.1,
though the values of p and § do not affect the charts at all. Please refer to Online Appendix B for

a detailed explanation.

In Figure 3 (a), the green area indicates combinations of v and € for which PPP leads to welfare
improvement in the year 2009 when s = 0.1, while the red area indicates that PPP leads to welfare
deterioration. As explained in Online Appendix section C, we assume that it is equally likely that
~ is equal to 0.6, 0.7, or 0.8, and these values consist of all the plausible values of . Likewise, we
assume that all the values of 8 in the plausible parameter space in the chart are equally likely and
these are exhaustive of all the plausible values. Therefore, the area of the green zone divided by
the total area of the parameter space (i.e. the green area plus the red area) is the probability that

PPP is welfare improving in 2009 when s = 0.1. This number turns out to be 33.5%.
<Figures 3 (a) and (b) about here.>

Figure 3 (b) is similar to Figure 3 (a) but for the year 2002 and s = 0.1. Applying the same
principle, we calculate that the probability that PPP is welfare improving in 2002 when s = 0.1 is
28.4%.

For each of 2002 and 2009, the corresponding chart for s = 0.2 will show the same pattern as for
s = 0.1 given by Figures 3 (a) and 3 (b), but the share of the green area will be smaller, as it is less
likely for the subsidy to be welfare improving when it is larger. It turns out that the probability
that PPP is welfare improving in 2009 when s = 0.2 is 28.7%, while that probability in 2002 when
s =0.21s 16.7%.

In Figure 4 (a), the green area indicates all the year-6 combinations for which PPP is welfare
improving when v = 0.6 and s = 0.1, while the red area indicates that PPP leads to welfare
deterioration. For any given year, the area of the green zone divided by the total area of the green
and red zones is the probability that PPP is welfare improving in that year when v = 0.6 and
s = 0.1. For example, for the year 2002, the probability is 7/20 = 35.1%, and for the year 2009,
the probability is 5/12 = 41.8%.

<Figures 4 (a) and (b) about here.>

Figure 4 (b) is similar to Figure 4 (a), but for v = 0.8 and s = 0.1. As expected, for any
given year, the probability that PPP is welfare improving is smaller than that when v = 0.6 and
s = 0.1, as a larger v makes it less likely that the socially optimal level of national R&D is larger

than the equilibrium level, as indicated in inequality (42). For example, the probability that PPP
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Figure 3: The probability that PPP was welfare-improving for (a) Year 2009 and s=0.1 and (b)
Year 2002 and s=0.1.The green area indicates that PPP was welfare-improving, while the red area
indicates that PPP was welfare-reducing. The probability that PPP is welfare-improving is equal
to the green area divided by the sum of the green area and red area. The values of rho and delta
do not affect the chart at all.
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Figure 4: The probability that PPP was welfare-improving for (a) gamma=0.6 and s=0.1 and
(b) gamma=0.8 and s=0.1. The green area indicates that PPP was welfare-improving, while the
red area indicates that PPP was welfare-reducing. The probability that PPP is welfare-improving
during 1995-2009 is the weighted average of the probabilities across all years, with the weight in
each year being the number of provinces adopting PPP in that year. The probability that PPP is
welfare-improving in a year is equal to the green area divided by the sum of the green area and the

red area for that year. The values of rho and delta do not affect the chart at all.
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is welfare improving in 2002 when v = 0.8 and s = 0.1 is 4/20=20%, and the probability for 2009
is 3/12 = 25%.

For either v = 0.6 or v = 0.8, the corresponding chart for s = 0.2 will show the same pattern
as for s = 0.1 given by Figures 4 (a) and (b), but the share of the green area will be smaller, as it
is less likely for the subsidy to be welfare improving when it is larger. For example, the probability
that PPP is welfare improving in 2002 when v = 0.8 and s = 0.2 is 2/20 = 10%, and for 2009 the
probability is 3/14 = 21.4%.

Figure 5 is a 3-D plot in which the space sandwiched between the blue surface and the green
surface indicates all combinations of year-+v-0 for which PPP is welfare-improving, while the space
sandwiched between the green surface and the red horizontal surface at the bottom indicates the
combinations of year-y-6 for which PPP is welfare-reducing. Note that Figures 3 (a) and 3 (b) are
in fact slices of Figure 5 at years 2009 and 2002 respectively while Figures 4 (a) and (b) are slices
at v = 0.6 and v = 0.8, respectively.

<Figure 5 about here.>

Table 6 gives more details about the results of our probability estimations. Note that the
probability that PPP was welfare-improving is different for different combinations of year, v and
s. This is because Ly, {M;;}, {Ri:} and the set of provinces that adopted PPP were different for
different years. Thus, for the same v and s, the plausible range of 8 for which the model is consistent
with the data is different for different years. The minimum plausible value of 0 is always a value
slightly larger than 1 regardless the year-v-s combination, as any value of 6 less than or equal to 1
implies that the mean of the inventive step ( is equal to infinity and the expected cost markup is
infinity.?® On the other hand, the maximum value of # varies from year to year. Conditional on Ly,
{M;:}, {Ri}, the maximum plausible 6 corresponds to a hazard rate equal to infinity. Furthermore,
out of the plausible range of 0, the range of 6 for which PPP is welfare-improving is also different
for different years, as condition (42) stipulates that, for PPP to be welfare-improving in that year,
there is a restriction on the hazard rate. This in turn poses a restriction on 6. Therefore, the
probability that PPP is welfare-improving is different for different years, even if we assume the

same plausible ranges of v and s for all years.
<Table 6 about here.>

In Table 6, the probability that PPP is welfare-improving for the period 1995-2009 is calculated
as the weighted average of the probabilities across all the years, with the weight for each year being
the number of provinces adopting PPP in that year. Note that PPP became more widespread
in the later years: the years 2002-2009 accounted for 86% of province-years adopting PPP (218

province-years of PPP out of a total of 253) during the sample period. In the interest of space, we

20Recall that ¢ is a random variable with Pareto distribution and shape parameter 6.
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9amm, a

Figure 5: 3-D Plot of 6 against v and year when s = 0.1. The blue surface is the maximum
permissible value of 6 corresponding to each year-gamma combination. The space between the
blue surface and the green surface is all the combinations of year-v-6 for which PPP is welfare-
improving. The space between the green surface and the red surface is all the combinations of
year-v-0 for which PPP is welfare-reducing. The values of p and é do not affect the chart at all.
Figures 3 (a) and (b) are slices of this 3-D figure at Years 2009 and 2002 respectively while Figures
4 (a) and (b) are slices at v = 0.6 and v = 0.8, respectively.
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Table 6: Probability that PPP is Welfare-Improving in Various Years.

Number of
Year 7y=06 | y=060r07 | v=0.61t00.8 Year-Province
Adopting PPP
1995-2001 12.82% 9.17% 6.44% 35
2002 30.08% 26.32% 22.56% 20
2003 35.09% 31.33% 27.57% 26
2004 37.04% 31.75% 28.22% 27
2005 39.12% 36.32% 31.67% 29
2006 41.44% 35.52% 31.57% 29
2007 39.57% 33.44% 29.35% 29
2008 36.73% 31.80% 27.92% 29
2009 38.84% 34.96% 31.07% 29
1995 to 2009 | 34.14% 29.68% 25.90% 253

Note: The table shows the probability that PPP is welfare-improving in each year as well as aggregated over all years during
1995-2009, assuming that s=0.1 and s=0.2 are equally probable. The probability that PPP is welfare-improving during
1995-2009 is the weighted average of the probabilities across all years, with the weight in each year being the number of
provinces adopting PPP in that year. The probability that PPP is welfare-improving in a year is equal to the green area

divided by the sum of the green area and the red area for that year. The values of p and é do not affect the probabilities at all.

group together 1995-2001 as one single “year”. In Online Appendix section E, we show a table with
more detailed breakdown of the probabilities that PPP is welfare-improving in different years and
under different assumptions about s and . Let us now focus on the most important result: During
the sample years 1995-2009, assuming that it is equally likely that s = 0.1 or 0.2, and equally
likely that ~ is 0.6, 0.7 or 0.8, the probability that PPP is welfare-improving is 25.9%, which is

non-trivial.?” Thus, we have the following proposition.

Proposition 4 There is a non-trivial probability that PPP had been welfare-improving in China
during 1995-2009.

Despite Proposition 4, however, we found that the expected value of the welfare change caused
by PPP is negative in all years. The simplest way to demonstrate this is to assume that p = 0.03,
0 =0.1, s = 0.1 and v = 0.6 and calculate the expected value of the welfare impact of PPP in each
year. This combination of {p, 4, s, v} gives rise to the highest probability that PPP is welfare-
improving and therefore it is the scenario most favorable to delivering the result that the expected
welfare impact of PPP was positive. Even with this combination, however, Table 7 shows that

the expected value of the welfare change caused by PPP was negative in all years. The negative

2TIf we assume that s = 0.2 only, the probability that PPP is welfare-improving is 23.5%, which is still non-trivial.
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Table 7: Expected welfare impact per province adopting PPP in Various Years

s=0.1
Number of
Year v=0.6 year-province
adopting PPP
1995 -852 1
1996 -1117 1
1997 -1820 2
1998 -2544 3
1999 -3497 5
2000 -9115 9
2001 -13626 14
2002 -22980 20
2003 -31574 26
2004 -43255 27
2005 -61809 29
2006 -82192 29
2007 -107228 29
2008 -137177 29
2009 -177101 29
1995 to 2009 -46393 253

Note: This table shows the expected welfare impact per province for provinces that adopted PPP in each year as well as the average

over all years during 1995-2009. It is assumed that p = 0.03 and 6 = 0.1.

expected value of the welfare impact arises from the fact that it is dominated by the negative
welfare impact of PPP when 6 is small. In other words, it is likely that the congestion externality
dominates the knowledge spillovers externality so that the net externality is negative. That is, there
were already too much resources allocated to R&D before the implementation of PPP. As shown
in Table 7, the magnitude of the negative welfare-reduction of PPP per province increased over
time. This is due to the increasing values of L;, {M;}, {R;:} over time. As the real value-added
in the KTT sector, the number of patents awarded and the R&D expenditure in the KTT sector
all increased over time, they caused the real absolute amount of patent promoation subsidies to

increase over time, and so the welfare loss caused by the subsidies increased over time as well.

