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Abstract

Taiwan is experiencing a decline in the number of doctoral students and aging faculty mem-
bers in higher education. How to provide incentives for students to pursue a doctoral degree
becomes a widely discussed issue. This paper constructs an occupational choice model with
overlapping and heterogeneous individuals rationally choosing to study abroad, enter domestic
doctoral programs, or work in the industry. The framework captures the features of the two-
stage Ph.D. labor market and the spillover effect of knowledge production on the industry sector.
We also highlight the productivity differential between overseas-trained professors and their do-
mestic counterparts. The model is used to quantify the effects of various subsidies on higher
education. Our quantitative analysis suggests that providing a subsidy to domestic doctoral stu-
dents is more effective in boosting the number of doctoral students than subsidizing professors’
research. Nevertheless, in the fields with a relatively large productivity differential, this policy
does not necessarily improve the average welfare because of fewer overseas-trained professors
and lower knowledge accumulation.
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1 Introduction

Over the past decade, Taiwan’s higher education has undergone notable transformations. The num-
ber of students enrolled in Ph.D. programs peaked at 34,105 in 2010 but subsequently experienced a
decline, resulting in a 16 percent reduction from the peak by 2022. In addition, Taiwan’s lowest-low
birth rate is causing a decline in college students, which could worsen the shortage of individuals pur-
suing doctoral degrees in the future.1 Meanwhile, concerns have been raised about the aging faculty
in higher education, with over 60 percent of faculty members being over 50 years old in 2019, up from
42 percent in 2012.2 This trend is in contrast to Japan and the UK, where the percentage of faculty
members over age 50 remained stable in Japan and declined in the UK, despite starting at a similar
level to Taiwan in 2012.3 The lack of individuals pursuing doctoral degrees and the aging faculty
members raise concerns about Taiwan’s research productivity and consequently labor productivity in
the long run. In response, some subsidies have been proposed to increase the number of doctoral
students. To understand the motivations for pursuing a doctoral degree, this paper seeks to model the
features of the Ph.D. labor market and quantify the effects of various subsidies to Taiwan’s higher
education on the incentive to pursue doctoral degrees, knowledge accumulation, labor productivity,
and average welfare.

The Ph.D. labor market is distinct from the regular labor market due to its longer training period
and the requirement of a Ph.D. degree to obtain a faculty position.4 In addition, Sauermann and Roach
(2012) found that the majority of doctoral students aim to pursue academic careers in research and
teaching. However, Cyranoski et al. (2011) reported that only 15 percent of science Ph.D. in the US
were able to secure a tenure-track position within six years after graduation, indicating that obtaining
a faculty position may be quite uncertain. Therefore, those who choose to pursue a Ph.D. bears the
opportunity cost of not working in industry during their studies and the uncertainty of obtaining a
faculty position after graduation.

To capture the features of the Ph.D. labor market, we adopt an approach of macroeconomic anal-
ysis. Our model is based on Samuelson’s (1958) overlapping-generations (OLG) structure, in which
doctoral students and professors are overlapped. Based on the calibers they obtain, individuals de-

1The lowest-low birth rates affect Taiwan’s higher education via both the demand and the supply side. On one hand, the
lower fertility rate results in a decline in the demand of the higher education. In general, there are at least two possibilities
that could lead to this phenomenon. The first case is a lower fertility rate but a stable enrollment rate of undergraduates.
This is exactly the experience of Taiwan. Secondly, a decline in the number of undergraduates could be directly due to
a decreasing enrollment rate of undergraduates, while the fertility is slightly increasing, relatively stable, or decreasing.
Using the gross enrollment ratio in tertiary education from the Our-World-in-Data, we find that there were 38 countries that
experienced a decline in the gross enrollment ratio in tertiary education during 2012-2022. Hence, our paper can be applied
to countries experiencing a decrease in the growth of undergraduate student populations, regardless of the underlying causes
for this decline. On the other hand, the low fertility rate in Taiwan also causes a decline in the supply of the higher education
due to lower incentives for students to pursue doctoral degrees. See Appendix A for further discussions.

2Source: National Profiles of Human Resources in Science and Technology (NPHRST), 2022.
3Figure A1 provides the detailed age structures of faculty members in Japan, Taiwan, and the UK.
4The Ph.D. labor market also stands apart from other professional labor markets that require long periods of training due

to its emphasis on original research during and after the training period, as pointed out by studies such as Stuen, Mobarak,
and Maskus (2012) and Gaulé and Piacentini (2013).
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cide to study abroad as international doctoral students, enter domestic doctoral programs, or work
in the industry as workers. Being doctoral students face two risks: not able to graduate from the
doctoral program and the uncertainty of securing a faculty position after graduation. In either case,
they would become workers in the industry. The Ph.D. labor market is divided into two stages. In the
first stage, individuals decide to become domestic doctoral students and faculty members hire domes-
tic doctoral students to produce knowledge. In the second stage, individuals graduate from doctoral
programs and seek faculty positions in the domestic market. The available faculty vacancies at this
stage are determined by the demand for higher education. Furthermore, we allow for a productivity
differential in knowledge production between professors who received doctoral training abroad or do-
mestically.5 We also account for a difference in the likelihood of international and domestic doctoral
graduates seeking academic faculty positions, which has been observed in Taiwan and South Korea
(Jung, 2018). In general equilibrium, the numbers of individuals with different occupational choices
are endogenously determined. Then, labor allocations, output in the industry sector, and knowledge
accumulation in the economy are determined accordingly.

The importance of Ph.D. holders has increased significantly in the modern economy, as it is
closely linked with driving innovation, accumulating knowledge, and advancing technology. This
trend originated in Germany during the early nineteenth century when conducting original research
became mandatory for obtaining a Ph.D. Today, acquiring a Ph.D. is a prerequisite for securing a
faculty position at universities, which are responsible for the majority of higher education and knowl-
edge production. Moreover, companies that rely on research and development to remain competitive
have a growing preference for Ph.D.-holding employees. As Lucas (2009) argued, the accumula-
tion of knowledge has a spillover effect on productivity growth.6 Therefore, due to the externality
of knowledge creation (Klenow and Rodrı́guez-Clare, 2005), the aforementioned transformation in
higher education in the past decade of Taiwan could negatively affect the whole economy.

The above concerns have led to a continuing discussion about the talent gap in higher education
and appropriate policy reforms. For example, Academia Sinica (2023) proposed possible policies
including subsidies to doctoral students and professors. It is natural to ask how such policies are
effective in bridging the talent gap in Taiwan. To answer this question, our next step is to quantitatively
evaluate the impacts of these policy reforms on individual occupational decisions and the economy.
However, collecting data on the occupational choices of doctoral students is crucial for discussing
issues and policies in the Ph.D. labor market (Kelly and Marians, 2014). Due to data limitations, few
studies have analyzed this market (Ehrenberg, 1992). To fill this gap, our paper collects data from
Taiwan between 2006-2015 for quantitative analysis. There are two characteristics of Taiwanese data.
First, professors’ salaries within a specific rank are nearly equal, and the information is accessible to
the public. Therefore, the uncertainty of lifetime income for doctoral students mainly comes from
the two risks mentioned above. Second, the supply of domestic doctoral graduates can be explicitly

5The productivity differential can be attributed to the varying opportunities for international collaboration and capabili-
ties of international mobility (Sambunjak and Marušić, 2011; Petzold and Peter, 2015).

6The spillover effect has been identified by economic research such as Moretti (2004) and Gennaioli, La Porta, Lopez-
de-Silanes, and Shleifer (2013).
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estimated, since most of them only search for faculty positions in Taiwan during the periods we
examine. Furthermore, a policy reform may have varying effects on different fields. To emphasize the
variations across fields, the model is calibrated in various disciplines, including engineering, science,
medical sciences, humanities, social sciences, and the combined representation of these five fields,
which is referred to “the aggregate”.

In practice, a subsidy to professors through research grants is commonly used, such as in China
and France (Altbach, Reisberg, Yudkevich, Androushchak, and Pacheco, 2012). Alternatively, a
subsidy to domestic doctoral students has been adopted in Taiwan, Norway, Sweden, and the UK.7 We
quantify these two subsidies and find that the subsidy to domestic doctoral students is more efficient
in boosting the input in knowledge production, i.e., the number of domestic doctoral students. This is
because a subsidy to professors’ research is less attractive to individuals who pursue a doctoral degree
since they face the two risks of becoming professors. However, our quantitative result also suggests
that the subsidy to domestic doctoral students brings two opposite effects on knowledge production:
it increases the number of domestic doctoral students but decreases the share of professors who have
higher productivity due to overseas training. Our analysis shows that the former dominates the latter
effect if the productivity differential is negligible. Thus, we find that in the fields with relatively minor
productivity differentials, such as medical sciences and humanities, the subsidy to domestic doctoral
students promotes the accumulation of knowledge and output in the industry sector. In contrast, the
subsidy reform could result in lower knowledge accumulation and less output when the productivity
differential widens.

To measure the productivity differentials of doctoral graduates among countries, we choose the
h-index rankings from the SCImago Journal & Country Rank (SJR) to compare research productivity
in different countries. The h-index suggests that the US, UK, Sweden, Norway, and Taiwan have the
rankings of #1, #2, #13, #20, and #29, respectively.8 Therefore, it can be stated that the productivity
differential between Taiwan and the US is greater than that between the US and the UK, Sweden, or
Norway. To further examine the role of productivity differential in our policy analysis, we conduct
a counterfactual analysis without the productivity differential. The result shows that, taking the ag-
gregate field as an example, a subsidy to domestic doctoral students not only increases the number of
domestic doctoral students, but also brings a higher level of knowledge accumulation and improves
the average welfare. The intuition is that the negative effect of productivity differential on knowledge
production disappears in the scenario. Thus, an increase in the number of domestic doctoral students

7In Taiwan, the Ministry of Science and Technology grants 40,000 TWD per month to each selected doctoral student
from all fields. In Norway and Sweden, there are no tuition fees. All doctoral students receive a salary that is almost
equal to being a junior faculty member (Williams, Jones, Jonsson, Harris, and Mulvany, 2019); moreover, the duties
include engagement in teaching for 20 percent of their time (Bröchner and Sezer, 2020). In the UK, a government-funded
studentship not only covers doctoral students’ tuition fees but also provides at least 15,609 GBP per year for living expenses.
Students from all fields can apply for this studentship. Detailed information can be found at https://www.ukri.org.

8SJR provides indicators that can be used to assess and compare scientific domains in different countries (SCImago,
2021). The h-index is a citation-based indicator, which is shown to have the power to predict researchers’ labor market
outcomes (Ellison, 2013). However, the SJR data is not sufficient for calibrating a model, so we use research grants funded
by the government as a proxy to measure the knowledge output of a professor in our quantitative analysis.
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leads to a higher level of knowledge accumulation, thereby larger output and welfare improvement.
Nevertheless, when we extend the counterfactual analysis to scenarios with the existence of larger
productivity differentials, professors’ superior productivity from overseas training becomes impor-
tant to knowledge production. Therefore, the subsidy to professors’ research could bring to a higher
level of knowledge accumulation and output, rather than a subsidy to domestic doctoral students.

Similar to this paper, Akcigit, Pearce, and Prato (2020) study the effect of education policies
as well as research subsidies on innovation and growth. They build an endogenous growth model
in which individuals have different talents for research, but talented individuals may not pursue a
research career due to preferences or financial frictions. They calibrate the model with data from
Denmark and show that research subsidies have limited impact on innovation in the long run unless
combined with education policies to encourage talented but financially constrained youth pursuing a
Ph.D. degree. Our results align with their findings in that research subsides to professors could be
less effective than subsides to doctoral students in promoting knowledge production, depending on
the productivity differentials.

To our knowledge, this paper is the very first study using the OLG structure to model occupational
choice in the Ph.D. labor market. In the economic literature, previous studies of occupational choice
focus on expectation formation, such as adaptive expectation in Freeman (1975) and rational expec-
tation in Siow (1984). Ryoo and Rosen (2004) indicate that the rational expectation hypothesis is
well suited to the data in the US engineering market. Nevertheless, Manski (1993, 2004) argues that
observed data may be consistent with some alternative specifications of expectation formation. Betts
(1996), Jensen (2010), and Zafar (2011) find that students have biased beliefs about market wages,
but Wiswall and Zafar (2015) show that students rationally revised their beliefs in response to new
information. Moreover, Llull (2017) demonstrates a labor adjustment in education years in response
to supply shocks. In our model, individuals are rational, similar to that for public school teachers in
Zarkin (1985), where the demand for professors can be estimated by the number of existing students.
The demand for professors is known to individuals when they are determining their occupational
choices.