<Table 7 about here>

Thus, we have the most important proposition of this paper:

Proposition 5 The expected value of the welfare change caused by provincial patent promotion
policies during 1995-2009 was negative. This negative welfare change occurred every year and it

was increasing over time.
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5 Conclusion

China’s rapid ascendancy to a nation with the largest number of annual patent applications and
approvals has received much international attention. This paper provides a structural framework to
study, both theoretically and empirically, the effectiveness of provincial patent promoting policies
(PPP) in stimulating provincial R&D expenditure and patent production, and their impacts on
national welfare.of China during 1995-2009.

We construct a tractable general equilibrium endogenous growth model that features the pres-
ence of two positive and two negative externalities. This implies that the decentralized provincial
market equilibrium delivers a sub-optimal national allocation of resources to R&D activity that is
strictly lower than the national social planner’s benchmark if the net externality is positive, which
is true under certain condition. If this condition holds, it justifies the use of a sufficiently small
dosage of patent-subsidy and reward policy to increase the rate of innovation and close the wedge.
Assuming a Pareto distribution for the inventive step of commercializable patents, one positive ex-
ternality (the appropriability effect) exactly offsets one negative externality (the business-stealing
effect), leaving behind a single positive externality (the intertemporal spillovers effect) and a single
negative externality (the congestion effect). If the congestion externality is sufficiently weak and
the intertemporal externality is sufficiently strong, the socially optimal level of national R&D in-
put exceeds the market-determined level without government intervention. We derive a condition
under which this is true. Consequently, patent subsidies and rewards have the potential to improve

welfare if the magnitudes of subsidies are sufficiently moderate.

According to the above condition, it is plausible that it is more likely for patent promotion
policies to be welfare-improving in fast-growing low- and middle-income countries like China than
in the high-income countries, given that the former is more likely to have more low-hanging fruits
available (the elasticity of incremental Poisson arrival rate with respect to R&D input, -, is smaller),
more patience (lower discount for the future, p) which puts higher weight on rate of innovation and
lower weight on current consumption, and higher hazard rate faced by each patent (i.e. rate of
replacement of old technology by new technology). Thus, beyond the establishment of an effective
patent system, additional patent subsidy and patent reward policies to promote patenting is likely

to be welfare-improving in these countries.?®

We calibrate the model with the data and external sources, and then carry out counterfactual

exercises to evaluate the welfare impact of PPP in China during 1995-2009. This empirical welfare

28 Even under such circumstance, an excessive increase in R&D induced by PPP can be welfare-reducing as it lowers
current consumption too much. Therefore, the dosage of PPP must strike the right balance between dynamic gains and
static losses to ensure welfare improvement. Thus, there are two critical conditions for PPP to be welfare-improving.
First, the socially optimal level of total R&D expenditure in China exceeds the equilibrium level (Inequality (16)).
Second, the dosage of PPP cannot be too high.
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analysis is guided by the condition under which the net externality is positive, which we derive
from the theory. We found that there is a non-trivial probability of 26% that PPP in China
implemented during the sample period had been welfare-improving. Thus, PPP was protentially

welfare-improving in China.

Our paper presents a perspective different from the prevailing notion in the literature that
patent-promotion policies (PPP) in China caused an increase in the quantity of patents but a
deterioration of the average quality of patents, and this led to a decrease in welfare. Although we
obtain the same conclusion as the literature that PPP in China have been welfare-reducing, our
model offers a different mechanism behind the result. The literature typically assumes that there
is a limited amount of R&D resources. When more resources are allocated to develop low-quality
patents, less resources are allocated to develop high-quality ones. By contrast, in our model, there
is a limited amount of resources that can be used for either R&D or production, and PPP caused
more resources to be allocated to R&D and less resources allocated to production. Thus, PPP
would be welfare-reducing if the market-determined amount of resources allocated to R&D was
already too high before the implementation of PPP. Our empircal analysis indicates that this was

probably the case.
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Appendix

A Proofs of comparative statics results in subsection 3.3.2

Recall Equation (7)

52?:1](7 R;k (A’ Sjvsj>
ESANSRCONES
Abp+ A(1+0) - . = L. (7)
From (7), we obtain 2 results:
Result
1 A1 — LHS; T;
2 si, S T — LHS7 T for all

Thus, we have the following comparative statics results.

e From (7), we can conclude that

Line
1 Si7Si T
2 — A |

3 —>Z?:1fj R;(A,.%,S}) T

O\ © @

4 and Ej;éi fj R; ((‘_ﬁy S5 S]) !

(H)

5 — f’L <R;k Av S’La Sq T
B\ +H

6 | — R
— R | forj #i.

Rationale for the second line: This directly arises from results (1) and (2) of the previous table.
Rationale for the third line: Since RHS7 is unchanged as L stays constant, LHS; must stay

unchanged as A falls, which means that Z?zl I R} (A N Sj> must rise.
(+) (+) )

Rationale for the fourth line: Since s; = S; = 0 for j # ¢ but A falls, Z#i I R: <A N Sj>
(+) (+) ()
must fall.
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Figure 6: The probability density function of the citation count per year (a measure of patent

quality) of patents generated by the research technology.

Rationale for the fifth line: Since Z;;l fI R; (A, 55, Sj> rises and Z#i fi R <A y S5 Sj>
) \ ) 9 ) \F ) )
falls, f*| Rf | A, Si, s must rise.
ESRNSPANCORNCS!

Rationale for the sixth line: R} varies positively with f* | Rf | A, S, si by definition.
ESRNS2ANCONNCS!

Rationale for the seventh line: Since s; = S; = 0 for j # i but A falls, f/ R} (A, 55, Sj>
(+) (+) )
and R? must both fall.

B The assumed probability density function of citation count per

year

Refer to Figure 6, which shows the probability density function of the citation count per year (a

measure of patent quality) of patents generated by the research technology.

<Figure 6 about here>
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e The probability density function is assumed to follow a log-normal distribution, denoted by
log N ~(c, 0?).

e The area under the curve is equal to one.

e The value of ¢, which denotes the mean of the log-normal distribution, is exogenous and may

vary over time. ¢ is assumed to be an exogenous constant.

e High-quality (i.e. commercializable) patents are defined as those falling into the top kth
percentile nationally in terms of citation count per year (CPY), while the remaining patents

are classified as low-quality.
e The probability of a patent being high-quality is equal to é.

e During the period of 1995-2009, we observed noteworthy patterns in China’s patent landscape.
First, the average citation per year (CPY) for all granted patents exhibited a consistent
increase over time. (Figure 7) Second, the ratio of CPY between high-quality and low-quality
patents (i.e. the ratio of CPY between the top 10% and the bottom 90%, as we assume
k = 10 to be the central case) remained relatively stable. (Figure 8) Within the framework of
our model, these observations are consistent with the following assumptions: First, the share
of high-quality patents in China as a whole, k%, remained stable throughout the period.
Second, ¢ experienced an upward trend. In essence, the entire curve shifted rightward over
time. Third, the probability § remained stable over time. In sum, ¢ increased over time but

o remained unchanged over time. Thus, we maintain these assumptions in our model.

<Figure 7 and Figure 8 about here>

C Solving the social planner’s problem

Observe from (34) that the quantity of each variety is given by: Inxz(j) = In L2(5) +1In Z-(j) —In L.
Substituting this expression for Inz.(j) into the utility function (19), the maximand of the social
planner’s problem in section 3.4.2 in the main text (also in Online Appendix section A.4.2) can be

rewritten as:

00 I Iz

Wo :/ e U In L2(5) dj+/ InZ,(j) dj — pln L| dr. (17)
0 0 0

First, note that the expected log productivity of a variety at time 7 can be evaluated as:

ElnZ]=3%2, (Tb;#)k (e_TH/“) E[ln Z®], where Z(*) denotes the productivity level if exactly k

ideas have arrived between times 0 and 7. It can be shown that In Z(*) is the sum of k independent
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Figure 7: Average Citations per Year as of 2023 plotted against Year of Publication of the Patents
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Figure 8: Ratio of the average citation per year as of 2023 of high-quality patents to the average
citation per year as of 2023 of low-quality patents plotted against Year of Publication of the Patents.
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realizations of the random variable In ¢, so that: E [In Z®] = kE [In¢].? We thus have: E [In Z,] =
B¢ Y52 T (o= Himy k= THE [In¢] (recall that H = Yy hy = Y0 6/ (Ry)).

Next, conditional on her choice of {R;};- ;, the social planner would solve the following problem

for allocating production labor to each variety in order to maximize the expression in (17):

m
max In L2(j) dj
{L2 (Y=o /0 )

o n

s.t. / I2(j)dj =L —-> R; forallt>0.
0 i=1

It is straightforward to see that the solution to this is to have equal allocation of production labor

to all varieties: pL?(j) = L — " | R; for all varieties j € [0, p] and all 7 > 0. This arises from

the fact that In LZ(j) is concave in LY(j), so that the integral will be maximized by spreading

production labor evenly across each variety.

Substituting these expressions for [j'In Z;(j) dj and In L¥(j) into (17), we have:

Wo = u/ e T 1n<L—ZRi)+T'Zﬂi—1]”E[1ng]—1nL—1n#] dr
0 i=1

REIES LN UMUEIN LT

If we assume Pareto distribution for ¢, we have

1 n
Wozu{pln [L—ZRi
=1

S 0 (Ri)) WL Inp
- > - - —
pp<t p p

D Correlation between Science and Technology Expenditure and
R&D Expenditure

An extrapolation approach is used to extrapolate the values of R&D Expenditures backward to
earlier years in 1991-1997 based on its strong correlation with the S&T Expenditures. Details are

as follows.