The rest of the paper proceeds as follows. Section 2 presents the model and the steady-state
equilibrium. Based on Taiwanese data, Sections 3 and 4 discuss the calibration and policy experiments
for various subsidies. Section 5 provides counterfactual analysis for varying productivity differentials
between overseas-trained and domestically-trained professors. Section 6 concludes the paper and
discusses possible extensions.

2 Model

The world consists of two regions: a home country and the rest of the world. Our analysis focuses
on the home country, while also considering the opportunity for students to pursue a doctoral degree
abroad, specifically as international doctoral students. The home country has two sectors: an aca-
demic knowledge production sector and an industry sector. Under this setting, we develop a general
equilibrium five-period OLG model in which the first period and the rest of the periods refer to the
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young and old periods, respectively.9 In the young period, an agent chooses to be an international
doctoral student, a domestic doctoral student, or a young worker. A young worker will surely become
a worker in the old periods. A doctoral student, however, may become a professor, a worker, or a
Ph.D. worker in the second period, and then the occupation is assumed to be unchanged in the rest
periods. In the economy, on the one hand, professors hire domestic doctoral students as labor inputs
for knowledge production in the academic sector. The accumulation of knowledge will contribute to
labor productivity in the industry sector. However, professors and their doctoral students only share
the value of new knowledge, which captures a distinct feature of the academic sector emphasizing
original research. Thus, a spillover effect exists, which comes from the contribution of the accumu-
lated knowledge in previous periods. On the other hand, the supply of domestic doctoral students is
determined by agents’ occupational choices. That is, an agent compares the expected lifetime utility
among three options: being a domestic doctoral student, becoming an international doctoral student,
or being a worker. In this section, we formally describe the model. The steady-state equilibrium is
presented in Section 2.5.

2.1 Occupational State

Time is infinite and discrete, t = 1,2,3, · · · . At the time t, there is a continuum of new agents (hereafter
generation t) who enter the economy and live for five periods in the home country. Let nt be the size of
generation t, and g > 0 be the gross rate of generation growth; hence nt+1 = gnt . Note that the size of
generation t is interpreted as the number of undergraduate students, rather than the count of newborn
babies. In the first period, an agent can choose to be a worker or a doctoral student. Moreover, two
options are available for doctoral studies: a domestic doctoral student studying in the home country
or an international student pursuing a doctoral degree abroad.10

In the second period, young workers will become old workers for sure. However, doctoral students
will become professors or workers. Let i ∈ [0,nt ] be the index of agents and ft(i) be the probability of
graduation in the Ph.D. program such that f ′t (i)< 0 for agent i ∈ [0,nt ]. That is, the higher an agent’s
index, the lower the chance he or she can graduate from a Ph.D. program. In addition, pI,t+1 denotes
the probability of finding an academic faculty position, where I ∈ {0,1} is an indicator function in
which I = 0 indicates having a domestic doctoral degree and I = 1 indicates having an international
doctoral degree.11 Moreover, if a doctoral student graduates from a Ph.D. program and then works
in the industry sector, he or she will be a Ph.D. worker. Therefore, a doctoral student i of generation
t will become a professor, a worker (entering a Ph.D. program but not able to graduate), or a Ph.D.
worker with the probability of ft(i)pI,t+1, 1− ft(i), and ft(i)(1− pI,t+1), and earn salaries or wages
(henceforth, wages) of dt+ j, wt+ j, and κwt+ j for j ∈ {1,2,3,4}, respectively. We define κ ≥ 1 as the
wage premium for a Ph.D. worker.12

9The five-period setting matters for the calibration, as it allows us to match the average lengths of being doctoral students
and professors in data.

10Domestic and international doctoral students face different constraints, which will be discussed in Section 2.4.
11The assumption of f ′t (i)< 0 captures individuals’ heterogeneous caliber regarding the graduation rate.
12The wage premium reflects the market value of Ph.D. training in the industry, which can vary across fields. It is also
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2.2 Two-Stage Ph.D. Labor Market

There are two stages of the labor market in the academic sector over an agent’s life cycle. In the first
stage, professors hire domestic doctoral students for knowledge production. The supply of doctoral
students comes from agents who choose to enter domestic doctoral programs.13 After one period, the
doctoral graduates of generation t look for faculty positions in the second-stage labor market. At this
stage, the demand for higher education (therefore, the faculty vacancies) is determined by the number
of generation t + 1, and the supply comes from domestic and international doctoral graduates. The
details are described as follows.

In the first-stage labor market, each professor has a demand for mI,t domestic doctoral students,
where m0,t is the demand of a professor with a domestic doctoral degree and m1,t is the demand of
a professor with an international doctoral degree. Let εt and µt − εt be the proportions of generation
t who choose to be international and domestic doctoral students, respectively. This implies that the
proportion of generation t who become doctoral students is µt . Because agents’ occupational choices
are sorted by their calibers, domestic and international doctoral students face different average grad-
uation rates and the graduation rates are correlated to their calibers. Specifically, we define qI,t as the
average graduation rate for domestic and international doctoral students of generation t. Then, the
average graduation rate for domestic doctoral students is given by

q0,t =

∫ nt µt
nt εt

ft(i)di
nt(µt − εt)

,

and the average graduation rate for international doctoral students is

q1,t =

∫ nt εt
0 ft(i)di

ntεt
.

Moreover, we denote RI,t as the total number of professors working in the academic sector of the
home country at time t. They were doctoral graduates in the past four periods. Therefore, the number
of professors with domestic doctoral degrees is given by

R0,t =
t−1

∑
j=t−4

n j(µ j − ε j)q0, j p0, j+1;

and the number of professors with international doctoral degrees is

R1,t =
t−1

∑
j=t−4

n jε jq1, j(1−ζ )p1, j+1,

related to the policy suggestion of Daniels (2015) to diversify Ph.D. training for nonacademic needs. It is worth to note
that our setup implies the human capital of workers without Ph.D. degrees is normalized to be one. In addition, our model
allows p0,t+1 ̸= p1,t+1 to reflect the difference in prestige between domestic and foreign graduate schools.

13In reality, there are Ph.D. quotas in Taiwan’s higher education. However, from the perspective of the national level,
the Ph.D. quotas were not binding during the periods that we examine. Therefore, in our setting, the equilibrium number
of domestic doctoral students is endogenously determined by the demand and supply in the market. See Appendix A.2 for
further discussions.
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where 0 < ζ < 1 is the ratio of brain drain. This assumption captures the fact that students studying
abroad may not return to the home country. We also define p0, j+1 = p j+1 and assume that p1, j+1 =

α p0, j+1, where α > 1 (or α < 1) captures the advantage (or disadvantage) of finding faculty positions
for international doctoral graduates. The market-clearing condition in the first-stage market at time t
is hence given by

m0,tR0,t +m1,tR1,t = nt(µt − εt),

where the right-hand side nt(µt −εt) represents the supply of domestic doctoral students, which is de-
termined by the occupational choices of generation t. We will further discuss an agent’s occupational
choice in Section 2.4.14

In the second-stage market at time t, each young agent needs one unit of higher education. On the
other hand, each professor provides a units of higher education. That is, we do not differentiate the
ability of teaching between domestic and international doctoral graduates.15 Therefore, the market-
clearing condition in the second-stage market is

nt = a(R0,t +R1,t).

It is worth to note that both domestic and international doctoral graduates enter the domestic market
at this stage. Some will obtain faculty positions, while others will become Ph.D. workers.

2.3 Production Sectors

There are two sectors in the home country: academic and industry sectors. The output of the academic
sector is new knowledge. The accumulated knowledge becomes one of the inputs in the industry
sector. We first describe the academic sector and then discuss the industry sector.

For a professor, new knowledge xI,t is produced by a generalized CES technology:

xI,t =
[
(1−φx)BIr

θx
t +φxmI,t

θx
]λ/θx

,

where 0 < λ ≤ 1 is the degree of returns to scale; φx ∈ (0,1) is the share parameter; and θx is an
elasticity parameter, where 1/(1−θx) is the elasticity of substitution between the professor’s research
time (rt) and doctoral students’ labor. The value of θx is less than or equal to one and can be −∞. The
parameters B0 > 0 and B1 > 0 represent the research efficiency of the professor’s research time. We
allow B1 ̸= B0 to differentiate the productivity efficiency between domestic and international doctoral
graduates. In addition, we assume that the professor’s research time is fixed and normalized to 1.
That is, rt = 1.

14It is worth to note that an agent makes an occupational choice by comparing the expected lifetime utility of directly
being a worker, entering domestic doctoral program, and pursuing a Ph.D. degree overseas. Therefore, the first-stage and
the second-stage labor market are actually linked.

15When calculating the student-professor ratio, the MOE does not distinguish professors with domestic doctoral degrees
from those obtained overseas degrees. Besides, there is no clear empirical evidence to link the ability of teaching to where
an individual obtains his or her doctoral degree. Thus, here we assume each professor has the same ability to offer higher
education.
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The price of new knowledge produced at time t is πt . The value of new knowledge is shared by
the professor and his or her doctoral students. Professor has to pay a wage of st to each doctoral
student involved in the knowledge production. Therefore, the surplus of knowledge production for a
professor (hI,t) is given by

hI,t = πtxI,t − stmI,t . (1)

In addition to the surplus, professors also receive a wage of dt , which is irrelevant to research and
assumed to be exogenously given in the model. It will be discussed in the next subsection. The
professor hires the optimal number of domestic doctoral students by maximizing (1). Thus, a domestic
doctoral student is paid at his or her marginal product:

st = πtλφx(mI,t)
θx−1(xI,t)1− θx

λ .

The above equation implies that professor with higher research efficiency will hire more (fewer)
doctoral students if λ > θx (if λ < θx). Moreover, the number of domestic doctoral students that a
professor hires is decreasing in st . This implies that professor desires to have more doctoral students
if st is lower. However, a lower st results in a lower incentive for young agents to enter domestic
doctoral programs. Thus, the equilibrium st is determined by professor’s demand as well as the supply
of domestic doctoral students. We will further discuss an agent’s occupational choice in Section 2.4.

Perfectly competitive firms in the industry sector employ accumulated knowledge and workers’
efficient labor as inputs to produce final consumption goods. Since the number of professors at time t
is RI,t , the new knowledge produced in the academic sector is x0,tR0,t +x1,tR1,t . Moreover, we assume
that knowledge depreciates at a rate of δ ∈ (0,1).16 Thus, the law of motion of knowledge is given
by

Kt = x0,tR0,t + x1,tR1,t +(1−δ )Kt−1.

The supply of workers’ efficient labor at time t is as follows:

Lt =
t

∑
j=t−4

n j(1−µ j)+
t−1

∑
j=t−4

n j [(µ j − ε j)(1−q0, j)+ ε j(1−ζ )(1−q1, j)]

+κ

t−1

∑
j=t−4

n j [(µ j − ε j)q0, j(1− p0, j+1)+ ε j(1−ζ )q1, j(1−α p1, j+1)]),

(2)

where κ ≥ 1 is the labor efficiency of a Ph.D. worker. Equation (2) indicates that the labor supply of
workers at time t consists of those who choose to be workers in the current and previous four gener-
ations, doctoral students who fail to graduate from Ph.D. programs in the previous four generations,
and the number of Ph.D. workers in the previous four generations.

The industry sector employs knowledge and workers’ effective labor to produce final consumption
goods by a CES technology:

Yt = A
[
(1−φY )K

θY
t +φY LθY

t

]1/θY
, (3)

16The knowledge capital model is proposed by Griliches (1979) and has become the cornerstone of R&D literature. It
is worth to note that, although knowledge does not depreciate in the way physical capital does, its value in producing final
goods may become obsolete when new knowledge is discovered or when the environment changes over time. Therefore,
knowledge depreciation is included in our model.
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where A > 0 represents the total factor of productivity (TFP) and φY ∈ (0,1) is the share parameter.
The parameter θY governs the elasticity of substitution between knowledge and labor inputs, where
the elasticity is given by 1/(1− θY ). The value of θY is less than or equal to one and can be −∞.
We further denote kt = Kt/Lt and yt = Yt/Lt as the knowledge-labor and the output-labor ratios,
respectively. In equilibrium, the wage rate of worker’s labor is equal to its marginal product. That is,

wt = φY A
[
(1−φY )k

θY
t +φY

] 1−θY
θY , (4)

and Ph.D. workers’ labor is paid at the rate of κwt , where κ is the wage premium for Ph.D. workers.
The gap between the industry sector’s output and workers’ total wages becomes the return of the new
knowledge xt and professor’s wage dt . As dt is exogenously given in Taiwan, the price of knowl-
edge (πt) is determined by the market-clearing condition (hereafter the resource constraint) for final
consumption goods at time t.17 The resource constrain is given by

Yt −wtLt = πt(x0,tR0,t + x1,tR1,t)+dt(R0,t +R1,t). (5)

It is worth to note that Lt is measured in efficiency units in which κ is included. Thus, in (5), the total
wages received by workers are wtLt . Equation (3) to (5) indicate that the accumulation of knowledge
improves the labor productivity in the industry sector; however, professors and domestic doctoral stu-
dents only obtain the value of new knowledge, πt(x0,tR0,t +x1,tR1,t). Therefore, the labor productivity
improved by the knowledge accumulated in the previous periods, (1−δ )Kt−1, represents a spillover
effect from the academic sector to the industry sector.

2.4 Occupational Choice

The preferences of agents of generation t who stay in the home country are represented by ∑
4
j=0 β j ln(ct+ j),

where ct is the level of consumption, and β ∈ (0,1) is the time preference discount factor. The level
of consumption at period t is financed by an agent’s income, including worker’s wage (wt or κwt),
financial compensation to doctoral students, the surplus in knowledge production (hI,t), or professor’s
wage (dt), depending on an agent’s occupational choice. Since there is neither physical capital nor a
financial market in our setting, all agents are hand-to-mouth and consume all of their income in each
period of time.

17When constructing the model, we have the following three facts of Taiwan in mind. First, wages of professors who are
at the same rank are almost the same. This implies that professor’s wage is not endogenously determined. Second, there is
no market to determine the value of research output. That is, the value of professor’s research output is not decided by the
market. Rather, the value of research output is determined by research grants, which are mostly funded by the government,
such as the National Science and Technology Council. Third, the government’s ability for financing research and professor’s
wage is limited by total tax revenues collected by the government. Since we do not introduce the government sector to the
basic model, research grants and professor’s wage are naturally limited by the resource constraint of the economy. Thus,
when we set up the model, first of all, we assume professor’s wage is exogenously given, as we impose dt = d̄ in Section
2.5. Then, the price of knowledge is not decided by its marginal product in (3). Instead, as professor’s wage has been given
and labor wage is determined by its marginal product, we are able to use the resource constraint (5) to decide the price of
knowledge.
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Specifically, the lifetime utility of being a worker for generation t is given by

Wt(i) = ln(wt)+
4

∑
j=1

β
j ln(wt+ j). (6)

It is worth to note that workers do not join the knowledge production, but the accumulation of knowl-
edge indeed affects workers through the marginal product of labor in (4). The expected lifetime utility
of being a domestic doctoral student for generation t with caliber i becomes

Dt(i) = ln(st) + ft(i)
[

pt+1

4

∑
j=1

β
j ln(dt+ j +h0t+ j)+(1− pt+1)

4

∑
j=1

β
j ln(κwt+ j)

]

+
(
1− ft(i)

)[ 4

∑
j=1

β
j ln(wt+ j)

]
.

(7)

That is, a domestic doctoral student will become a professor with the probability ft(i)pt+1, a Ph.D.
worker with the probability ft(i)(1 − pt+1), or a worker with the probability 1 − ft(i) in the old
periods.

For an agent who studies abroad for an international doctoral degree, the preference is represented
by

4

∑
j=0

β
j ln(ct+ j)+ v1,

where v1 represents the exogenous expected net gains from studying abroad compared to staying in
the home country. In addition, if a young agent decides to be an international doctoral student, he
or she earns a scholarship according to his or her caliber ft(i). Thus, the financial compensation to
an international doctoral student i is the scholarship ψ ft(i), where ψ > 0 is a scaling parameter for
the scholarship.18 Then, the expected lifetime utility of being an international doctoral student for
generation t with caliber i is

It(i) = ln[ψ ft(i)]+ v1 + ft(i)
[

α pt+1

4

∑
j=1

β
j ln(dt+ j +h1t+ j)+(1−α pt+1)

4

∑
j=1

β
j ln(κwt+ j)

]

+
(
1− ft(i)

)[ 4

∑
j=1

β
j ln(wt+ j)

]
.

(8)

Now we are ready to provide conditions for occupational choices. A young agent will decide to
pursue a doctoral degree if the expected lifetime utility of being a doctoral student is at least as good
as that of a worker. In other words, a young agent with caliber i of generation t will choose to be
an international doctoral student if (8) ≥ (7) and (8) ≥ (6). He or she will choose to be a domestic
doctoral student if (7) > (8) and (7) ≥ (6). Otherwise, a young agent will become a worker.

18We assume that the wage of a domestic doctoral student is independent of the student’s caliber, but the scholarship for
studying abroad depends on ft(i). This assumption captures the fact that universities in the rest of the world usually provide
various amounts of scholarships to attract international students.
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2.5 Steady-State Equilibrium and Welfare

This subsection begins with a steady-state equilibrium for the model. Then, we define welfare for
young agents with various occupational states. A professor’s wage, dt , is exogenous, so we assume
dt = d̄. Moreover, ft(i) is specified as ft(i) = be−bi/nt , an exponential function of the ratio i/nt .
Therefore, the ex ante distribution of caliber of each new agent does not change with the population
size. This specification of ft(i) ensures that the proportion of students pursuing doctoral degrees µt

converges to a steady-state equilibrium value µ∗. Similarly, the steady-state equilibrium values of
εt , st , wt , pt , qI,t , mI,t , xI,t , hI,t , πt , kt , and yt exist and are denoted by ε∗, s∗, w∗, p∗, q∗I , m∗

I , x∗I , h∗I ,
π∗, k∗, and y∗, respectively. These steady-state values are determined as follows. First, the average
graduation rates in the steady state for domestic and international doctoral students are pinned down
by

q0
∗ =

e−bε∗ − e−bµ∗

µ∗− ε∗ , (9)

and

q1
∗ =

1− e−bε∗

ε∗ , (10)

respectively. Thus, in the steady state, the market-clearing condition in the first-stage Ph.D. labor
market becomes

m0
∗(µ∗− ε

∗)q0
∗p∗+m1

∗
ε
∗q1

∗(1−ζ )α p∗ = ĝ(µ∗− ε
∗), (11)

where ĝ= g4/∑
3
j=0 g j. Similarly, in the steady state, the market-clearing condition in the second-stage

Ph.D. labor market becomes

p∗ =
ĝ

a
[
(µ∗− ε∗)q0∗+ ε∗q1∗(1−ζ )α

] . (12)

Second, the occupational-choice constraints determine the steady-state equilibrium proportions
of ε∗ and µ∗. A young agent with the caliber i = ε∗ is indifferent between being an international
and a domestic doctoral student. The equilibrium condition derived from the occupational-choice
constraint for ε∗ is given by

ln
(ψb

s∗
)
+ v1 = bε

∗− β̂be−bε∗
[
α p∗ ln(d̄ +h1

∗)− p∗ ln(d̄ +h0
∗)− p∗(α −1) ln(κw∗)

]
, (13)

where β̂ = ∑
4
j=1 β j. In addition, a young agent with i = µ∗ is indifferent between being a domestic

doctoral student and a worker. The occupational-choice constraint determines the equilibrium value
of µ∗:

ln
(

s∗

w∗

)
=−β̂be−bµ∗[

p∗ ln(d̄ +h0
∗)+

(
1− p∗) ln(κw∗)− lnw∗], (14)

where β̂ = ∑
4
j=1 β j. Therefore, in equilibrium, young agents of i ∈ [0,ntε

∗] and i ∈ (ntε
∗,nt µ

∗] will
become international and domestic doctoral students, respectively.

Third, the proportions ε∗ and µ∗ along with q∗I and p∗ determine the equilibrium number of
domestic doctoral students, professors, and workers, which are the inputs in the academic and the
industry sectors. We then obtain the knowledge production for each professor

xI∗ =
[
(1−φx)BI+φx(mI

∗)θx
]λ/θx . (15)
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The output in the industry sector is given by

y∗ = A
[
(1−φY )(k∗)θY +φY

]1/θY , (16)

where the equilibrium knowledge-labor ratio k∗ is

k∗ =
gp∗

g+δ −1
(µ∗− ε∗)q0

∗x0
∗+ ε∗q1

∗(1−ζ )αx1
∗

l∗
, (17)

and l∗ is defined as

l∗ = (1−µ
∗)(1+ ĝ)+(µ∗− ε

∗)
[
1−q0

∗+q0
∗(1− p∗)κ

]
+ ε

∗(1−ζ )
[
1−q1

∗+q1
∗(1−α p∗)κ

]
.

Moreover, the steady-state resource constraint of (5) becomes19

y∗−w∗ =
(µ∗− ε∗)q0

∗p∗(π∗x0
∗+ d̄)+ ε∗q1

∗(1−ζ )α p∗(π∗x1
∗+ d̄)

l∗
. (18)

The equilibrium number of domestic doctoral students hired by a professor is determined by

mI
∗ =

(
π∗λφx

s∗
(xI∗)1− θx

λ

) 1
1−θx

. (19)

The wage for a worker is determined by his or her marginal product

w∗ = φY A
[
(1−φY )(k∗)θY +φY

] 1−θY
θY . (20)

Finally, the equilibrium surplus for a professor in the knowledge production is

hI∗ = π
∗xI∗− s∗mI

∗, . (21)

Equations (9) to (21) constitute the steady-state equilibrium in our model.
We further use average lifetime utility to measure the welfare for young agents with different

occupational states. Recall that, in the steady-state equilibrium, young agents of i ∈ [0,ntε
∗], i ∈

(ntε
∗,nt µ

∗], and i∈ (nt µ
∗,nt ] will become international doctoral students, domestic doctoral students,

and workers, respectively. Thus, the welfare of different occupational states are as follows:

UD ≡
∫ nt µ

∗

nt ε∗
Dt(i)di

nt(µ∗− ε∗)

= lns∗+
e−bε∗ − e−bµ∗

µ∗− ε∗

[
p∗u0 +

(
1− p∗

)
uK −uW

]
+uW

(22)

for domestic doctoral students,

UI ≡
∫ nt ε

∗

0 It(i)di
ntε

∗

= lnψ + v1 + lnb− bε∗

2
+

1− e−bε∗

ε∗

[
α p∗u1 +

(
1−α p∗

)
uK −uW

]
+uW

(23)

19The derivations of k∗ and y∗−w∗ are provided in Appendix B.
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for international doctoral students, and

UW ≡
∫ nt

nt µ∗ Wt(i)di

nt(1−µ∗)
= lnw∗+uW (24)

for workers, where u0 = β̂ ln(d̄ + h0
∗), u1 = β̂ ln(d̄ + h1

∗), uK = β̂ lnκw∗, and uW = β̂ lnw∗.20 The
average lifetime utility of the whole population (hereafter, the average welfare) is

U ≡ ε
∗UI +(µ∗− ε

∗)UD +(1−µ
∗)UW . (25)

We summarize the model equilibrium in the following proposition.

Proposition 1. In steady state, the endogenous variables converge to their equilibrium values of q∗I ,
m∗
I , p∗, ε∗, µ∗, x∗I , y∗, π∗, k∗, s∗, w∗, and h∗I such that (9)–(21) are satisfied. Moreover, the welfare

of domestic doctoral students, international doctoral students, workers, and the whole population is
computed by (22)–(25), respectively.

Based on Proposition 1, we calibrate the model at steady state in the next section. Using the
calibrated result as the benchmark economy, we conduct several policy experiments to study the
effects of subsidies in Section 4.

3 Quantitative Analysis

In the benchmark economy, we calibrate the data from Taiwan to represent an economy with a pro-
ductivity difference between obtaining a domestic and an international doctoral degree. There are two
features of Taiwanese data. First, the basic wages for professors in Taiwan are publicly available and
almost the same across colleges and fields. Therefore, the uncertainty of lifetime income for pursuing
a doctoral degree is mainly due to the probability of graduation and the probability of finding an aca-
demic faculty position. Second, the supply of domestic doctoral graduates can be precisely estimated
because most of them only search for local academic positions during the period we examine.

The calibration strategies are summarized in Section 3.1. Specifically, the calibration is conducted
by field. This enables us to explore differentiated impacts across fields. Then, Section 3.2 discusses
the calibrated results.

3.1 Parameterizations

The model is calibrated as a steady state to fit data from Taiwan during the period from 2006 to
2015. In particular, we calibrate the whole economy (denoted by “the aggregate” or “AGG”) as well
as the following five fields: engineering (ENG), science (SCI), medical sciences (MED), human-
ities (HUM), and social sciences (SOC).21 Engineering includes engineering, manufacturing, and

20In (22), (23), and (24), nt in the denominator and the numerator are cancelled out. Therefore, the welfare of different
occupational states (UD, UI , and UW ) are stable and constant in the steady state.