For each year, we calculate the correlation coefficient between provincial R&D expenditures

and provincial S&T expenditures. We find that the correlation coefficient between provincial R&D

29The key step is to recognize that the random variable AL Z<k71)/Z(0) is the product of £ — 1 independent
realizations of ¢. (Recall that In AR 0.) Thus, In Z*=1 is the sum of k— 1 independent realizations of the random
variable In¢, so that: E[ln Z*~Y] = (k — 1)E[In (] for k > 1.The expected log productivity of the k-th idea to arrive

thus increases linearly in k, while also increasing in the expected log size of each iid productivity improvement.
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Table 8: Correlation Coefficient (Corr.) and Regression Results (i.e. Intercept (Inter.) and Slope)
between S&T Expenditures and R&D Expenditures

Province Corr. Inter. Slope | Province Corr. Inter. Slope
Beijing 0.9958 47208 0.51 | Hubei 0.9957 14846 0.39
Tianjin 0.9989  -3353 0.50 | Hunan 0.9857 8779 0.34
Hebei 0.9970  -2314 0.54 | Guangdong 0.9972 13610 0.49
Shanxi 0.9951 10665 0.25 | Guangxi 0.9739  -1406 0.34
Inner Mongolia 0.9864 -243 0.34 | Hainan 0.8855 1850 0.06
Liaoning 0.9946 -16412 0.61 | Chongqging 0.9962  -5039 0.45
Jilin 0.9867  -3785 0.51 | Sichuan 0.9852 38232 0.33
Heilongjiang 0.9872 5964 0.47 | Guizhou 0.9875  -1050 0.48
Shanghai 0.9907 -69127 0.60 | Yunnan 0.9875  -2548 0.48
Jiangsu 0.9979 -15829 0.48 | Tibei 0.9207 792 -0.03
Zhejiang 0.9976 -12162 0.52 | Shaanxi 0.9967 21355 0.48
Anhui 0.9948 9161 0.31 | Gansu 0.9827 2991 0.39
Fujian 0.9985 -365 0.51 | Qinghai 0.9442 -147 0.33
Jiangxi 0.9991  -5182 0.65 | Ningxia 0.9919 -675 0.39
Shandong 0.9958 -36729 0.59 | Xinjiang 0.9817 2815 0.16
Henan 0.9934 6540 0.38

Expenditures and provincial S&T Expenditures is over 88%, which is very high. Thus, we go ahead
and regress provincial R&D Expenditures on provincial S&T Expenditures during this overlapping
period, then use the estimated coeflicients of the regressions, together with the actual provincial
S&T Expenditures from 1991 to 1997, to estimate the R&D Expenditures from 1991 to 1997. The
correlation analysis and regression results (i.e. intercept and slope estimates) of each province are

shown in Table 8. With extrapolation, we have the data of R&D Expenditures from 1991 onwards.?"

<Table 8 about here>

301n this exercise, we estimate the S&T expenditure of Chongqing City and that of Sichuan Province (ex-Chongqing)
from 1990 to 1996 by extrapolation. To do so, we first calculate the average ratio of S&T Expenditures between
Sichuan Province and Chongging City from 1998 to 2008. We find that Chongqing accounts for 23.6% of the S&T
Expenditures in the combined entity of Sichuan and Chongqing between 1998 and 2008. We then apply this ratio to
the actual Sichuan S&T Expenditures from 1990 to 1996 to estimate the Chongqing S&T Expenditures from 1990 to
1996.
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Online Appendix: To be posted online only.

A Theory

A.1 Model Setup

This section gives the details of the theoretical model presented in Section 3. Consider an economy
(a country with many regions) in which there is a continuum of differentiated varieties indexed by
j € [0, u] that yield utility to consumers. Although we assume that labor is the only factor input,
we would like to interpret it broadly as the totality of all resources that can be used for production
or R&D. Thus, “labor” or “worker” in this model stands for a composite factor input consisting of
labor, capital, land, and other resources that can be used for production or research.! The “wage”
w is therefore the value of one unit of this composite factor input. We shall eventually set w = 1 for
normalization. The words “labor”, “worker”, “labor force”, “factor input”, and “composite factor
input” refer to the same thing and can be used interchangeably. The “wage” and “the unit value
of the composite factor input” refer to the same thing and can be used interchangeably. When we
carry out the empirical work, the unit value of the composite factor input will be measured in a
certain quantity of real yuan. We assume that the composite factor input is mobile across regions,
there is free trade of goods within the country and a national capital market; firms in any region are
free to hire the composte factor input in all regions. Free mobility of the composite factor implies
that the returns to the composite factor in all regions are equal. Firms in the economy are small,
in the sense that each firm produces only one variety while taking the prevailing real unit cost of

the composite factor as given.

Each unit of labor (or “worker”) can engage in one of two activities, namely, in the production of
differentiated varieties or in R&D. With regard to the former, the technologies used in production all
feature constant returns-to-scale. Z.(j) is the labor productivity associated with the best available
idea for producing variety j at time 7. Thus, 1/Z.(j) units of labor are required to produce each

unit of output, so that the unit cost faced by the firm that produces this variety is w./Z;(j).

In each region there is a research technology that can be used to generate commercializable
patents. The objective of R&D activity is to generate commercializable patents embodying ideas
that improve existing labor productivity. Each idea entails improving labor productivity for pro-

ducing a specific differentiated variety.??> The generation of these ideas follows a Poisson process,

31 Formally, we can assume that human capital, labor, physical capital, land, and other resources are employed in
fixed proportions to each other in a Leontief fashion for carrying out R&D and they are also employed in (different)

fixed proportions for carrying out production.
32 Alternatively, the innovation process can be viewed as one that brings improvements along a quality dimension.
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with the aggregate arrival rate being determined by the total quantity of R&D labor input. The
relationship between the aggregate arrival rate and the total quantity of R&D labor input will be

explained later.

In region %, the research technology yields a Poisson arrival rate of getting a patent equal to
f*(R;) where R; is the input into R&D, and conditional on getting a patent, there is a probability &
that the patent is commercializable (i.e. high-quality). Conditional on commmercializability, there
is a probability distribution of the productivity improvement (, which is a random variable. We

assume that there is a fixed measure of the variety of goods given by .

We assume that there is a fixed measure of the variety of goods given by . Following Kortum
(1997) and Klette and Kortum (2004), when a new idea is received, the identity of the variety to
which the idea applies is determined by a random draw from a uniform distribution on the interval
[0, u]. As we will see in a moment, in the innovation process we specify, the expected gains are
the same regardless of the identity of the variety, so that innovators would in fact be indifferent

between varieties even if they could direct their efforts to a particular variety j.

We consider a situation where innovations are strictly cumulative. In particular, knowledge
about production technologies spreads immediately once the good in question is commercialized,
so that the underlying know-how is available to all economic agents. This could be, for example,
because it is easy to reverse engineer the technology after observing a physical sample of the
good. As the current best technology for producing each marketed good is widely known, each
subsequent innovation strictly builds upon this knowledge to generate productivity improvements.
In equilibrium, the best patented technology for each variety will indeed be used in production
with the good being marketed. Therefore, any new idea will always improve the patented frontier

technology for the variety to which it is applied.?3

In the absence of intellectual property rights (IPR) protection, the dispersive nature of knowl-
edge would provide little incentive for private agents to undertake R&D. We, therefore, require that
an IPR regime is in place that allows any new idea to be patented at a cost. By getting a commer-
cializable patent, the firm can prevent others from using the idea. Thus, the patent-owning firm is
the only one who can produce and market the variety (say, variety j) with this new technology and
will indeed have the entire market for j to itself as it is now the most productive manufacturer of j.

This monopoly power only expires when the next idea that improves upon j arrives.?*. Ideas that

Each new idea brings greater benefits to consumers without increasing the production cost of the good (and thus the

market price).
33 Alternatively, the innovation process can be viewed as one that brings improvements along a quality dimension.

Each new idea brings greater benefits to consumers without increasing the production cost of the good (and thus the

market price).
34 Given the continuous measure of varieties, the probability of the same actor successively obtaining two ideas for

producing the same variety is zero
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are not patented but are marketed can be imitated immediately by other firms that would dispute
the inventor’s profits. It follows that firms will immediately patent any new idea they receive.
In equilibrium, then, no goods are marketed without first being patented. (We first assume that
patents do not expire, i.e., that patent duration is infinite, so that incumbent patent holders lose
their monopoly power only if they are displaced by a new idea. It can be shown that the main

results remain the same when there is a finite patent length.)

To encourage innovation, the government of region ¢ offers two incentives to firms. The first
type of policy rewards firms with a certain amount of money once a patent is acquired. We call
this a reward policy, and the financial reward per patent is equal to S;. The second type of policy
directly lowers the cost of factor input (i.e., labor) used in R&D that pursue patents. This type of
incentive policy will be called subsidy policy, and the monetary subsidy per R&D worker is equal

to a fraction s; of the wage.

We now describe the productivity level associated with each arriving high-quality (i.e. commer-
cializable) idea. To initialize the innovation process, we assume that at the start of time (7 = 0),
there is a baseline technology for each variety that is freely available to all firms. We normalize
the productivity of this baseline technology to be 1, so that Z(©) (j) = 1 for all varieties j € [0, p].
Next, we define Z®*) (7) to be the productivity associated with the k-th idea to arrive for variety
j, where k is a non-negative integer. Thus, {Z©(5), ZM(j), Z3)(§),...} form a sequence of the
successive best technologies for producing this variety. To describe how this frontier technology
evolves, define ¢*1(5) = Z*++1(5)/Z®)(5) to be the productivity improvement associated with
the next idea to arrive. We adopt a specification where the size of each productivity improvement is
stochastic so that ¢ (k+1) (7) is the realization of an independent draw from an underlying stationary
random variable, denoted by . This means in particular, that the distribution of the productivity
improvements does not depend on the identity of the variety (j), how many ideas have already ar-
rived (k), or the productivity level of the last drawn idea (Z*)(j)), so that the innovation process

is symmetric across varieties.

Later in the paper, we will sometimes assume that the random variable ( is drawn from the

following standardized Pareto distribution with shape parameter 6 > 1:
Pr(¢ <z)=1-2"7 where z € [1,00). (18)

Recall that a lower 6 implies a more fat-tailed distribution which places greater weight on drawing
relatively large productivity improvements. This Pareto distribution will prove to make the model

more tractable.

A.2 General Equilibrium

We now embed the above cumulative innovation process in a general equilibrium setting.
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A.2.1 Utility

There are n regions in this country. The utility function of the representative consumer in each
region as of time 0 is given by:
o0
Wo :/ e "Tlnu, dr. (19)
0

Here, p is the rate of time preference, while u, aggregates the instantaneous utility from the
consumption of differentiated varieties at time 7. Denoting the quantity of variety j consumed at

time 7 by x; (j), we assume that u, is given by:

uT—exp{/Oulna:T ) dj}. (20)

Since there is free trade of goods in the country and a national capital market and the wages of
all regions are equal due to free mobility of labor, we can assume that there is one single represen-
tative consumer for all regions of the country. The representative consumer chooses {z- (j)}32, to

maximize (19), subject to the intertemporal budget constraint:
o
/ e "X, dr < b(0),
0

where X; = [¢'pr (j) 2+ (j) dj denotes the flow of consumption spending at time 7, with p; (j)
being the corresponding price of variety j at that time (which the consumer takes as given). The
prevailing interest rate is r, and this is determined by the rate of return for owning a patent, which
is the only asset in our economy. Finally, b(0) denotes the present value of the future stream of
wage income that will be earned by each consumer plus the value of their initial asset holdings at
date 0.

It is well known (see, e.g., Grossman and Helpman, 1991) that solving this dynamic optimization
problem yields the following:
X
r=p+ X
where X is the time derivative of X. (We will omit the time subscript for equations that hold for
all 7 > 0.) Thus, the rate of growth of consumption spending should equal the difference between
the market interest rate and one’s private rate of time preference. The variable [; denotes the total
amount of labor employed in region i. L = ). [; is total supply of labor in the country, which is
assumed to be constant. Let F,; = LX; denote aggregate expenditure in this country at time 7.
Thus, the above equation becomes
E
r=p+ ok (21)

We will show later in this section that F. is, in fact, constant in a steady state so that we can write

E. = E. With L also constant over time, it follows from (21) that r = p. Note that E/u is the
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expenditure per variety at each date since we have a fixed measure p of symmetric varieties. As
the expenditure on each j is invariant to its price, the price elasticity of demand for each variety is
—1.

A.2.2 Market structure and profits generated by high-quality patents

Firms owning commercializable patents compete by setting prices. If no commercializable ideas
have yet arrived for variety j by time 7, then that variety is priced at marginal cost (i.e., w;)
since the baseline technology is freely accessible to all potential producers. On the other hand, if
at least one idea has arrived for a variety j, firms compete under Bertrand competition. The firm
with the most productive idea will set a marginal price just high enough to keep the second most
productive firm (and thus to keep all other firms) out of the market. Therefore, the equilibrium
price for variety j at time 7 when precisely k ideas have arrived is equal to: p,(j) = w,/Z#1 (4).
The price markup that the most productive firm sets are simply: Z®)(5)/Z* =1 (j), for k > 1. If
we denote by n(m) the cumulative density function of the price markup m (defined as price/unit

cost), it follows that n(m) inherits the distribution of ¢.3°

Consider now a variety for which at least one idea has arrived. We compute the expected
flow profits that accrue to the most productive firm for this variety as follows. Observe that the
share of expenditures F;/u that accrue to this firm as profits is (m — 1) /m. Let IL; be the total
expected profits of all firms at time 7 and (II) .. be the expected profits per variety at time 7. Thus,
II; = p - (ILs) .. Therefore,

L A e ) B (R T

me1 \ m ) p
E
= 150 if we assume the Pareto distribution as stated in equation (18) (22)
6
as Bl¢™Y =
] (1+0)

Since E; is constant over time and ( is drawn from a stationary distribution, the above profits are

also constant over time.

A.2.3 Research Productivity of the research technology

Suppose in each region there is a research technology that uses R&D to generate commercializable

patents.

35 As is common in this literature (e.g., O’Donoghue 1998), we assume that there is regulatory authority prohibiting
collusion or anticompetitive behavior in which the owner of the best patented idea would buy out the firm with the

second best patented idea to allow for a higher price premium.
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Let the contribution to the incremental Poisson arrival rate of new patents in region i by
the marginal R&D worker in region i be equal to A’ (R;), where R; is the allocation of labor to
R&D in region i. We assume that A\’ (R;) is a convex and decreasing function that converges to
zero: (/\i),(Ri) < 0, ()\i),/ (R;) > 0, X*(0) > 0, X (c0) = 0. This is shown in Figure 1. These
assumptions imply that the success rate of obtaining a patent by a marginal worker is relatively
high when fewer labor resources are devoted to R&D. As more and more resources are devoted
to R&D, the additional success rate contributed by the marginal worker decreases. The intuition
behind this assumption is the diminishing returns to R&D effort. The earlier efforts yield a higher
marginal Poisson arrival rate (because they reach for the lower-hanging fruits). The Poisson arrival
rate as a function of R; is defined as f*(R fo " X! (z) dz. Note that we assume that all R&D
workers are equally productive. Thus, the P01sson arrival rate of any R&D worker is a random
variable with an expected value equal to the mean ¢' (R < fo N (z dm) JR; = f*(R;)/R;.
It can be easily shown from Figure 1 that (qbZ) (R;) <0 as ()\2) (R;) < 0. Intuitively, since the
incremental Poisson arrival rate of the marginal R&D worker is lower than the average Poisson
arrival rate of the existing R&D workers, the allocation of an additional unit of labor to R&D

lowers the average Poisson arrival rate.

In any region, conditional on the research yielding a patent, there is a probability § that the
patent is commercializable. Conditional on commmercializability, there is a probability distribution
of the inventive step ( as has been explained in equation (1). Refer to Appendix B for the assumed
probability density function of the quality of patents generated by the research technology. The
empirical facts align with the assumption of constant §, and a constant share (k%) of commercial-
izable patents in the context of our model. We define the expected number of high-quality patents
awarded in region i as h;(R;) = 6 f* (R;).

A.2.4 Savings, Investments, and the Structure of the Economy

Since R; is the quantity of labor in region ¢ that are hired by firms to engage in R&D activity,
the remaining quantity of labor in region 4, I[; — R;, engages in the production of goods, where I;
is the total amount of labor employed in region i. Note that [; is endogenous as each region hires
an amount of labor from the national labor market to satisfy the need for R&D and production of
goods. In equilibrium, the demand for labor is equal to the supply of labor in the national labor
market: ) .l; = L. Firms need to obtain financing in order to hire R&D workers as their profits
accrue in the future. This spending on R&D is the only form of investment in our model as the
innovation is undertaken to generate ideas that yield an expected future stream of profits. There is
a national capital market (financial intermediary). To obtain financing, firms issue claims (in the
national capital market) on the flow of profits from their patents. These claims are the only assets

in this closed economy (the country), and the total value of these assets at time 7 is denoted by A;.
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Note that A, is equal to the expected value of each patent (call it (Ay).) multiplied by the number
of varieties y1, given that we have only one active patent for each variety.?® The above investment
in R&D activity is financed through the savings of workers. This could occur with savers directly

owning the equity of firms or with the financing channeled through an intermediary such as a bank.

Since only high-quality patents have commercial value, high-quality patents have positive asset
value, A > 0, and low-quality patents have no asset value. Ex-post, all asset returns come from
firms that hold high-quality patents. Hereinafter, we shall use the terms “commercializable patents”
and “high-quality patents” interchangeably, and “non-commercializable patents” and “low-quality

patents” interchangeably.

Recall that workers have two sources of income, their labor income and asset returns. Thus,
total saving in the economy is equal to total income minus spending, L + rA — E. Equating this

with aggregate net investment (A) at each point in time, we have:

L+rA—E=A. (23)

Households (consisting of workers) own businesses by holding the debt issued by businesses in

the national capital market and paying taxes to the national government.

The prevailing interest rate » must be equal to the rate of return for owning an asset (namely,
a patent), which in turn must equal the flow profit rate plus the rate of capital gains, less the
probability (called “hazard rate”) of suffering a complete capital loss due to the arrival of a new

idea that supersedes the existing patent. This yields:

I, A S, 6f (Ri)
A, A, I
11

— T:Z

+ % _ Zin hi(F) since A = pA; (24)
L

A.2.5 Factor Market Equilibrium in Each Region

The composite factor input will be allocated, through the market, to work in either (i) R&D or (ii)
production. In equilibrium, the returns to the composite factor from engaging in production and

R&D are equal due to free mobility of the factor and free entry into the industries.

As discussed earlier, we assume that the composite factor input is mobile across regions, there
is free trade of goods within the country and a national capital market; firms in any region are free
to hire the composite factor input in all regions. Free mobility of the composite factor implies that

the returns to the composite factor, called w, in all regions are equal.

WA, = [1(A), (4)dj = - (As), since (As), (7) = (A,), for all j.
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Assume that the job of an R&D worker is not only to create a new patentable idea but also
prepare a patent application for the idea. The Poisson arrival rate of a patentable idea covers the
successful completion of both tasks. Different provinces offer different levels of patenting rewards
and subsidies. A monetary reward S; is given to any firm once a patent is granted, regardless of its
commercializability. For the subsidy policy, the government of region 7 provides any qualified firm
with a subsidy of a fraction s; of the wage of an R&D worker during the process of applying for
a patent (regardless of whether the application is successful). We can think of ws; as a monetary
subsidy on the patent application fee. There is an important distinction between these two channels
of pro-innovation policies (i.e. reward policy and subsidy policy). The patenting reward is granted

only after a patent is issued, while the patenting subsidy is granted to subsidize patent application.

In a competitive labor market, to obtain an interior solution of labor allocation (i.e. positive
amount of labor allocated to R&D and production), the wage of an R&D worker needs to be equal
to their expected “value of the marginal product” (VMP), which is equal to the expected value
of a patent whose commercializability is not yet known (i.e., d4; = JA/u in the absence of the
patent reward policy) multiplied by the average Poisson arrival rate faced by the R&D worker.
Moreover, the wage of a production worker w must be equal to that of an R&D worker so that
workers are indifferent between being employed in R&D or production. Recall that ¢ (R;) = %Iji)
is the expected Poisson arrival rate of an R&D worker. Therefore, in the absence of pro-innovation

policies, the equilibrium labor allocation condition is given by

éé'fi(Rz‘)
Iz R;

where A, R; (assuming that there is an interior solution), and w are endogenous. (We shall set

=w fori=1,2,...n (25)

w = 1 later as normalization.)

In the presence of pro-innovation policies s; and S;, the expected value of a patent whose
commercializability is not yet known is 0As + S; = dA/p + S;, while the cost of one unit of the
composite factor is w (1 — s;). Thus, the equilibrium condition for firms carrying out R&D is given
by

<A(5 + bi5i> A l(qu) =w(l—a;s) fori=1,2,..,n (26)
H i

where a; is a dummy variable equal to one if there is subsidy policy in province i and zero otherwise;

b; is a dummy variable equal to one if there is reward policy in province i and zero otherwise.

A.3 Results and Implications

We are now ready to solve the model and discuss its results and implications.
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A.3.1 Steady State

First, we set w = 1 as normalization. We shall demonstrate below that this economy will jump
immediately to a steady state with A = X = E = 0. (21), (22), (23), (24), and (26), and the
normalization w = 1 together yield 4 +n equations in 4 +n unknowns =, II, E, A, {R}}!_,, where a
variable with an asterisk denotes the equilibrium value. We define the equilibrium Poisson arrival

rate of high-quality patents in region i as §f (R}) = h}. Note that ﬁ [h}] > 0 for all 4, as d(d]?f) >0

R; (A, si,SZ) =h} (A, si,SZ-> for short.
) \H) ) ()

) ) )
Eliminating E, r, and II from (21), (22), (23), and (24), we obtain

according to (26). Thus, we can write h! as h}

. Z?:h: A,Si,si
E+(1+0)_ AW @)

A
S e 2
P E o p 0A A4 (27)
On the other hand, (21), (22), and (24) together imply
. . S kil ALsi, S
E A (1 N\E TTT\®d®) (28)
E A \1+0/)4 7 P

Below, we shall show that the economy must jump immediately to A = 0 starting from any

initial condition.