21The aggregate is the summation of the five fields. Each field is separately calibrated.
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construction; science refers to the field of science; medical sciences contains the fields of medical
sciences, health, and social welfare; humanities includes humanities and the arts; and social sciences
refers to social sciences, business, and law.22 Table 1 reports the parameters. The data sources and
detailed descriptions of the data are summarized in Appendix C.

There are eight common parameters, including T , β , δ , θY , θx, λ , ψ , and ζ . First, T is the length
of the model period. The first period in our model refers to the period before finding a faculty position.
Thus, we set T as the number of years to complete a Ph.D. plus two years of postdoctoral experience.
The average time to complete a Ph.D. in Taiwan was around 5.95 years (from 2006 to 2015). There-
fore, T is set at 8 years (8 = 6+ 2) in the calibration. The second common parameter β is the time
preference discount factor. We set the annual discount rate as 0.96, and hence the corresponding β

in the model is 0.721. The third common parameter is the depreciation rate of knowledge. Following
Doraszelski and Jaumandreu (2013), the annual depreciation rate of knowledge is set at 15%, and
hence δ = 0.728 in the calibration.23 In the output production technology, θY governs the elasticity
of substitution between knowledge and labor inputs. We set θY = 0.01, so that the output produc-
tion technology approximates a Cobb-Douglas function.24 There are two common parameters in the
knowledge production technology, θx and λ . Similar to θY , the parameter θx governs the elasticity
of substitution between a professor and his or her doctoral students in the knowledge production. We
also set θx = 0.01 to approximate a Cobb-Douglas function.25 The parameter λ governs the degree
of returns to scale in the knowledge production. To be symmetric to the output function, we assume
λ = 1, which implies a constant-returns-to-scale technology. The rest two common parameters are
related to international doctoral students. The first one, ψ , is a scaling parameter of scholarships for
international doctoral students. We set ψ = 3.26 The second one, ζ , refers to the ratio of brain drain,
which is the percentage of international doctoral students who work in other countries and do not
return to Taiwan after graduation. The National Center for Science and Engineering Statistics (NC-
SES) survey data reported that 16,155 doctorate recipients were temporary visa holders in the United
States in 2015. Among them, 1,076 recipients had definite commitments to academic employment,
and 2,070 recipients had industry employment in the United States. Therefore, the percentage of doc-
toral graduates staying in the United States was about 19%. However, Docquier and Rapoport (2012)
point out that the brain drain rate is negatively correlated with the economic development of the home
country. Adjusted by the intention that Ph.D. graduates want to stay and work in the United States,
we thus set ζ = 15%.27

22We follow the field classification made by the Ministry of Education (MOE) in Taiwan to define the five fields. See
Appendix C for more details.

23In Appendix E.2, we also set the annual depreciation rate to be 5% or 10% and re-calibrate the model. The results are
quantitatively similar to the benchmark economy.

24See Appendix E.4 for further discussions.
25In practice, there may not be a strong complementarity between a professor and graduate students, as a professor has

the capability to conduct independent research without relying on graduate students. Further discussions and robustness
tests for the substitutability between professors and graduate students are relegated to Appendix E.3.

26The effect of changing ψ is absorbed by the net utility gain of studying internationally v1. Thus, we choose to assume
ψ = 3 and calibrate v1.

27See Appendix E.5 for the discussion on the adjustment of intention. Besides, among the common parameters that we
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There are twelve field parameters. First, the parameter b governs the graduation rates. Thus, b
is calibrated to match the domestic graduation rate q∗0. The data of the domestic graduation rate by
field is calculated based on the number of doctoral students obtained from the MOE. As shown in
Table 1, b is lower in humanities and social sciences, reflecting lower domestic graduation rates in
these two fields. Second, two field parameters are related to international doctoral students, α and v1.
Recall that α represents the international doctoral graduate’s advantage of finding faculty positions in
the domestic Ph.D. labor market. Using the survey data conducted by the NPHRST, we distinguish
professors with international degrees from those graduated domestically. We then calculate the ratio
of the number of professors with international degrees to those who graduated domestically to obtain
α in each field. The parameter v1 captures the expected net utility of studying and working inter-
nationally. A positive v1 represents an expected utility gain of studying and working internationally.
A negative v1 implies an expected utility loss. With the international student’s occupational-choice
constraint (13), we calibrate v1 to match the proportion of a generation who decide to study abroad in
the data. The details of the target are discussed in Appendix C.

Third, there are three parameters related to an academic faculty position, g, a, and d̄. The parame-
ter g denotes the gross rate of generation growth, which is defined as the total number of undergraduate
and master’s students. Using the data from the MOE, we compute the annual gross rate of generation
growth. Then, the annual rate is converted by the length of the model period to obtain g. As reported
in Table 1, the gross rates of generation growth in most fields are less than one, implying that the
total number of undergraduates and master’s students is decreasing, except in medical sciences and
humanities. Nevertheless, with a low birth rate in Taiwan, the gross generation growth rates in all
fields are expected to be even lower in the near future.28 As undergraduates and master’s students are
potential doctoral students, the low birth rate in Taiwan motivates us to conduct policy experiments to
bridge the talent gap in higher education in the next section. In addition, we use the stocks of students
and professors at all ranks in the MOE data to compute the student-professor ratio a. The details
are described in Appendix C. Finally, d̄ is the exogenous professor’s wage. In Taiwan, professors’
wages are publicly available and are almost the same in a rank. The average annual salary is about
1.05 million, 1.18 million, and 1.36 million New Taiwan Dollars (TWD) for assistant professors, as-
sociate professors, and full professors, respectively. We assume that, during one’s academic career,
the lengths of being an assistant, an associate, and a full professor are all equal. Adjusting the average
professor wage by the length of the model period, we obtain the professors’ wage (d̄) of 9.585 million
TWD.

The fourth group is the parameters in knowledge production: φx, B0, and B1. Note that φx is the
weight of doctoral students in knowledge production. It is calibrated to match the wage of a doctoral
student (s∗). The data of the wage of a doctoral student are obtained through a survey conducted

report in the first panel of Table 1, one particularly significant and intriguing parameter that can vary across fields is the
ratio of brain drain. Therefore, we conduct a quantitative analysis for varying ζ in Appendix E.5.

28The rapid decline in population entering undergraduates become obvious after 2015. This implies that the gross growth
rate of generation after the data period that we study would be even lower. To examine the effect of a lower generation
growth rate on our quantitative analysis, we re-calculate g by the MOE data from 2006 to 2022 for every field, while other
data moments and targets remain unchanged. The results are summarized in Appendix E.1.
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by the Graduate Student Association of National Taiwan University (NTU). We first calculate the
yearly income of a domestic doctoral student in each field.29 Second, in Taiwan, it is common to
have two years of postdoctoral experience for Ph.D. graduates in engineering, science, and medical
sciences. In contrast, although obtaining a Ph.D. degree in humanities and social sciences takes
longer, postdoctoral experience is not required for finding an academic faculty position. Therefore, in
the aggregate and in the fields of engineering, science, and medical sciences, the targeted wage of a
doctoral student includes six years of a doctoral student’s income and two years of postdoctoral salary.
In humanities and social sciences, the targeted wage of a doctoral student is simply the eight years
of a doctoral student’s income. The parameter B0 denotes the productivity in knowledge production
of professors with domestic degrees, and B1 is that of professors with international degrees. They
are calibrated to match knowledge output x∗0 and x∗1, respectively. We use Ministry of Science and
Technology (MOST) research grants in Taiwan to approximate a professor’s knowledge output. The
details are provided in Appendix C. As shown in Table 1, the productivity of a professor with an
international degree on average is higher than that of his or her counterparts in all fields (B1 > B0).
However, the productivity differential (measured by B0/B1) differs among fields. It is 0.997, 0.996,
0.997, 0.999, 0.998, and 0.997 for the aggregate, engineering, science, medical sciences, humanities,
and social science, respectively. The largest gap exists in engineering, while the smallest is in medical
sciences. As we will discuss in Section 5, the size of the productivity gap plays an important role in
the effect of subsidy policies.

The remaining three parameters (κ , φY , and A) are related to workers and the industry sector.
The parameter κ refers to the wage premium of a Ph.D. worker. It is measured by the ratio of the
average wage of a worker with a doctoral degree to that without a doctoral degree. We use the data
from the MOE and the Ministry of Labor (MOL) in Taiwan to calculate κ . The wage premium ranges
from 1.4% to 3.8% among fields, and the values in engineering and science are higher than those
in other fields, reflecting higher market values of Ph.D. training and subsequent R&D activities in
the industries for these two fields. Because the wage of a professor in Taiwan is almost the same,
the higher wage premium in engineering and science reflects that, in addition to academic careers,
doctoral graduates in these fields have relatively higher incentives to be employed in high-tech com-
panies. Moreover, φY and A are the weights of labor and TFP in the industry sector, respectively. They
are jointly calibrated to match µ∗ and w∗. The first target µ∗ denotes the proportion of a generation
who decide to be doctoral students. By definition, it is the sum of the proportion of the generation
who study abroad and the proportion who decide to be domestic doctoral students. As described in
Appendix C, these proportions are calculated using the MOE data. The second target is workers’
wages in the output sector (w∗). It is computed as follows. For each field, we first calculate the
average monthly wage for a full-time job. Second, the average monthly wage for a full-time job is
adjusted by the percentage of having a full-time job to obtain the expected monthly wage. Third, a

29We use a 12-month salary as a domestic doctoral student’s yearly income, as it is common to have a 12-month part-time
research assistant position in Taiwan. Also, it is rare for a part-time research assistant to have an annual bonus in Taiwan,
so an annual bonus is not included here. The wage of a domestic doctoral student in the aggregate is the weighted average
of the five fields we conduct, where the weight is the percentage of domestic doctoral students in the corresponding field.
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yearly bonus (which equals 1.5 months of salary in all fields) is included to have the expected yearly
income for a full-time job.30 Finally, the expected yearly wage is adjusted by the length of the model
period to obtain the target value.

3.2 Benchmark Economy

Table 2 summarizes the calibrated results for all fields. Parameters in Table 1 and calibrated results
in Table 2 constitute the benchmark economy for our experiments in later sections. There are several
observations in the calibrated result. First, engineering, science, and medical sciences have higher
average graduation rates (q∗0 and q∗1) but lower chances of finding faculty positions (p∗). This is
because the proportion of the generation who choose to be doctoral students is larger in these fields.
As a result, having many Ph.D. graduates leads to lower chances of finding a faculty position.

Second, a worker’s wage in the industry (w∗) is higher in engineering, science, and medical
sciences than in humanities and social sciences. As studying in a doctoral program is an endogenous
decision, the higher worker’s wage implies that students in these three fields expect to earn larger
surpluses in knowledge production when they become professors.31 This argument is supported by
the larger surpluses in knowledge production (h∗0 and h∗1) for the three fields in Table 2.32 Moreover,
we also observe more domestic doctoral students per professor (m∗

0 and m∗
1) in the three fields. More

domestic doctoral students result in higher knowledge stock (k∗) and, therefore higher output per
labor (y∗).

Third, x∗0 and x∗1 are knowledge outputs per professor with a domestic Ph.D. degree and an in-
ternational degree, respectively. They are our targets to calibrate the productivity of professors B0

and B1. Because productivity is not observable, we use MOST research grants as proxies for the two
targets. As shown in Table 2, x∗1 is larger than x∗0 in all fields. Therefore, our benchmark economy
represents the existence of a productivity differential such that B1 > B0 in all fields.

Moreover, by comparing different fields, we find that the role of domestic doctoral students in
knowledge production and knowledge accumulation is important. Having more domestic doctoral
students results in more knowledge production and, therefore higher output per labor. The main
mechanism is that the accumulation of knowledge contributes to labor productivity in the output
sector and then raises the output as well as the average welfare, i.e., the spillover effect. In the
following analysis, we will conduct experiments to study this mechanism. Nevertheless, the size of
the productivity differential in knowledge production is crucial to the impact of the spillover effect.
If the size of the productivity differential is large enough, the spillover effect could be dominated by
the influence of the productivity differential. We will further discuss this issue in Sections 4 and 5.

30The actual yearly bonuses vary across industries. However, because the bonus data are not available, we adopt 1.5
months of salary that Taiwanese civil servants usually obtain as the representative bonus.

31In our model, an agent compares the expected lifetime utility of a professor to that of a worker. Because s∗ < w∗ and
professor wage d̄ is fixed and equal in all fields, to satisfy the occupational-choice constraint, it must be the case that he or
she expects larger surpluses in knowledge production.

32Besides, the value of π∗ is larger in engineering and science than in medical sciences, consistent with the higher market
value of Ph.D. training and R&D in the industry (κ) in these two fields.
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4 Policy Experiments

As mentioned in the introduction, there are serious concerns about the talent gap in Taiwan’s higher
education. Policy reforms to bridge the gap have been widely discussed. In practice, many countries
provide subsidies to domestic doctoral students, such as Norway, Sweden, Taiwan, and the UK. On
the other hand, subsidy policies to professors through research grants are also commonly adopted.
Therefore, we conduct experiments for the two policy reforms and study the effects of the policy
reforms on the economy. Both subsidies are financed by a flat income tax. The two occupational-
choice constraints and the resource constraint are also modified accordingly. The experiments are
solved as steady states and are compared with the benchmark economy. The details are provided in
Appendix D.

4.1 Subsidy to Domestic Doctoral Students

Consider a policy reform in which each domestic doctoral student is subsidized by a fixed amount
of student wage s̄. The subsidy is financed by a flat income tax on every individual in the domestic
economy. Given a tax rate τ , the total revenues collected are used to finance the subsidy. Therefore,
in the steady state, s̄ is determined as follows:

s̄ =
τy∗l∗

m0∗(µ∗− ε∗)q0∗p∗+m1∗ε∗q1∗(1−ζ )α p∗
. (26)

In other words, the subsidy is a fraction of the total output y∗. Besides, under the policy reform, the
equilibrium conditions derived from the occupational-choice constraints are also modified accord-
ingly. Specifically, equation (13) becomes

ln
( ψb

s∗+ s̄

)
+ v1 − ln(1− τ) = bε

∗− β̂be−bε∗
[
α p∗ ln(d̄ +h1

∗)− p∗ ln(d̄ +h0
∗)− p∗(α −1) ln(κw∗)

]
(27)

and equation (14) is replaced by

ln
(

s∗+ s̄
w∗

)
=−β̂be−bµ∗[

p∗ ln(d̄ +h0
∗)+

(
1− p∗) ln(κw∗)− lnw∗]. (28)

The resource constraint (18) becomes:

(1− τ)y∗−w∗ =
(µ∗− ε∗)q0

∗p∗(π∗x0
∗+ d̄)+ ε∗q1

∗(1−ζ )α p∗(π∗x1
∗+ d̄)

l∗
. (29)

Other steady-state equilibrium equations remain unchanged. Finally, the welfare for domestic doc-
toral students is modified as:

UD = ln(s∗+ s̄)+
e−bε∗ − e−bµ∗

µ∗− ε∗

[
p∗u0 +

(
1− p∗

)
uK −uW

]
+uW

+(1+ β̂ ) ln(1− τ),

(30)
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where u0 = β̂ ln(d̄+h0
∗), uK = β̂ lnκw∗, uW = β̂ lnw∗, and β̂ =∑

4
j=1 β j. The welfare of international

doctoral students becomes:

UI = lnψ + v1 + lnb− bε∗

2
+

1− e−bε∗

ε∗

[
α p∗u1 +

(
1−α p∗

)
uK −uW

]
+uW

+ β̂ ln(1− τ),

(31)

where u1 = β̂ ln(d̄ +h1
∗). The welfare of workers is replaced by:

UW = lnw∗+uW +(1+ β̂ ) ln(1− τ). (32)

In the quantitative experiment, we consider two scenarios: a tax rate of 0.05% and a tax rate of
0.1%. Table 3 summarizes the results. The first two rows in Table 3 report the values of equilibrium
domestic doctoral students’ wage s∗ and the subsidy received by a domestic doctoral student s̄. Others
are percentage changes relative to the benchmark economy.

In the scenario of τ = 0.05%, the subsidy to domestic doctoral students brings two opposite ef-
fects to the accumulation of knowledge. On the one hand, compared to the benchmark economy,
the policy reform results in a lower equilibrium wage for domestic doctoral students (s∗). However,
the total financial compensation a domestic doctoral student receives becomes larger (the percentage
changes of s∗+ s̄ relative to the benchmark economy are positive in all fields). The larger financial
compensation attracts more entrants to study in domestic doctoral programs, and the number of stu-
dents per professor (m∗

0 and m∗
1) increases, thereby increasing the accumulation of knowledge (k∗). On

the other hand, the increment of entrants comes from two sources: those who would be workers and
those who would study abroad if there were no subsidies to domestic doctoral students. We find that
the policy reform attracts students to stay in Taiwan, and reduces the number of students who study
internationally (ε∗), and the share of professors who have international doctoral degrees. Because
professors with overseas training have higher productivity in knowledge production (B1 > B0), the
decline in the share of professors who have international degrees has a negative impact on knowledge
accumulation. Therefore, the net impact of the policy reform on knowledge accumulation depends on
the magnitudes of the aforementioned two opposite effects, and the productivity differential (B0/B1)
plays an important role. Because the productivity gaps in medical sciences and humanities are smaller
than those in other fields, as in Table 3, these two fields have a smaller decline in ε∗, and the accu-
mulation of knowledge rises under the policy reform (k∗ increases by 0.38% and 2.92% for medical
sciences and humanities, respectively). Therefore, output per labor (y∗) in the two fields increases.
In contrast, because of lower ε∗ and larger productivity differentials, knowledge accumulations and
output per labor in the aggregate and in engineering, science, and social sciences all decline. We find
similar results in the scenario with τ = 0.1%.

To see the interaction of the aforementioned effects clearly, we depict the impacts of the subsidy
on students’ occupational choices, incentives for them, and the knowledge accumulation with vari-
ous tax rates in Figure 1. The tax rate on the x-axis ranges from 0% to 0.1%, and the y-axis is the
percentage change of the variable relative to the benchmark economy. The bottom-left figure shows
that this subsidy increases the share of students who choose to enter domestic Ph.D. programs in all
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Figure 1: Subsidy to domestic doctoral students with various tax rates

fields, while it decreases the share of students who choose to enter foreign Ph.D. programs in all
fields. Therefore, under the subsidy, we have more domestic doctoral students as inputs in knowledge
production, but fewer professors from overseas training. Since the productivity differential between
overseas and domestic training is smaller in medical sciences and humanities, the gains from hav-
ing more domestic doctoral students as inputs in knowledge production dominate the losses from
professors’ productivity differential, and hence the knowledge accumulation in these two fields are
increasing in τ . In contrast, the results of the rest fields suggest that the knowledge accumulation is
weakly decreasing in τ .

In addition, the last four rows in Table 3 report changes in the welfare of the whole population
(U), those who pursue international degrees (UI), those who have domestic doctoral degrees (UD),
and those who are workers (UW ). The result suggests that most people are worse off under the pol-
icy reform due to lower knowledge accumulation, smaller output per labor, and the increase in tax.
However, in the field of humanities, the effect of the increase in knowledge accumulation and output
per labor dominates the impact of the increase in tax rate. Thus, workers in humanities are better
off under the policy reform.33 We conclude that the productivity differential matters for the effect
of subsidy reform. To further study the role of productivity differential, we provide counterfactual

33Under the policy reform, domestic doctoral students in medical sciences also enjoy a slight welfare improvement. This
is because they enjoy higher financial compensation (s∗+ s̄) and are only slightly hurt by the decline in professor surplus.
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analysis in Section 5. Before that, in the next subsection, we study another popular policy: a subsidy
to professors’ research.

4.2 Subsidy to Professors’ Research

Now we turn to consider a policy reform that is aiming at subsidizing professors. The policy reform
provides a subsidy ρ̄h, which is proportional to a professor’s research surplus.34 Recall that the
equilibrium research surplus for a professor in knowledge production is described in (21). Under the
policy reform, a professor receives a subsidy of ρ̄hh∗0 or ρ̄hh∗1 in equilibrium. The subsidy is financed
by a flat income tax rate τ . Thus, in steady state, the proportion of subsidy ρ̄h is determined by

ρ̄h =
τy∗l∗

h0
∗(µ∗− ε∗)q0∗p∗+h1

∗
ε∗q1∗(1−ζ )α p∗

. (33)

In addition, equation (13) becomes

ln
(ψb

s∗
)
+ v1 − ln(1− τ) = bε

∗− β̂be−bε∗
[
α p∗ ln(d̄ +(1+ ρ̄h)h1

∗)

−p∗ ln(d̄ +(1+ ρ̄h)h0
∗)− p∗(α −1) ln(κw∗)

]
, (34)

and equation (14) is replaced by:

ln
(

s∗

w∗

)
=−β̂be−bµ∗[

p∗ ln(d̄ +(1+ ρ̄h)h0
∗)+

(
1− p∗) ln(κw∗)− lnw∗]. (35)

The resource constraint (18) is modified to be

(1− τ)y∗−w∗ =
(µ∗− ε∗)q0

∗p∗(π∗x0
∗+ d̄)+ ε∗q1

∗(1−ζ )α p∗(π∗x1
∗+ d̄)

l∗
. (36)

Other steady-state equations remain unchanged. The welfare for domestic doctoral students is given
by:

UD = lns∗+
e−bε∗ − e−bµ∗

µ∗− ε∗

[
p∗uh

0 +
(
1− p∗

)
uK −uW

]
+uW

+(1+ β̂ ) ln(1− τ),

(37)

where uh
0 = β̂ ln(d̄ +(1+ ρ̄h)h0

∗), uK = β̂ lnκw∗, and uW = β̂ lnw∗. The welfare of students who
pursue international doctoral degrees is

UI = lnψ + v1 + lnb− bε∗

2
+

1− e−bε∗

ε∗

[
α p∗uh

1 +
(
1−α p∗

)
uK −uW

]
+uW

+ β̂ ln(1− τ),

(38)

where uh
1 = β̂ ln(d̄ +(1+ ρ̄h)h1

∗). The welfare for being workers after college graduation becomes:

UW = lnw∗+uW +(1+ β̂ ) ln(1− τ). (39)

34We also examine an alternative policy of subsidizing professor’s wage, and the finding is qualitatively similar to a
subsidy to professors’ research. For further information, please refer to Appendix D.3.
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Similar to the policy that subsidizes domestic doctoral students, we consider two scenarios for the
quantitative analysis: τ = 0.05% and τ = 0.1%. The results are summarized in Table 4. The first
two rows in Table 4 provide the amount of subsidy received by a professor in equilibrium. Others are
percentage changes relative to the benchmark economy.

Because of the productivity differential, the subsidy provides more incentives to study overseas.
As shown in Table 4, the proportion of studying overseas (ε∗) increases, but the proportion of entering
domestic doctoral programs (µ∗− ε∗) decreases in every field. Thus, domestic doctoral students per
professor (m∗

0 and m∗
1) decline, and knowledge outputs (x∗0 and x∗1) are lower. In the aggregate and the

fields of engineering, science, and social sciences, the result further suggests that the policy reform
raises the accumulation of knowledge (k∗), although knowledge output decreases. This is because
more students choose to study overseas rather than enter domestic programs under the policy reform.
In (11), µ∗− ε∗ decreases but ε∗ increases. As the productivity differential exists, those who change
their decisions from studying domestically to overseas will have higher productivity in knowledge
production when they become professors, resulting in more knowledge accumulation. In contrast, as
the productivity gaps in medical sciences and humanities are relatively small, the effect of switching
from domestic programs to overseas on knowledge accumulation is minor. Thus, less knowledge
output directly results in lower knowledge accumulation.

It is worth noting that the policy reform aims at subsidizing professors’ research but eventually re-
sults in less “post-subsidy” research surplus, (1+ ρ̄h)h∗0 and (1+ ρ̄h)h∗1, in some fields. This is mainly
due to fewer domestic doctoral students as inputs in knowledge production and, thereby lowering
knowledge output when the policy is implemented. In contrast, in medical sciences and humani-
ties, the decline in h∗0 and h∗1 is compensated by the larger amount of subsidies (ρ̄hh∗0 and ρ̄hh∗1).35

Therefore, the “post-subsidy” research surplus received by professors in these two fields goes up.
The welfare changes reported in Table 4 show that most individuals are worse off under this policy

reform. Only those in humanities and studying abroad enjoy welfare improvement (0.02%). This is
mainly due to the significant increase in the “post-subsidy” research surplus received by professors. In
contrast, although domestic doctoral students in humanities also enjoy a large “post-subsidy” research
surplus when they become faculty, the student wage they receive during their Ph.D. studies is lower
(−1.28%). Therefore, they have welfare loss due to the policy reform.