First, suppose LHSo7 < 0 so that A/A < 0. Suppose also that % > %. Then LHS>g > 0.

SRACONEY
plies that RH Sag increases, which implies that L H Seg is even more positive. Repeated application

Moreover, it implies that % increases and — Y ;" | h¥ (A , Si, Si) increases (as A falls), which im-

of this logic implies that % will explode to infinity. This will not be consistent with a sustainable
steady state. In other words, A/A < 0 must be associated with £ < 4, which implies that A/4 < 0
must be associated with E/E < 0.

Second, suppose LHSy; > 0 so that A/A > 0 . Suppose also that % < %. Then LHSog <

0. Moreover, it implies that % decreases and — ) ;" | h! ((A), i, Si> decreases (as A rises),
) () ()
which implies that RH Sag decreases, which implies that LH Seg is even more negative. Repeated

application of this logic implies that % will degenerate to zero. This will not be consistent with a

sustainable steady state. In other words, A/A > 0 must be associated with % > %, which implies

that A/A > 0 must be associated with E/E > 0.
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(27) and (28) give rise to

1+0

I A

Z?:l h;k A y Si SZ
1 E +1 )+ ) L (29)
A 0
which must hold all the time.

If A <0, then % — % < 0, which implies that E/A falls or is unchanged over time, but this

cannot be consistent with (29), as LH Sag falls and RH Sag rises over time and so the equation

cannot hold. Conversely, if A > 0, then % — % > 0, which implies that E/A rises or is unchanged

over time, but this cannot be consistent with (29), as LH Sag rises and RH Sag falls over time and
so the equation cannot hold. Thus, it must be the case that A/A = 0 all the time, which means
that F/A is constant over time and that E/FE = 0 all the time.

Thus, the economy must jump immediately to A=X=E=0 starting from any initial

condition. Thus, (21) implies that r = p all the time.

As A= F =0, (28) becomes

ST <(A), 5, si>
1 E 1) (+) (+)
0= <1+0) 1 . - (30)

Eliminating <i> £ between (29) and (30) yields

1+6
i hi | A, si S
SONCONED!
Abp+ A(1+0) - . = L. (31)

Equation (31) together with (26) can be used to solve for A and R;. The equations will be used

to carry out our comparative statics exercise in subsection A.3.2.

A.3.2 Comparative Statics and Propositions

We carry out a number comparative statics exercises. From (7), we obtain

dA dA
disi < 0, dSZ < 07
and
ARy} dR; '
TS,L' > 0, dSZ > 0,
and
dR}‘ 0 dR;f 0 for 4 L g
Ts: < 05 a5, < or j # i;



and , n A
ASio @] AT SR

dSi ’ dSZ
Refer to Appendix A for the proof of the above sets of inequalities. The inequalities above indicate

> 0.

that home province patent subsidy policy, or home province patent reward policy will increase the
allocation of resources to R&D in the home province. They have effects on A through (7), which
in turn impacts R} through (6). Although home subsidy and reward policies reduce the value of
a high-quality patent (A/u), which tends to lower the allocation of resources to R&D (R}), such
effect is more than compensated for by increased incentives to carry out R&D resulting from the
home patent subsidy or patent reward policies. Thus, the effects through A are second-order. On
the other hand, home province patent subsidy policy, or home province patent reward policy will
reduce the allocation of resources to R&D in other provinces where there is no PPP, as the value
of each commercializable patent falls while there is no government subsidies to offset this negative

impact on the reward to R&D.

Proposition 1. PPP in a province increases the RED expenditure and the numbers of high-
and low-quality patents awarded in the home province but reduces the RED expenditure and the

numbers of high- and low-quality patents awarded in other provinces where there is no PPP.

Moreover, the last set of inequalities above indicates that PPP in any province will increase the
total number of patents approved at the national level, despite the fact that it reduces the numbers
of patents approved in provinces with no PPP. In other words, the positive effect in the province
with PPP outweighs the negative effect in the provinces with no PPP. This is a subtle point.
The intuition is that, as A falls, the profit rate per period, II/A, increases, and this induces more
entry into R&D nationally. Thus, >}_; f* (R}) increases. This makes sense as (24) indicates that
when the profit rate II/A increases the hazard rate at which an active patent will be superseded,
S i1 fY(R}) /p, must increase so as to keep the expected rate of return of each asset equal to the

rate of time preference p.

Proposition 2. PPP in a province increases the R€D expenditure and the numbers of high-

and low-quality patents awarded at the national level.

Note that an increase in R imply three things. First, it means that the amount of R&D
expenditure increases. Second, it implies an increase in the Poisson arrival rate of patents, denoted
by f'(R}). Third, this also means increases in the numbers of high- and low-quality patents
awarded per period, given by &f% (R}) and f*(R}) (1 — d), respectively.’” The first is about the
input measure of R&D, while the third is about the output measure of R&D.

For each individual province ¢ and at the national level, the expected share of high-quality

37 As footnote 7 indicates, “worker” in this model stands for a collection of human capital, unskilled labor, physical
capital, and so on, employed in fixed proportions to each other in a Leontief manner. Thus, the R&D expenditure is

the sum of the costs of all these factor inputs used in R&D.
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Table 9: Comparative Statics Results

A R} FRRD [ RFG#D) | fR)G#0) | SR f (B |0
St | 1 1 ! l 1 No effect
sil |l 1 1 ! l 1 No effect

S; = Monetary reward per patent offered in region 4

si = Monetary subsidy per R&D worker as a fraction of the wage offered in region ¢

A = Economy-wide total value of high-quality (i.e. commercializable) patents

R} = R&D expenditure allocated to R&D in region

fH(R}) = No. of patents approved in region 4

S v_, fY(Ry) = No. of patents approved at the national level

0 = “Expected no. of high-quality patents” /“Total no. of patents” approved in region ¢ and nationally

patents is equal to , which is independent of PPP, as the probability of each patent being high-

quality (commercializable) is assumed to be a constant J.
We summarize the comparative statics results by Table 9.

<Table 9 about here>

A.4 Welfare Analysis: Market Equilibrium and Social Optimum

In this section, we derive the condition under which the market without government intervention
delivers less than the optimal amount of R&D. If that condition is satisfied, government pro-
innovation policies that increases R; will be welfare-improving if the increases are not excessive,

and if the policies are financed by lump sum taxes. The result is summarized by Proposition 3.

A.4.1 Equilibrium condition

In this subsection, we focus on the case without pro-innovation policies. Equations (21), (22), (23),
(24), (25), and the normalization w = 1 together yield 4 + n equations in 4 + n unknowns r, II, F,
A7 {R;k}:b:l

Plugging II from (22), E from (23), and §f* (R;) from (25), into equation (24), we obtain
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gy b2 (Bip) /A
_ A o 1y = 7
po= (L+pA) (1-B[]) - .
— pA = (L+pA)(1-E[(") - R
i=1
— A = L( E[¢ g)l] ZiRi
= A = L= (1+9) 2l assuming Pareto distribution for ¢

0
Equation (25) implies that the market equilibrium level of R; obeys

A .
—h; = R; where h; =0f"(R;) fori=1,2,....,n

1
— % = ( +€ )2 when substituting for A from the above expression
i poL
POLR; Z R;
= 1-(1+6
h (1+6) =—
12 1 i e
— Z"LLR = <1 " 0) - <1 i0> pffi under Pareto distribution of ¢ (32)

= (1-E[¢"Y) —E[¢"] pllfi‘?l under general distribution

A.4.2 Welfare Calculation and Contrast with the social optimum

To understand the efficiency properties of the steady state, it is instructive to compare the above
market equilibrium with the outcomes under a benign social planner for the country as a whole.
Conceptually, the social planner’s problem can be formulated as a labor allocation decision over
the share of labor to employ in R&D, as well as the amount of labor to assign to the production of
each variety j € [0, u] at each time point 7 (which we denote by L%(j)). Formally, the planner sets

out to maximize the welfare of the representative consumer:

max Wy
{Ri‘r}?:lv{Lg(j)}jE[O, m
m n
s.t. / L2(j) dj = Ly — ZR” for all 7 > 0, (33)
0 i=1
and Lz, (j) = LP(5)Z:(j) for all j € [0,u] and 7 > 0. (34)

The first constraint (33) is a labor market-clearing condition that states that all labor not engaged
in R&D must be employed in production. In addition, the second constraint (34) clears the market
for each variety j, setting the quantity demanded equal to the quantity produced at each point in

time. We drop the subscript 7 in this subsection from now on for simplicity.
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As we show in Appendix section C, the solution to this social planner’s problem features an
equal allocation of labor to the production of each variety. In other words, given the choice of
{R;;}_, we have equal allocation of production labor to all varieties: pL?(j) = L, — > 1 | R;; for

all j € [0, u], bearing in mind that we have a measure of varieties equal to p.

From Appendix section C, assuming Pareto distribution of ¢, so that E[In¢] = é, we have

WOZM/ e"”{ln L-) R
0 i=1

In[L—->" R P40f(R) InL 1
= M{ nll =2 Ri + iz g (B) L _ nu} under Pareto distn of ¢ (35)
P up0 P P

+ [WE [ln(]] T—InL —ln,u} dr
o

Thus, the first order condition that determines the socially optimal level of R; in each region i

is given by
AWy 1 -1 1 XN(R)d :
iR, ) L—Z?:1R1'+ [nC]p2 0 ori=1,2,...,n
n R,
— Zz:l = 11— _ P (36)
L L)\ (R;) 0E [In (]

Under market equilibrium, since all varieties are ex ante symmetric, the law of large numbers
implies that the expected price of the state-of-the-art product of all varieties are equal. Therefore,
the expected output of all varieties are equal as well. This means that there is equal allocation
of labor to the production of each variety. In other words, out of the total supply of factor input
Ly, the market allocates {R;};; to R&D in each province i, and allocates the rest of the resources
equally to all varieties j € [0, u] for production. This procedure is just like that followed by the

social planner. Thus, we can use (35) to calculate the welfare under market equilibrium as well.