Comparing the two subsidies, we conclude that the subsidy to domestic doctoral students is more
efficient in boosting the number of domestic doctoral students. However, we also find that increas-
ing in domestic doctoral students does not imply more knowledge accumulation. If the productivity
differential is not large, increases in domestic doctoral students can lead to more knowledge accumu-
lation, such as in medical sciences and humanities in Table 3. Otherwise, the number of domestic
doctoral students and knowledge accumulation move in the opposite direction. Thus, in the fields
with relatively large productivity differentials, a subsidy to professors’ research slightly increases
knowledge accumulation, while lowering the incentives to enter domestic doctoral programs.

35For example, in humanities, the subsidy ρ̄hh∗0 is 0.231 and h∗0 in the benchmark economy is 0.164. Thus, the subsidy is
as high as 140.85% of the original research surplus. However, in the field of the aggregate, the subsidy is only about 3.12%
(= 0.372/11.936). Thus, the amount of subsidy received by a professor in humanities is relatively large.
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Figure 2: Subsidy to professors’ research with various tax rates

Figure 2 further depicts the impacts of the subsidy on professors’ research with various tax rates.
We find that the effect of a subsidy to professors’ research on knowledge accumulation k∗ in most
fields is positive but minor. For example, when τ = 0.1%, the largest effect of the subsidy to profes-
sors’ research only increases k∗ by 0.62% in social sciences. As the productivity differential is crucial
in the mechanism, we move to provide counterfactual experiments to study the role of productivity
differential in the next section.

5 Productivity Differentials

Our benchmark economy is calibrated to data from Taiwan, in which, on average, a productivity gap
exists between professors who received doctoral training abroad and domestically. It is natural to ask:
what would happen if our model is calibrated to a country much closer to the world research frontier?
Do our policy implications discussed in Section 4 still hold when the productivity differential is
negligible? This scenario can be applied to countries such as the United Kingdom, or the policy that
allowing top foreign universities set up branch campuses in Taiwan.36 Furthermore, how would the

36It is worth to note that this policy could narrow the research productivity gap between domestic and overseas-trained
Ph.D. graduates. However, in addition to government subsidies, the policy still faces several challenges that are not consid-
ered here, such as the geographic, language, and institutional barriers.
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policy effect change for countries with larger productivity differentials? To examine these questions,
this section conducts counterfactual experiments with various productivity differentials to study the
effects of the two subsidized policies. Specifically, we focus on the scenario with τ = 0.05%. All
experiments are solved as steady states.37

We do the following process for a counterfactual experiment. First, given the parameter values
in the benchmark economy, we assume there is no productivity differential, i.e., B0 = B1, to obtain
a counterfactual benchmark economy. Others remain unchanged. Second, based on the counterfac-
tual benchmark economy, a subsidy to domestic doctoral students or professors’ research is imple-
mented to conduct counterfactual policy experiments. Finally, we calculate the percentage changes
of variables in the counterfactual policy experiment relative to those in the counterfactual benchmark
economy to reflect the impact of the corresponding policy reform on the economy. The results are
summarized in the columns of “B0 = B1” in Table 5 for the subsidy to domestic doctoral students and
in Table 6 for the subsidy to professors’ research. Moreover, the columns of “Baseline” in Table 5
and Table 6 repeat the results of policy experiments reported in Table 3 and Table 4, respectively.

We find that the counterfactual analysis with no productivity differentials enhances the policy im-
plications in Section 4. On the one hand, as discussed in Section 4.1, a subsidy to domestic doctoral
students attracts more students to enter domestic doctoral programs. The incentive to study domesti-
cally is even stronger if the productivity differential disappears. Therefore, many students who would
have studied abroad choose to enter domestic doctoral programs now. As shown in Table 5, taking the
aggregate as an example, ε∗ decreases by 33.72% in the scenario with B0 = B1, while in the baseline
it decreases by 21.68%. More domestic doctoral students increase the factor inputs in knowledge
production. On the other hand, in the scenario without a productivity differential, the productivity
between professors who graduated domestically and those who received training overseas is identi-
cal. There is no productivity loss when students choose domestic programs rather than overseas ones.
Thus, the negative effect of the policy reform on knowledge production does not exist, and subsi-
dizing domestic doctoral students promotes the accumulation of knowledge and increases output per
labor. Therefore, in the baseline, in the fields where the productivity differential is actually relatively
large (the aggregate, engineering, science, and social sciences), subsidizing domestic doctoral stu-
dents results in lower knowledge accumulation, lower output per labor, and welfare loss. Closing
the productivity gap (the scenario with B0 = B1) changes the impact and leads to higher knowledge
accumulation, higher output per labor, and a welfare improvement. Besides, in the fields where the
productivity differential is relatively small (medical sciences and humanities), the impact of the policy
in the scenario with B0 = B1 is similar to that in the baseline, but enhanced. To conclude, we find a
clear picture of the effect of subsidizing domestic doctoral students when B0 = B1: more domestic
doctoral students as inputs in knowledge production yield higher knowledge accumulation, output,
and welfare improvement.

With regard to the policy with a subsidy to professors’ research, Table 6 suggests that closing the
productivity gap enhances the incentives to study abroad. We take the aggregate as an example to

37We also conduct counterfactual experiments with various productivity differentials to study the impacts of a subsidy to
a professor’s wage. Due to the limited space, we do not report the results here. They are available upon request.
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Figure 3: Effects of two subsidy reforms with various productivity differentials

provide the intuition. First of all, as discussed in Section 4.2, the policy with a subsidy to professors’
research provides higher incentives to study abroad because of the productivity differential. In the
scenario without a productivity gap, this effect disappears. However, the advantage of finding an
academic position for international doctoral graduates still exists. Besides, the equilibrium student’s
wage becomes lower in the scenario without a productivity gap (for example, the change in s∗ be-
comes -0.09% in the aggregate). Therefore, these two incentives push students to study abroad, and
in the scenario without a productivity gap the change in ε∗ becomes 5.16% from 4.22% in the base-
line. Finally, fewer domestic doctoral students and no extra productivity gain from studying abroad
result in less knowledge accumulation and lower output per labor. Therefore, when a significant pro-
ductivity gap exists, a subsidy to professors’ research slightly helps the accumulation of knowledge
and increases output per labor. In contrast, if the productivity gap is minor and negligible, this policy
has opposite effects on the economy.

Taking the field of aggregate as an example, Figure 3 depicts the impacts of the two subsidies with
various productivity differentials, B0/B1. The scenarios are conducted at the tax rate τ = 0.05%. The
x-axis represents B0/B1 ranging from 0.990 to 1. The y-axis is the percentage change of the variable
under the subsidy relative to the benchmark economy.

Figure 3 suggests that the subsidy to domestic doctoral students attracts more labor inputs in
knowledge production, i.e., more domestic doctoral students, and therefore knowledge accumulation

32



k∗ increases in B0/B1. In contrast, the subsidy to professors’ research has an opposite effect, and
knowledge accumulation is decreasing in the productivity differential. The gain of this policy is
mainly due to the increase in the number of professors who received overseas training. Thus, a
larger productivity differential leads to higher knowledge accumulation. When the productivity gap
is smaller, the gain from overseas training becomes minor, thereby reducing k∗. As a result, we find a
single crossing of the two policies in the upper-right figure for knowledge accumulation when B0/B1

increases.
We conclude that, if a policy aims at increasing the number of domestic doctoral students, a

subsidy to domestic doctoral students would work. But, the policy effect on knowledge accumulation
is ambiguous, depending on the magnitude of its productivity differential. In contrast, subsidizing
professors’ research attracts more students to study abroad but fewer domestic doctoral students. The
gain of subsidizing professor also depends on the productivity differential. Put differently, from the
aggregate point of view (knowledge accumulation and the whole economy), a subsidy to domestic
doctoral students is beneficial for countries with a smaller productivity differential in the academic
sector, such as the UK. For countries with a relatively large productivity gap, a subsidy to professors’
research is more desirable because the higher productivity of overseas training contributes to the home
country.

6 Concluding Remarks

Taiwan is experiencing a decline in the number of doctoral students, and the faculty is aging in higher
education. To examine various policies aiming at attracting more students to pursue doctoral degrees,
we adopt a macroeconomic approach to quantify the impacts of these policies.

The Ph.D. labor market is crucial: it provides higher education and produces new knowledge. The
accumulation of knowledge then contributes to labor productivity in the industry sector. To capture
these features, we develop an occupational choice model in a five-period OLG framework in which
professors overlap with doctoral students. Doctoral students are divided into two categories: inter-
national doctoral students (studying abroad) and domestic doctoral students (studying domestically).
Professors hire domestic doctoral students to produce knowledge in the academic sector, where both
professors and their doctoral students are the factor inputs. We also consider a productivity differ-
ential between professors who received doctoral training abroad versus domestically. All doctoral
students face uncertainties in the process of becoming professors, and their outside option is to work
in the industry sector. Thus, students make occupational choices according to their calibers, risks,
and financial compensation.

We then calibrate the model to quantitatively evaluate a subsidy policy for domestic doctoral
students or for professors’ research. Our result suggests that the productivity differential between
overseas-trained and domestically-trained professors plays an important role in the policy effect.
When the productivity differential is minor, providing a subsidy to domestic doctoral students at-
tracts more domestic students, promotes knowledge accumulation, and improves the average welfare.
However, when the productivity differential is relatively large, the gains of having more professors
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with overseas training productivity become a dominant factor, and hence a subsidy policy for profes-
sors’ research is more desirable when the policy aims at promoting knowledge accumulation in an
economy.

The model we develop here is simple but tractable. It could be extended by considering other
factors that may affect the Ph.D. labor market, such as the non-financial benefits of being a professor.
For example, professors may enjoy the flexibility of choosing research topics and organizing time
schedules; and a Ph.D. graduate with a strong publication record may affect his or her probability of
finding an academic position. Moreover, our current model treats the market of higher education as
homogeneous, whereas in Taiwan, a lower population growth in fact has a larger impact on private
or teaching-oriented universities. Thus, considering the heterogeneity in higher education (research-
oriented versus teaching-oriented universities or public versus private universities) in Taiwan may
help to study the problem of faculty unemployment and its impact to research and the economy
due to the exit or closure order of universities. The setting of heterogeneous universities may also
be useful when studying issues related to the demand side of the higher education, such as college
prestige and admission problems. Furthermore, relaxing the assumption so that research productivity
directly depends on one’s caliber could rich the framework and may bring more policy implications.
Last but not least, our framework can be extended to discuss other higher education policies regarding
the issue of Ph.D. talent gap in Taiwan, for instance subsidizing students to pursue doctoral degrees
abroad, or subsidizing top foreign universities to set up branch campuses in Taiwan. As these topics
are beyond the scope of our paper, they are left for future research.
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Appendices

A The Phenomenons in Taiwan

This section summarizes two phenomenons in Taiwan. First, the trend of faculty aging is discussed.
Regarding the issue of Ph.D. quotas in Taiwan, the second subsection provides specific evidences to
support the argument that the Ph.D. quotas were not binding during the periods that we study.

A.1 The Trend of Aging Faculty Members in Taiwan

Figure A1 compares faculty members’ age structure in Japan, Taiwan, and the UK. In 2012, the
proportion of faculty members aged 50 and above was around 40 percent in the three countries.
However, this proportion increased to over 60 percent in Taiwan of 2019, while it remained stable in
Japan and declined to nearly 30 percent in the UK. The pattern implies that Taiwan’s faculty members
in higher education are aging, and more than 60 percent of Taiwan’s current faculty members will
retire in the next two decades.

Professor age structure (%)

0 20 40 60 80 100                 

2012

0 20 40 60 80 100                 

Japan

Taiwan

UK

2019

age_under_30 age_between_30_and_39 age_between_40_and_49 age_50_and_over

Figure A1: Faculty’s age structure in Japan, Taiwan, and the UK
Data source: NPHRST (2022).

A.2 The Ph.D. Quotas in Taiwan

Every university in Taiwan faces the Ph.D. quotas set by MOE when Ph.D. admissions are issued.
Hence, the issue of Ph.D. quotas is important as we are studying the higher education in Taiwan. Our
model is calibrated at the national or at least field level, not to a specific department. Therefore, from
the perspective of an aggregate level, the total number of domestic doctoral students would be flat
(or even constant) over time if the quota is binding. In contrast, if the quota is not binding, the total
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number of domestic doctoral students would be endogenously determined by the demand and supply
in the higher education market.

To see whether the Ph.D. quota is binding or not, we collect the total number of domestic doctoral
students in Taiwan from MOE. As shown in the left panel of Figure A2, the number of domestic
doctoral students (the red line) fluctuates over time, rapidly increasing since the year of 2000 and
then starting to decline in 2010. This supports our argument that the Ph.D. quota in the aggregate
level was not binding during the periods of time that our paper examines (2006-2015). Therefore,
in our model, the number of domestic doctoral students is endogenously determined by students’
occupational decisions and professors’ demand.