A.4.3 Four sources of externalities

Under equilibrium, equation (32) implies that

i1 R (1-Blc1) (L -3 Ri)

= in the general case (37)

(i1 hi) /1 E[¢] - [o+ (Xiey ha) /]
(%) L Zz IR)

= under Pareto distribution of ¢ (38)

(%) - o+ (S o) /]

Under social optimum at the national level, (36) implies that
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Yo Ri puR; 1

= 1 — T N

L LR (R;)s E(InC)
_ 1 ppR; 1
B Lgi E(In()

where g; = R;\" (R;) 6. This further implies that under social optimum,

Z?:l R; (L - Z?:l Ri)

= = [E(In()] in the general case (39)
(2i=196) /1 P
1 (L=3",R;
= 3 L= ) under Pareto distribution (40)
p

Comparing (37) and (39), we can identify four sources of externalities:

1. intertemporal spillover (positive externality) — The term under social optimum: p vs. the

term under equilibrium: p+ (3" ; h;) /p in the denominator on the RHS.

The effective discount rate that matters for the market equilibrium is p+ (3" ; h;) /p, whereas
that which drives the planner’s problem is p. This difference is due to the “intertemporal spillover”
effect that arises from the cumulative nature of innovation: In the market equilibrium, firms apply
a higher effective discount rate when evaluating the value of a successful innovation because they
do not internalize the positive knowledge spillovers that they generate for future productivity
improvements. Instead, they discount the future at a higher rate that incorporates the hazard
rate of being leapfrogged, (3 i, h;) /u. Ceteris paribus, this intertemporal spillover effect would
push the market equilibrium towards featuring under-investment in R&D relative to the planner’s

outcome.

2. appropriability effect (positive externality) — The term under social optimum: [E (In ()] vs.

the term under equilibrium: (1 —E[¢™!]) in the numerator on the RHS.

The term 1 —E[¢ 71] appears in the numerator on the right-hand side of (37), whereas we instead
have a E[In (] term in the corresponding equation (39) for the social planner. This contrast captures
the “appropriability” effect. With the log utility specification in (19), a successful innovation drawn
from (¢ yields a (flow) welfare gain per unit of the good consumed equal to E[ln¢]. However,
the profit share that accrues to the innovating firm is only 1 — E[¢™!] (c.f., equation (22)). As
E[ln¢] > 1 —E[¢™!] except in the special case where ( is a point mass at 1, firms are indeed unable

to appropriate the full surplus enjoyed by society from their innovation.?® Thus, this effect also

38To see this, straightforward calculus will show that the inequality Inz > (z — 1)/x holds for all z, with equality
if and only if z = 1. Taking expectations with respect to the probability density function of ( yields the desired

inequality. This inequality will moreover be strict except in the special case where ( is a point mass at 1.
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pushes the market equilibrium towards a lower allocation of labor to research than the planner

would choose.

3. business-stealing effect (negative externality) — The term under social optimum: 1 vs. the

term under equilibrium: B Cl_l} on the RHS.

Innovation effort erodes the profits of preceding innovators in a way that the social planner

would want to fully internalize. We associate this effect with the term that appears in (37),

_1
B[]
but which is absent in (39). The latter reflects the fact that aggregate profits in the economy are
still constant, despite the new innovation occurring, whereas the firm that owns this innovation
would value the private profit flows that it generates. As the support of ¢ is (1,00), we clearly

have —L+ > 1, so that this business-stealing effect pushes the private actors in the direction of

E[¢T]
over-investing in research relative to the planner’s problem.?’
4. congestion effect (negative externality) — The term under social optimum: (3", ¢;) /p in

the denominator of LHS of (37) vs. the term under equilibrium: (> ; h;) /@ in the denominator
on the LHS of (37).

The addition of one more researcher reduces the average arrival rate of ideas over all researchers
(See, for example, p.100 of Jones 2002). This is analogous to the effect that the addition of one
more car in a highway slows down the average speed over all cars in the highway. The negative
externality is reflected in the fact that g; (R;) < h; (R;) for all ¢ if we plug the equilibrium value of
R; into g; (R;) and h; (R;).*°

Now, let us focus on the special case of Pareto distribution for the inventive step (. As is shown
in the comparison between (38) and (40), under Pareto distribution, effects 2 and 3 cancel each
other, leaving only effects 1 and 4. Under what condition will the net externality be positive so that
the social optimum features a higher value of Y ;" | R; than under equilibrium? It is straightforward

to show that (38) implies that, under equilibrium,

n eqm n
Z R _ L (3, hi)
i=1 (p/j“ =+ Z?:l hz) 0+ Z?:l hz"

whereas (40) implies that, under social optimum,

n SO "
ZR’ _ L (Zi:l 9i) '
P pOp+ 327 gi

39The presence of monopoly-pricing power per se does not distort labor allocations in our model. The reason is

that all firms charge the same markup in expectation (drawn from the standardized Pareto distribution, n(m)), so
that the allocation of production labor across varieties cannot be improved upon ex ante. See the related discussion
in Grossman and Helpman (1991), p.70.

40 % > A" (R;) for all R; > 0 as long as A\’ (R;) downward sloping. Therefore, g; (R;) < h; (R;) for all R; >0 .

59



Comparing the above two equations, it can be easily shown that

n SO n eqm
= {5
=1 =1
L(itig) L(3oiy hi)

when R; is the equilibrium value

PO+ gi (pr+ 320 hi) 0+ 370 hi
1 1 1
= — < — when R; is the equilibrium value 41
S Yk : (4D

In order to further analyze under what condition (41) [same as (16)] is more likely to hold, we
introduce more structure to the function A’ (R;) by assuming that A" (R;) = £ (R; + 1)~ (this
ensures that A\’ (0) # co), where 3%, v > 0. This implies that

LR — ﬁi . 1—y
7R = 7= (R )7 =]
So,
> gt =0 Rufy (R +1)7"
i=1 i=1
and
D e
i=1 o I=n .

Therefore, inequality (41) [same as (16)] becomes

Hy (1 —=79) <1

03 im1 Rty (Rir +1)77 0 i1 B [(Rz‘t + 1)177 — 1} P

Note that the second term on the left hand side,

(1 =) 1

52?:1 Bis (Rit + 1)1—7 _ 1] "~ hazard rate

where the hazard rate is the rate of complete capital loss of an asset (which is a patent) due to its

being replaced by a more productive new patented technology.

Furthermore, it can be shown that R 3, (Ry + 1) is greater than [(Rit + 1) — 1] for
Ry > 1 and v > 0. Therefore, the first term in the above inequality is smaller than 1/ (1 —~)
multiplied by the second term. It follows that a sufficient condition for the inequality (41) [same
as (16)] to hold is

0% 1 1
—. 42
<1 — 7) hazard rate < p (42)

This is therefore a sufficient condition for the socially optimal value of Y 1" | R; to be greater than

the equilibrium value. Below, we will argue that fast-growing low- and middle-income countries
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such as China tend to have smaller v, higher hazard rate, and lower p, so that condition (42) is

more likely to be satisfied.

There are three observations:

1. As 3% gi < Y0, hi, the LHSy; > 0 as long as A\ (R;) is downward sloping. In the
limiting case when the slope of X’ (R;) approach zero, Sorigi — >y hi, and LHSy — 0,
and (41) [same as (16)] is automatically satisfied. Therefore, the flatter is A\’ (R;), the more likely
(41) [same as (16)] is satisfied. Let us define the the elasticity of the curve A" (R;) as “congestion
elasticity”. Then, the flatter is the curve X\’ (R;), the smaller is the congestion elasticity, and the
smaller is the congestion externality, and the more likely the intertemporal spillovers externality
will dominate the congestion externality. This means that the socially optimal level is greater than
the equilibrium level of national expenditure in R&D. When A (R;) = 8¢ (R; + 1), the elasticity
of congestion is —R; -7/ (R; + 1) & —v in each province. The smaller is v the more likely that (42)

is satisfied.

2. Inequality (42) is more likely to hold if p is smaller, i.e. consumers are more patient. The
economic intuition is that, for a given hazard rate, a smaller p implies that the positive intertemporal
spillovers externality is stronger (i.e. the fraction (p + hazard rate)/p is larger), making it more

likely that the net externality is positive.

3. For countries undergoing faster technological change, the hazard rate faced by each patented
technology is higher. This reduces the left hand side of (42), making the inequality more likely
to hold. The economic intuition is similar to point (2) above: For a given p, a higher hazard
rate implies that the intertemporal spillovers externality is stronger (i.e. the fraction (p + hazard

rate)/p is larger), making it more likely that the net externality is positive.

When (41) [same as (16)] holds, sufficiently small increases in provincial R&D expenditures
induced by patent promotion policies financed by lump sum taxes will be welfare improving. Thus,

we have Proposition 3 below.

Proposition 3. Inequality (41) [same as (16)] gives a sufficient condition for the market-
determined level of RED expenditure in a country to be less than the socially optimal level. When
that condition is satisfied, sufficiently small increases in RED expenditures by firms induced by

pro-innovation policies financed by lump sum taxes will be welfare improving.

Inequality (42) implies that it is more likely to hold if the elasticity of incremental Poisson arrival
rate with respect to R&D input, ~, is smaller, the country is more patient (has lower discount for

the future, p), and has higher rate of replacement of old technology by new technology (higher
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hazard rate). In that case, beyond the establishment of an effective patent system, additional

subsidy and reward policies to promote patenting will be welfare-improving.

To summarize, there are four sources of externalities, two positive and two negative. Under
the assumption of Pareto distribution of the inventive step of commercializable patents, one of the
positive externalities (approriability effect) exactly offset one of the negative externalities (business-
stealing effect), leaving behind just one positive (intertemporal spillovers effect) and one negative
externalities (congestion effect). When the congestion externality is sufficiently weak, as indicated
in Inequality (41) [same as (16)], the socially optimal level of national R&D is higher than the
non-intervention market-determined level, making patent subsidies and rewards potentially welfare-

improving if the magnitude of subsidies are not too high.

B Counterfactual exercise of removing PPP from provinces where

PPP has been implemented

Since the reward policy has the same effect as a subsidy policy (both stimulate R&D in the province
where PPP is implemented), we simplify our analysis by assuming PPP to be just a subsidy to
the cost of R&D. We then assume that the effect of PPP is to reduce the R&D cost of firms by a

fraction s.

We assume different combinations of the values of s, 7, §, 8 and p, and compute how PPP affect
the welfare of China in different years. We try s = 0.1 and 0.2, p = 0.03, 0.05 and 0.07; § = 0.03,
0.05 and 0.1; v = 0.6, 0.7 and 0.8; 6 = 1.05 to 20.0 (the set of plausible values varies with t). We
justify why we consider these values to be the only plausible ones in Online Appendix C. We focus
on all 31 provinces over the years 1995-2009. We calibrate the model year by year and carry out
counterfactual exercises year by year. The values of s, §, p, v and 0 are assumed to be constant
over time. In addition, the set of plausible values of s, 8, p, and « are invariant over time. In order
to fit the model with the data, we allow the set of plausible values of 8 as well as the values of §,

and p to vary from year to year. So, 3; should be denoted by f3;, and p denoted by f,.