Besides, in the left panel of Figure A2, we find that the number of domestic doctoral students
is positively correlated with the number of assistant professors. The right panel of Figure A2 shows
that the number of master’s and undergraduate students has begun to fall around 2015. These two
observations also support one important feature of our model settings: the foreseeable decline in
demanding the higher education (a decrease in the number of undergraduate and master’s students)
affects current students’ decisions to enter a Ph.D. program.

2000 2005 2010 2015 2020

0
10

00
0

20
00

0
30

00
0

40
00

0
50

00
0

Year

N
um

be
r

PhD student
Assistant Professor

2000 2005 2010 2015 2020

70
00

00
80

00
00

90
00

00
10

00
00

0
11

00
00

0
12

00
00

0

Year

N
um

be
r

Undergraduate and Master's students

Figure A2: Number of domestic Ph.D. students and assistant professors in Taiwan
Data source: All series are obtained from MOE, Taiwan.

Moreover, we compare the Ph.D. quota with the enrollment rate at university level to indirectly
examine whether the Ph.D. quotas is binding or not. If the quota is binding, the students who obtain
admissions to domestic Ph.D. programs will be eager to enter the programs; thereby the enrollment
rate would be nearly 100 percent. Figure A3 displays the Ph.D. quota (dash lines, using the right scale)
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and the enrollment rate of doctoral students (solid lines, using the left scale) for specific universities
in Taiwan. Although the Ph.D. quotas and the enrollment rates are only available after 2017, which is
beyond the periods that we examine, we still observe that the Ph.D. quotas were nearly fixed but the
enrollment rates were much lower than 100 percent during 2017-2022. This evidence suggests that
the Ph.D. quotas were not binding at university level.
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Figure A3: Ph.D. quotas and enrollment rates for specific universities in Taiwan
Data source: All series are obtained from the Ministry of Education (MOE), Taiwan..

B Equilibrium Knowledge-labor Ratio and Resource Constraint

Recall that the labor supply in efficiency units Lt is defined in (2). Moreover, in the steady state,
µt = µ∗, εt = ε∗, qI,t = q∗I , p1,t = p∗, p0,t = α p∗, and nt = gnt−1. Hence, we can rewrite (2) as

Lt =nt−4
( 4

∑
j=0

gt)(1−µ
∗)+nt−4

( 3

∑
j=0

gt){(µ∗− ε
∗)(1−q∗0)+ ε

∗(1−ζ )(1−q∗1)

+κ
[
(µ∗− ε

∗)q∗0(1− p∗)+ ε
∗(1−ζ )q∗1(1−α p∗1)

]}
=gLt−1,

Similarly, the accumulation of knowledge in the steady state is

Kt = nt−4
( 3

∑
j=0

gt)[(µ∗− ε
∗)q0

∗p∗x0
∗+ ε

∗q1
∗(1−ζ )α p∗x1

∗]+(1−δ )Kt−1 = gKt−1,
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and then

Kt−1 =
nt−4

(
∑

3
j=0 gt

)[
(µ∗− ε∗)q0

∗p∗x0
∗+ ε∗q1

∗(1−ζ )α p∗x1
∗]

g+δ −1
.

Therefore, we have

Kt−1

Lt−1
=

gp∗

g+δ −1
(µ∗− ε∗)q0

∗x0
∗+ ε∗q1

∗(1−ζ )αx1
∗

l∗
= k∗,

which is the equilibrium knowledge-labor ratio in (17) , where l∗ is defined as

l∗ = (1−µ
∗)(1+ ĝ)+(µ∗− ε

∗)
[
1−q0

∗+q0
∗(1− p∗)κ

]
+ ε

∗(1−ζ )
[
1−q1

∗+q1
∗(1−α p∗)κ

]
.

Moreover, recall the resource constraint in (5) and divide it by Lt to have

yt −wt =
R0,t(πtx0,t +dt)+R1,t(πtx1,t +dt)

Lt
.

In addition, in the steady state, we have

R0,t = nt−4
( 3

∑
j=0

gt)(µ∗− ε
∗)q0

∗p∗,

and

R1,t = nt−4
( 3

∑
j=0

gt)
ε
∗q1

∗(1−ζ )α p∗.

Therefore, the resource constraint in the steady state can be simplified to become equation (18), i.e.,

y∗−w∗ =
(µ∗− ε∗)q0

∗p∗(π∗x0
∗+ d̄)+ ε∗q1

∗(1−ζ )α p∗(π∗x1
∗+ d̄)

l∗
.

C Data Descriptions

Field classification: We follow the field classification defined by the Department of Statistics, Min-
istry of Education, Taiwan. The details can be found at http://english.moe.gov.tw.

Years required to complete a Ph.D. program: According to the 2014 Annual Employment Survey
Report of Earned Doctorates (AESED), the average time to complete a Ph.D. program was 5.24
years, 5.69 years, and 6.22 years for 2001-2005, 2006-2010, and 2011-2015, respectively. Due to
the increasing trend, the number of years required to complete a Ph.D. program in our calibration is
set at 6. The survey was conducted by the Science and Technology Policy Research and Information
Center, National Applied Research Laboratories.
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Domestic doctoral graduation rate q∗0: MOE reported the number of doctoral graduates and new
doctoral students since 2005. As we observe from the data that it takes six years to complete a Ph.D.
program, the domestic doctoral graduation rate is calculated as the sum of doctoral graduates in six
years divided by the sum of fresh doctoral students six years ago. For example, the domestic doctoral
graduation rate in 2015 is computed by the total number of doctoral graduates during 2010-2015
divided by the total number of fresh doctoral students during 2005-2010. We repeat the calculation
to obtain the domestic doctoral graduation rate for each year and then take the average to be the data
moment q∗0 for the calibration of b in every field.

Proportion of generation studying abroad ε∗: In the MOE data, we only have the total number
of students who go abroad to study a doctoral program (aggregate). Divided by the number of college
and master’s graduates, we obtain the average proportion of the generation studying abroad in the
field of aggregate, 0.017, during 2006-2015. However, field data are not available. To overcome the
problem, we calculate the proportion of the generation studying abroad ε∗ based on the proportion
of the generation entering domestic doctoral programs. MOE reported the number of fresh domestic
doctoral students and the number of domestic college and master’s graduates each year. The number
of fresh domestic doctoral students is divided by the number of domestic college and master’s grad-
uates to be the proportion of the generation entering domestic doctoral programs. Then we use the
proportion of generation entering domestic doctoral programs in each field relative to the aggregate to
adjust and compute the proportion of the generation studying abroad in each field. For example, the
proportion of the generation entering domestic doctoral programs is 0.023 and 0.033 for the aggregate
and engineering, respectively. Given that ε∗ in the aggregate is 0.017, the proportion of the generation
studying abroad in engineering is calculated by 0.033

0.023 ×0.017 = 0.024.

Gross growth rate of generation g: The generation nt in our model is defined as the total number
of undergraduates and master’s students. The numbers of undergraduates and master’s students are
both available in MOE data. To compute g in each field, we first calculate the annualized geometric
mean of the gross growth rate for the total number of undergraduates and master’s students from 2006
to 2015. Second, the average gross growth rate of the population is adjusted by the length of the model
period (8 years) to obtain g. For example, the annualized geometric mean is 0.989 in engineering and
hence we have g = 0.919 for engineering (0.9898 = 0.919) in the calibration.

Student-professor ratio a: The MOE data provided the numbers of students and professors at all
ranks. According to the definition of the student-professor ratio, the ratio is the stock of students
divided by the stock of professors each year. The stock of students includes undergraduates and mas-
ter’s students who enroll in public or private universities. The stock of professors includes professors,
associate professors, and assistant professors (both public and private universities). We calculate the
student-professor ratio in each year during 2006-2015. Then we use the average value as a.
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Wage of professors d̄: The salary for professors of the same rank is fairly homogeneous in Taiwan,
regardless of field. Seniority results in a slight difference. The average annual salary of an assistant
professor in a public university in Taiwan is about 1.05 million; it is 1.18 million for an associate
professor, and 1.36 million for a full professor. Here we also consider the yearly bonus (which equals
1.5 monthly wages) that Taiwanese civil servants usually obtain to represent the bonus for professors.
To compute d̄, we assume a young agent after graduation works at the rank of assistant professor for
one-third of the model periods, at the rank of associate professor for one-third of the model periods,
and the rest at the rank of full professor. Then, adjusted by the length of the model period, we obtain
a weighted average wage for professors of 9.585 million (TWD). The data are from the salary table
for National Chung Hsing University, which is the same as for all universities in Taiwan.

Wage of doctoral student s∗: Data for doctoral students’ wages are very limited. Thus, we adopt
small-sample survey data. The National Taiwan University (NTU) Graduate Student Association
conducted a survey on graduate students’ income and expenditure in 2010. The survey reported the
monthly wage of a doctoral student in every field of NTU. Following the field classification of MOE,
we compute the weighted average of the monthly wage for each field (weighted by the number of
doctoral students in each field). The aggregate wage is a weighted average of the five fields we discuss
in this paper. Then, a 12-months of income is computed as the yearly income of a doctoral student.
Furthermore, the targeted wages of a doctoral student (s∗) in the fields of aggregate, engineering,
science, and medical sciences contain six-years of income as a doctoral student plus two more years’
worth as a postdoc. According to the Ministry of Science and Technology in Taiwan, the standard
monthly income is 56,650 TWD for a first-year postdoc and 58,710 TWD for a second-year postdoc.
These are translated to a yearly basis and are included in the targeted wage of the above four fields.
In contrast, it usually takes longer to complete a doctoral program in the fields of humanities and
social sciences, but postdoctoral experience is not required when searching for an academic position.
To reflect this fact, we exclude the periods for postdocs and only calculate eight years of a doctoral
student’s income as the targeted wage (s∗) for the two fields.

Knowledge output x∗0 and x∗1: To measure the knowledge output of professors with a domestic
degree x∗0 and that of professors with an international degree x∗1 in each field, we use research grants
as a proxy. The following steps are applied. First, we calculate the average research grants per
professor in each field (without distinguishing domestic from international doctoral degrees) us-
ing the data in the Government Research Bulletin (GRB). The details of the GRB can be found at
https://www.grb.gov.tw/index. There are two sets of statistics in GRB. The base GRB provides the
statistics of research grants supported by the government budget in each field during 2003-2012,
mainly grants from MOST. In addition, GRB separately provides the statistics of grants supported by
other government institutions (the MOE, Presidential Palace, Academia Sinica, and National History
Museum). We include both statistics to obtain the average research grants per professor in each field
(without distinguishing domestic from international doctoral degrees). Second, the MOST website
provides the information of each research grant, including the name of the principal investigator (PI),
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the field, and the amount of the grant. On the MOST website, some PIs also provide school names
and the year they obtained their doctoral degrees. With these two datasets on the MOST website,
we are able to compute the ratio of PIs with a domestic degree to those with an international degree.
The ratio is 1.0652, 1.3418, 0.7401, 1.4380, 0.7468, and 0.8829 for the aggregate and the fields of
engineering, science, medical sciences, humanities, and social sciences, respectively. Similarly, we
compute the ratio of research grants obtained by PIs with a domestic degree to those with an interna-
tional degree (per PI per year and inflation-adjusted). The ratio of research grants is 0.7542, 0.6518,
0.7410, 0.9354, 0.8116, and 0.7141 for aggregate, engineering, science, medical sciences, humani-
ties, and social sciences, respectively. Third, with the average research grants per professor obtained
in the first step and the ratios of PIs and research grants obtained in the second step, we are now ready
to compute the average research grant obtained by professors with a domestic degree x∗0 and that for
professors with an international degree x∗1. The results of x∗0 and x∗1 are reported in Table 2. They are
our targets to calibrate B0 and B1. It is worth to note that in our calculation, we exclude the PIs with
two doctoral degrees and only consider those who obtained their doctoral degree within 16 years. The
results are similar when we consider the PIs who graduated within 20 years.