Assume that the incremental Poisson arrival rate when the amount of R&D (measured in real
yuan) is R;; is given by
Ait (Rit) = By (Rie +1)77.

where 3, captures the R&D technology specific to province ¢ at ¢ as well as the policies other than

PPP that promotes the generation of patents in 7 at ¢.

e From the equation for the incremental Poisson arrival rate, the number of patents generated

iniat tis given by
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M; = 1ﬁ_itfy [(R“ - 1}

Let R be defined as the actual value of R, and (Mti)ad the actual value of M}. Then, we

have

()" = 2 (Rt 1) -] (13)

For a given value of v, we can calculate 3.
e Estimation of %.
t

Let a; be a dummy variable which is equal to one if PPP has been implemented in ¢ at ¢, and

zero otherwise.

Recall that the equilibrium condition (6) as given in the main text is

(Até + bS’it> A (i) =w; (1 —ays) fori=1,2,..,n
g Rit

where f? (R;) = M;. Since the reward policy has the same effect as a subsidy policy (both stimulate
R&D in the province where PPP is implemented), we proxy PPP by a subsidy to the cost of R&D.

Setting wy = 1 as normalization, (6) is simplified as

Ay

26 M = Ryt (1 — ays) (44)
Ky
A act Mz act
E— R?tCt — ( t) 5 . ( t) + Eit (45)
Ly 1 —ayus

where ¢;; is an iid error term that has zero mean across all i for any given t, so that >, & = 0 for

any given t. (45) implies that

(A4)" SRy
,LL Mt,b act
! 6 Zl < (1—01158 >

This is how % is calculated, conditional on § and s.
t

e (Calculation of ;.
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According to the theory (see equation (7)),

Ly
Ay = i (47)
PO+ (1+0) 2=t

where L; is the value-added (VA) of knowledge- and technology-intensive (KTI) sectors in China
at t in real yuan. The data for L; can be found from the National Science Board report of the US.

(47) implies that
Ly

(At)aCt = iyact (48)
p0+ (1+0)- 7‘5&%)

A act )

= ( t) = t syact’ (49)
Pt + (1+0) -6 3 (M)
(46) and (49) together imply that
2 R?tCt — Ly
5y [<1M:>“t] pepd + (L+0) -6 3, (M)
% —a;itS
12 p@ Lt 4\ act

— t(; - —(1+0)> (M) (50)

(o) /5 | ST :

from which we can calculate 1, conditional on s, d, 8 and p.

e How does the assumed values of 6, p and ¢ affect the likelihood that PPP is welfare-improving

in year t7

Assume that 6 is year-specific. Note from (50) that

lutpe — Hep Htp iyact .
ol i Kl o~ [ ngi\act I (as (Mt) is data)
’ ) 53, (M)
) ) MZ act L
P | (as hazard rate — 22 M)y hasard xate |
hazard rate m p

This, according to (42), will make it more likely that PPP is welfare-improving. Since only
0, but not p or ¢, can affect the RHS of (50), only 6, but not p or 4, can affect whether PPP

is more likely to be welfare improving.

e (43) and (45) together imply that

act __ é . 1 ﬁit act 1—y .
Ryt =00 <1_W> - [(Rit +1) 1}+s,t

Let RY be defined by

A 1 Bi 1-
pe — 2§ s P41y —1
Rt ut(s <1 —aits> 1—x [(R” +1) }
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It turns out that, on average, R will be sufficiently close to R%™ when + is sufficiently large.
We will choose values of + that are sufficiently large so that R will be sufficiently close to R on
average. Once we have done that, we can use R, to proxy for the model-predicted value of R*

for calculating welfare changes. We also define

(i) = 2 [+ 0 1.

e Calculate the counterfactual values of R;; when PPP is removed

To evaluate the impact of PPP on R;;, we carry OU_t a counterfactual exercise of removing
PPP from province i where PPP has been implemented and see how it impacts R;, treating 3,

Ly, S, 7, 0, 6 and p as given. But A; will have to be re-calculated and is denoted by (At)CF )

Let RgF be the counterfactual value of R;; when PPP is removed in provinces where PPP has

been implemented. Therefore, at a given t,

CF
RgF = (A1) 0 - Bit [(R§F+ 1)177 — 1} for all i

oy 1—x
where
(At)CF _ Lt
f pptd + (1+0)-6%, (Mtl)CF
and 3
(1)°F = ﬁ (RS +1)'77 1] forali

The above equations can be condensed into

Li-§- £ [(RGF+1)" 7 - 1]

utp9+(1+0).5zi% [(RiCtF—i—l)l”—l}

RGE = for all i (51)
Thus, (51) defines a system of n equations and n unknowns {RgF for all i}, where n is the number

of provinces used for our analysis.

From the proof in Appendix A, PPP in province i reduces A;, increases R;;, reduces {Rjt}j i
and increases ) ;M. Thus, we conclude that when we counterfactually remove PPP from the
provinces where PPP were implemented, the counterfactual values are such that (i) RiCtF > R4
when a;; = 0; (i) RGF < R when a;; = 1; (iil) 3, (M{)" < 3, (M§)P*; (iv) (AT > (4.

e To evaluate the impact of PPP on welfare, we calculate the difference between the following

two expressions:
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(Wo)® — % {m [Lt - Z a4 52?_2522@%&) i, —n M}
and :1 i
(Wo)CF = % {ln [Lt - ZRZCtF N 5212{;?9(1[3??) Cinl,— ln,ut}
where .

fit (Rit) = 16_”7 {(Rit + 1) — 1} for Ry = RY" or RGY.

C More about the Data and Parameters

In this section, we describe how L;, R;;, as well as other parameters are determined. We do not
want to commit to a single value for each parameter, as this will reduce the credibility of our
result. Instead, for each parameter, we identify a set of plausible (discrete) values. Since we do
not have reason to believe that some values within the set of plausible ones are more likely to be
true than others, we assume that each value in the set of plausible values is equally likely. During
1995-2009, there were 253 year-province in which PPP was implemented. For different years, the
data L¢, {My}, {Ri} and the set of provinces that adopted PPP are different. For any given year
t, for each combination of 7, s, #, § and p, we can determine whether PPP is welfare-improving
for that year based on our counterfactual exercises described in Online appendix section B. (For
any given year, for some combinations of v, s, 8, § and p, PPP is welfare-reducing, while for other
combinations of 7, s, 6, § and p, PPP is welfare-improving.) Based on the assumption that each
value in the set of plausible values of each of the parameters is equally likely, we can calculate the

probability that PPP is welfare-improving for China in year t.

For example, for the year 2008, 29 provinces implemented PPP. As shown in the rest of this
section, we determine that the plausible values of the parameters are: p € {0.03, 0.05, 0.07};
~v €{0.6, 0.7, 0.8}; 6 = {0.03, 0.05, 0.1}; s = {0.1, 0.2}. It turns out that the set of plausible
values of 0 is a function of ¢, s and =y, but independent of p and §. For example, when t = 2008,
s = 0.1, v = 0.6, the set of plausible values of 6 is {1, 2, 3, ..., 14}, and out of these 14 values,
PPP is welfare-improving only when 6 €{10, 11, 12, 13, 14}. So, in 2008, for s=0.1 and v = 0.6,
the probability that the PPP implemented by the 29 provinces is welfare-improving for China is
5/14 = 35.7%.

e The variable L, is taken as the real value-added (in million real yuan) in the knowledge- and

technology-intensive sectors (KTI sectors) in China in year ¢. It is calculated as follows.

The value-added in the KTI sector is the amount contributed by a country to the value of a good

or service and excludes purchases of domestic and imported materials and inputs. KTI industries
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include high R&D intensive and medium-high R&D intensive industries based on a classification
by the Organisation for Economic Co-operation and Development (OECD).4! To obtain this value
for each year, we used the KTI value added as a share of real domestic GDP for China for the
years 2002, 2007, 2011, 2015, and 2019 from the National Science Board (2022), as shown in the
following table.*> We denote this percentage by k;.

Year | k;

2002 | 14.0%
2007 | 14.5%
2011 | 14.9%
2015 | 15.0%
2019 | 15.5%

Since k; as stated in National Science Board (2022) increased with time, we calculated the fitted
line using the values in the above table and used that fitted line to interpolate and extrapolate the
value of k; for the other years in our sample. Once we calculated k; for each year, we multipled
it by the real GDP of China to obtain L;. The following table shows the values of k; and L; (in

million real yuan) for each year t.

*! According to National Science Board (2020, p.11), KTT industries includes five high R&D intensive industries
and eight medium-high R&D intensive industries (Table 6-1). The five high R&D intensive industries are aircraft;
computer, electronic, and optical products; pharmaceuticals; scientific R&D services; and software publishing. The
eight medium-high R&D intensive industries are chemicals excluding pharmaceuticals; electrical equipment; infor-
mation technology (IT) services; machinery and equipment; medical and dental instruments; motor vehicles; railroad

and other transportation; and weapons.
2 Refer to Figure KTI-7 on p.30 of “Productive and Trade of Knowledge- and Technology-Intensive Industries”,

NSB-2022-6, National Science Board - Science & Engineering Indicators, April 19, 2022.
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Year | kq L; (in million real yuan)
1995 | 12.2% | 371,530
1996 | 12.2% | 393,908
1997 | 12.8% | 419,445
1998 | 12.8% | 410,787
1999 | 13.4% | 419,970
2000 | 14.0% | 444,697
2001 | 14.0% | 448,172
2002 | 14.0% | 451,329
2003 | 14.1% | 467,056
2004 | 14.2% | 498,142
2005 | 14.3% | 526,585
2006 | 14.4% | 544,217
2007 | 14.5% | 574,988
2008 | 14.6% | 617,137
2009 | 14.7% | 609,136

e The variable R;; is taken as the R&D expenditure in the KTI sectors in province i at year t.
We calculate R;; as a fraction r; of the total R&D expenditure in province ¢ at year t. The
fraction is assumed to be the same for all provinces. There are no data for r; in China. We
can only speculate about it. We know that in 2017, the KTT sectors accounted for about 77%
of all business funded R&D in the US.*> We use this as a benchmark. We speculate that the
value of 7; in China was increasing over time during our sample period as China gradually
put more recources into the KTI sectors. Thus, we assume 7; in China to be increasing over
time, starting at 0.5 in 1990 and gradually increasing to 0.7 in 2009. Extrapolation along
this trend will give r; = 0.77 at 2017, the same value as that of the US in 2017. Even if we
change the starting value slightly (say to 7 = 0.6 in 1990), the main results of the paper will

be about the same.

e The plausible range of the rate of time preference, p, is determined as follows. Kortum (1997)
used p = 0.07, based on matching p to the real return observed on stock markets in the US.
We believe that it is reasonable to assume that the value of p for China should not be higher
than that for the US. So, we try p = 0.03, 0.05 and 0.07. We assume that each of the plausible

values is equally probable.

o Assuming that X’ (R;) = " (R; + 1)77, the plausible range of congestion elasticity v is deter-

mined as follows.

*3See Figure 6-5 in National Science Board (2020).
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First, we find that as v decreases, the model’s fit in predicting R;; falls. When ~v = 0.5 or
less, the average deviation of the predicted value RE' from the actual value Rj; is greater than

15%. We consider this to be unacceptable. So, we rule out v < 0.5.

Second, we calculate how ~ affects the model’s fit in predicting the elasticity of M;; with

respect to R, as explained below. It turns out that the fit decreases with -, as shown below.

The model says that
e
% is the elasticity of M;;/f,; with respect to R;;.. The
it -

model-predicted elasticity at R = %

which implies that (1 — )

is therefore

<Rit+§i,t+1) (Rit+§i,t+l + 1) -7
(Rit+12%i,z+1 I 1) 1—y 1

1—
= 7 —7 as Rit‘l‘l%Rit

1— |:<Rit+Ri,t+1 ) 17:|
2

The estimated elasticity at R = % from the data is

t,i
6szdel (v) = (1-9)

ti _ Mit1/8i 441 — Mit/ By ‘ Riiy1+ Ry
actual Rit11 — Rt M1/ Bigr + Mat /By
M;141/1.2 — My o R+ Ry

Riti1— Ry M; 4 41/1.2 4+ My
since 1.2 is the average value of 3, ,,,/8;; over t = 2005, 2006, 2007, 2008 and

g

i = {16 provinces with the highest number of patents and adopted PPP in 2005-2009}. That

is why we use 1.2 to normalize M; ;11 to make it comparable to M.
For t = 2005, 2006, 2007, 2008, and

i = {16 provinces with the highest number of patents and adopted PPP in 2005-2009}, we cal-

culate

2008 16 Miit1/1.2—Mix ~_ Rirp1+Ri

(I)( )_ 1 Rit1—Rit M;441/1.24+My,
V=78 2 2 —
t=2005 i=1 ) |:<Rit+Ri,t+l>17W:|_l
- 2

where T'= 4 and N = 16. For the model to be considered a good fit for the elasticity, ® () should

not significantly differ from 1.

We obtain the following table.
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vy 06 (07 |08 |09 |11
O (y) | 1.02 ] 1.31 | 1.76 | 2.53 | 6.42

Thus, when v = 0.6, the fit of the model for the elasticity of M;;/3;, with respect to Ry is very
good. As v increases, the fit for the elasticity falls. The fit of the model is considered unacceptable
at v = 0.9, when ® () > 2. Thus, the plausible values of 7 is the outcome of the compromise
between (i) the fit of the model in predicting R;;, which increases with ~, and (ii) the fit of the
model in predicting the elasticity of M;; with respect of R;;, which decreases with v. When v < 0.6,
the model’s prediction of R;; is unacceptable; when v > 0.8, the model’s prediction of the elasticity
of M;; with respect of R;; is unacceptable. Therefore, we conclude that the plausible values of v are
{0.6, 0.7, 0.8}. In addition, we assume that each of the plausible values {0.6, 0.7, 0.8} is equally
probable.

e The plausible range of the fraction by which R&D cost is reduced by PPP, s, is determined

as follows.

Based on data for 2011-2015, Jin, Shang and Xu (2018) find that the elasticity of R&D with
respect to R&D subsidy is equal to 0.442.%* According to (43) and (45) (omitting the error

term),
A 1 Bit A 1—v
Rio =0 (1_S> - [(Ri+ 1) 1] (52)
N dRit - Rz’t
ds (1—s) = 22085 (R + 1)
Rit

(1= 5) = (1= 8) (1= %) Rag (R + 1) [(Ru +1)' 7 = 1]

A
by substituting for —-64;, from (52)
Hy

(R + 177 =1
(Rit + 1)_7 (th’)/ + 1) -1

idRit_ s
Ry ds 1—s

] =0.44

—1
1 (Rit +1)'77 =1
e S = . + 1
{0'44 [(Rit + 1) (Ruy + 1) — 1]
0.44 [(th + 1)—7 (th’}’ + 1) — 1]
(R + 1)V 77 +0.44 (Riy + 1) 77 (Ryy + 1) — 1.44

0n p.9 of the paper, they state: “This result means that if the government increases subsidies by 1%, manufac-

turing enterprises are likely to increase their R&D investment by 0.442%.”
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For v = 0.6, 0.7, 0.8, respectively, we calculate

Z Z 0.44 [(Ry +1) " (Ray + 1) — 1]
i+ DT 4044 (R + 1) (Riy + 1) — 1.44

for t € {2005-2009}; T' = 5;

i € {16 provinces with the highest number of patents and adopted PPP in 2005-2009}; N
= 16. The value of s that we assume in our analysis should not deviate too much from the

“plausible” value of s calculated above. It turns out that we obtain the following ressult.

7106 |07 |08
0.20 | 0.23 | 0.25

If we restrict ourselves to considering only s € {0.1,0.2,0.3}, then s = 0.2 (which in fact covers
the range 0.15 to 0.25) is the closest value to the above estimates of s. However, we believe the
point estimate of Jin, Shang and Xu (2018) is probably imprecise, so we include s = 0.1 as another
plausible value. We consider s = 0.3 to be too large to be plausible. In addition, we assume that

it is equally probable that s = 0.1 or s = 0.2.

e The shape parameter of the Pareto distribution, . The plausible range of # is determined as

follows.

The data Ly, { My}, {Rit} and the set of provinces that adopted PPP are different for different
years. Thus, for the same ~ and s, the plausible range of 6 for which the model is consistent
with the data is different for different years. The minimum plausible value of 0 is a value
infinitesimally larger than 1 (which we denote by 17), as any value of 6 less than or equal
to 1 implies that the mean of the inventive step ( is equal to infinity. It also implies that
the expected price markup (price/unit cost) is infinity. When 6 is small (close to 1), the
implied average inventive step is large, and the hazard rate is small. As 6 increases, the
implied average inventive step gets smaller, and the hazard rate increases. For each year t,
conditional on Ly, {M;:}, {Rit} and the set of provinces that adopted PPP, the maximum
plausible 6 (call it ") corresponds to a hazard rate equal to infinity. The model cannot be

consistent with the data for any value of 6 greater than 6;"%*.

To put a lower bound on the expected price markup, we do not consider any 6 greater than 20
for any ¢.*> Thus, in some years, 01" is set at 20 even though the value of § corresponding to a
hazard rate of infinity is greater than 20. It turns out that these are the years during which the

total number of year-province adopting PPP is less than 1/3 the total number of year-province

45 This is equivalent to restricting the expected price markup (i.e. price/unit cost ratio) to no less than 1.05, which
is quite low. A lower expected price markup means that the market is more competitive and the hazard rate is higher,

as more minor innovations are allowed to be patentable.
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Table 10: Probability that PPP is Welfare-Improving in Various Years

s =0.1or 0.2 s =0.1 s =0.2
Number of
v =0.6 v = 0.6, v =0.6 v = 0.6, v =0.6 v = 0.6,
Year ¥ =10.6 v =20.6 v =0.6 year-province
or 0.7 0.7, 0.8 or 0.7 0.7, 0.8 or 0.7 0.7, 0.8
adopting PPP
1995 20.05% 13.78% 9.19% 20.05% 15.04% 10.03% 20.05% 12.53% 8.35% 1
1996 12.53% 6.27% 4.18% 15.04% 7.52% 5.01% 10.03% 5.01% 3.34% 1
1997 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 2
1998 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 3
1999 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5
2000 15.04% 10.03% 6.68% 20.05% 15.04% 10.03% 10.03% 5.01% 3.34% 9
2001 20.05% 15.04% 10.86% 25.06% 20.05% 15.04% 15.04% 10.03% 6.68% 14
2002 30.08% 26.32% 22.56% 35.09% 32.58% 28.40% 25.06% 20.05% 16.71% 20
2003 35.09% 31.33% 27.57% 40.10% 37.59% 33.42% 30.08% 25.06% 21.72% 26
2004 37.04% 31.75% 28.22% 39.00% 33.43% 29.71% 35.09% 30.08% 26.73% 27
2005 39.12% 36.32% 31.67% 41.30% 38.35% 33.43% 36.94% 34.30% 29.90% 29
2006 41.44% 35.52% 31.57% 43.89% 37.62% 33.44% 39.00% 33.43% 29.71% 29
2007 39.57% 33.44% 29.35% 40.13% 33.44% 28.99% 39.00% 33.43% 29.71% 29
2008 36.73% 31.80% 27.92% 35.84% 32.26% 28.67% 37.62% 31.35% 27.17% 29
2009 38.84% 34.96% 31.07% 41.84% 37.66% 33.47% 35.84% 32.26% 28.67% 29
1995 to 2009 | 34.14% 29.68% 25.90% 36.56% 32.29% 28.21% 31.72% 27.06% 23.58% 253

Note:

The table shows the probability that PPP is welfare-improving at different years for different combinations of v and s.

The values of p and § do not affect the probabilities at all. The probabilities in 1997, 1998 and 1999 are zero

as we capped the value of € at 20 for all years to simplify computation.

with PPP during the sample period.*® The probability that PPP is welfare-improving even if

we do not put a cap on ¢ would not be large for these years. So, the probability that PPP is

welfare-improving during the entire sample period will be underestimated, but the percentage

underestimation will not be too large.

In sum, the set of plausible values of 6 in year ¢ is {17, 2, 3, ..., 67***}. In addition, we assume

that each of the plausible values is equally probable, as there is no reason to believe that any

value is more probable than the others.

D Detailed breakdown of the probabilities that PPP is welfare-

improving for different ¢, v and s

<Table 10 about here>

40 These years are 1995-2003, which together account for 32% of a total of 253 year-province adopting PPP.
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