Wage premium of Ph.D. Worker κ: In 2017, the MOL in Taiwan released a report entitled “The
Wage and Employment Guidance for College Graduates (WEGG)”. The report contains statistics of
the wage and employment status of graduates during the period from 2011 to 2016. In WEGG, we
have the number of workers by field (denoted by i) and by industry (denoted by j); therefore, we
are able to compute the working-industry distribution of graduates from different fields (denoted by
li j). In addition, WEGG provides the average wage by education level (denoted by e) and by indus-
try (denoted by j). We denote these wages as ωe j. Then, the average wage of graduates with the
education level e in the field i is computed by ω ie = ∑ j li jωe j. Furthermore, according to the MOE
statistics, we have the number of doctoral graduates each year. We then compute the employment
rate of doctoral graduates and use it to adjust the average wage of Ph.D. graduates. Finally, a wage
premium κ in a field is obtained by computing the ratio of the adjusted average wage of Ph.D. grad-
uates to that of college graduates. It is worth to note that the field classification in WEGG is slightly
different from that of MOE. Therefore, the wage premium κ for the field of science is the weighted
average on life science, natural science, mathematics, and statistics. The details can be found at
https://yoursalary.taiwanjobs.gov.tw.

Proportion of generation entering doctoral programs µ∗: By definition, the proportion of the
generation who decide to enter doctoral programs consists of two parts: the proportion of the gener-
ation who decide to pursue international doctoral degrees (ε∗) and the proportion of the generation
who decide to enter domestic doctoral programs. As we discussed, they are calculated with the MOE
data. Therefore, µ∗ is the sum of these two proportions.

Wage in industry w∗: The WEGG reported average monthly wages by fields for full-time jobs.
Considering the possibility of unemployment and part-time positions, we adjust the average monthly
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wage for a full-time job using the percentage of having a full-time job to obtain the expected monthly
wage. Then, the expected yearly wage is calculated with an additional yearly bonus (which equals 1.5
months of wage in all fields). Finally, the expected yearly wage is adjusted according to the length of
the model period to obtain the target value. It is worth to note that the field classification of WEGG
is slightly different from that of the MOE. Thus, the target value of the average wage for science is
the weighted average of life science, natural science, mathematics, and statistics. The details can be
found at https://yoursalary.taiwanjobs.gov.tw.

D Equilibrium Subsidy Levels for a Flat Tax Rate

D.1 Subsidy to Domestic Doctoral Students

First, we consider a subsidy to student wage financed by a flat income tax, τ . The total subsidy
amount received by domestic doctoral students is

s̄(m0,tR0,t +m1,tR1,t),

which is financed by the total tax revenue

τ
[
(πth0,t +dt)R0,t +(πth1,t +dt)R1,t +wtLt +(st + s̄)(m0,tR0,t +m1,tR1,t)

]
.

In addition, the resource constraint in equation (5) becomes

Yt = (1− τ)
[
(πth0,t +dt)R0,t +(πth1,t +dt)R1,t +wtLt +(st + s̄)(m0,tR0,t +m1,tR1,t)

]
+ s̄(m0,tR0,t +m1,tR1,t)

= (πth0,t +dt)R0,t +(πth1,t +dt)R1,t +wtLt +(st + s̄)(m0,tR0,t +m1,tR1,t).

That is, Yt = (1−τ)Yt + s̄(m0,tR0,t +m1,tR1,t). Hence, the total amount of subsidy is a fraction of total
output, and we have

s̄ =
τYt

(m0,tR0,t +m1,tR1,t)
.

In the steady state, the common factor nt−4
(

∑
3
j=0 gt

)
is cancelled out at the right-hand side above,

and hence s̄ is pinned down by

s̄ =
τy∗l∗

m0∗(µ∗− ε∗)q0∗p∗+m1∗ε∗q1∗(1−ζ )α p∗
.

Moreover, the expected utility of becoming a worker in the steady state is pinned down by

4

∑
j=0

β
j ln(w∗)+

4

∑
j=0

β
j ln(1− τ),

while the expected utility of becoming a domestic doctoral student for agent i is given by

ln(s∗+ s̄) + ft(i)
[

p∗
4

∑
j=1

β
j ln(d̄ +h∗0)+(1− p∗)

4

∑
j=1

β
j ln(κw∗)

]

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=0

β
j ln(1− τ).

42



On the other hand, since international doctoral students do not pay the proposed tax in their first
period, the expected lifetime utility for an international doctoral student i becomes

ln(ψ ft(i))+ v1 + ft(i)
(

α p∗
4

∑
j=1

β
j ln(d̄ +h∗1)+(1−α p∗)

4

∑
j=1

β
j ln(κw∗)

)

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=1

β
j ln(1− τ).

Therefore, the occupational-choice constraint of becoming an international doctoral student becomes

ln
( ψb

s∗+ s̄

)
+ v1 − ln(1− τ) = bε

∗− β̂be−bε∗
[
α p∗ ln(d̄ +h1

∗)− p∗ ln(d̄ +h0
∗)− p∗(α −1) ln(κw∗)

]
and the occupational-choice constraint of becoming a doctoral student becomes

ln
(

s∗+ s̄
w∗

)
=−β̂be−bµ∗[

p∗ ln(d̄ +h0
∗)+

(
1− p∗) ln(κw∗)− lnw∗].

Then, the average utility levels of international doctoral students, domestic doctoral students, and
workers can be derived accordingly.

D.2 Subsidy to Professors’ Research

Second, we consider a subsidy to professors proportional to their research surplus. Under this policy,
a professor receives a subsidy of ρ̄hh0,t or ρ̄hh1,t in period t. Similar to the previous policy reform,
this subsidy is financed by a flat income tax. The total subsidy amount received by professors is

ρ̄h (h0,tR0,t +h1,tR1,t),

whereas the total tax revenue in each period t is

τ
{
[(πth0,t + ρ̄h)+dt ]R0,t +[(πth1,t + ρ̄h)+dt ]R1,t +wtLt + st (m0,tR0,t +m1,tR1,t)

}
.

Similar to the analysis in the policy reform of student subsidy, we rewrite the resource constraint and
the total amount of the subsidy is a fraction of total output. That is,

ρ̄h (h0,tR0,t +h1,tR1,t) = τYt .

Likewise, in the steady state, ρ̄h is pinned down by

ρ̄h =
τy∗l∗

h0
∗(µ∗− ε∗)q0∗p∗+h1

∗
ε∗q1∗(1−ζ )α p∗

.

Under such subsidy, the expected utility of becoming a domestic doctoral student for agent i is given
by

lns∗ + ft(i)
(

p∗
4

∑
j=1

β
j ln(d̄ +(1+ ρ̄h)h∗0)+(1− p∗)

4

∑
j=1

β
j ln(κw∗)

)

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=0

β
j ln(1− τ),
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while the expected lifetime utility for an international doctoral student i becomes

ln(ψ ft(i))+ v1 + ft(i)
(

α p∗
4

∑
j=1

β
j ln(d̄ +(1+ ρ̄h)h∗1)+(1−α p∗)

4

∑
j=1

β
j ln(κw∗)

)

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=1

β
j ln(1− τ),

and the worker’s expected utility in the steady state is unchanged and is given by ∑
4
j=0 β j ln(w∗)+

∑
4
j=0 β j ln(1− τ). Therefore, the occupational-choice constraint of becoming an international doc-

toral student becomes

ln
(ψb

s∗
)
+ v1 − ln(1− τ)

= bε
∗− β̂be−bε∗

{
α p∗ ln[d̄ +(1+ ρ̄h)h1

∗]− p∗ ln[d̄ +(1+ τh)h0
∗]− p∗(α −1) ln(κw∗)

}
and the occupational-choice constraint of becoming a doctoral student becomes

ln
(

s∗

w∗

)
=−β̂be−bµ∗{

p∗ ln[d̄ +(1+ ρ̄h)h0
∗]+

(
1− p∗) ln(κw∗)− lnw∗}.

Using the above expressions, we can derive the average utility levels of domestic doctoral students,
international doctoral students, and workers, accordingly.

D.3 Subsidy to Professor’s Wage

Lastly, we consider a subsidy to professors proportional to their wages. Under this policy, a professor
receives a subsidy of d̃t in period t, which is financed by a flat income tax. That is,

d̃t (R0,t +R1,t) = τYt .

In the steady state, d̃t = d̃ and is pinned down by

d̃ =
τy∗l∗

(µ∗− ε∗)q0∗p∗+ ε∗q1∗(1−ζ )α p∗

Under such subsidy, the expected utility of becoming a domestic doctoral student for agent i is given
by

lns∗ + ft(i)
(

p∗
4

∑
j=1

β
j ln(d̄ + d̃ +h∗0)+(1− p∗)

4

∑
j=1

β
j ln(κw∗)

)

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=0

β
j ln(1− τ),

while the expected lifetime utility for an international doctoral student i becomes

ln(ψ ft(i))+ v1 + ft(i)
(

α p∗
4

∑
j=1

β
j ln(d̄ + d̃ +h∗1)+(1−α p∗)

4

∑
j=1

β
j ln(κw∗)

)

+
(
1− ft(i)

)( 4

∑
j=1

β
j ln(w∗)

)
+

4

∑
j=1

β
j ln(1− τ),
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and the worker’s expected utility in the steady state is still given by ∑
4
j=0 β j ln(w∗)+∑

4
j=0 β j ln(1−τ).

Therefore, the occupational-choice constraint of becoming an international doctoral student becomes

ln
(ψb

s∗
)
+v1−ln(1−τ)= bε

∗− β̂be−bε∗
[
α p∗ ln(d̄+ d̃+h1

∗)− p∗ ln(d̄+ d̃+h0
∗)− p∗(α−1) ln(κw∗)

]
and the occupational-choice constraint of becoming a doctoral student becomes

ln
(

s∗

w∗

)
=−β̂be−bµ∗[

p∗ ln(d̄ + d̃ +h0
∗)+

(
1− p∗) ln(κw∗)− lnw∗].

Using the above expressions, we can derive the average utility levels of domestic doctoral students,
international doctoral students, and workers as follows.

UD = lns∗+
e−bε∗ − e−bµ∗

µ∗− ε∗

[
p∗ud

0 +
(
1− p∗

)
uK −uW

]
+uW

+(1+ β̂ ) ln(1− τ)

for domestic doctoral students,

UI = lnψ + v1 + lnb− bε∗

2
+

1− e−bε∗

ε∗

[
α p∗ud

1 +
(
1−α p∗

)
uK −uW

]
+uW

+ β̂ ln(1− τ)

for international doctoral students, and

UW = lnw∗+uW +(1+ β̂ ) ln(1− τ)

for workers, where ud
0 = β̂ ln(d̄ + d̃ +h0

∗), ud
1 = β̂ ln(d̄ + d̃ +h1

∗), uK = β̂ lnκw∗, and uW = β̂ lnw∗.
The average welfare is

U ≡ ε
∗UI +(µ∗− ε

∗)UD +(1−µ
∗)UW .

We present the results of the subsidy in Table A1. Notably, subsidizing professor’s wage has a
similar impact to subsidizing their research. This policy reform encourages studying overseas in all
fields, as international doctoral graduates have higher chances of finding a faculty position, just like
the case with subsidizing professors’ research. Similarly, the number of domestic doctoral students
per professor (m∗

0 and m∗
1) decreases, as do knowledge outputs per professor (x∗0 and x∗1). The accu-

mulation of knowledge (k∗) increases in the fields of engineering, science, and social sciences due to
productivity differentials and decreases in medical sciences and humanities because the productivity
gaps in these fields are relatively small. However, unlike the subsidy to professors’ research, which
raises the number of total doctoral students in the aggregate, the subsidy to professor’s wage reduces
the number of total doctoral students in the aggregate (i.e., µ∗ decreases). Consequently, the accu-
mulation of knowledge (k∗) decreases. In terms of welfare, we find that this policy reform results
in welfare losses in all fields. This result is similar to the case of subsidizing professors’ research,
except for the field of humanities. In the field of humanities, subsidizing professor’s wage leads to
more individuals opting to become doctoral students than in the scenario with a subsidy to profes-
sors’ research. Therefore, the probability of finding a faculty position (p∗) decreases more, leading to
higher welfare losses.
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E Robustness Tests

This section provides robustness tests for the gross growth rate of generation (g), the depreciation
rate of knowledge (δ ), the parameter that governs the elasticity of substitution between professor and
Ph.D. student (θx), the parameter that governs the elasticity of substitution between knowledge and
labor (θY ), and the ratio of brain drain (ζ ). To avoid confusion, the calibrated economy reported in
the main text (Tables 1 and 2) is renamed as “the baseline”.

In every test, we modify the parameter that we are interested in from its baseline value to a new
setting, while leaving the other common parameters listed in Table 1 unchanged. We re-calibrate each
test to obtain the corresponding benchmark economy. Then, based on the corresponding benchmark
economy, we study the two policy experiments: (1) a subsidy to domestic doctoral students; and (2) a
subsidy to professor’s research. All policy experiments are conducted in the scenario of τ = 0.05%.
Finally, percentage changes relative to the corresponding benchmark economy are calculated and
compared with the results of the baseline which were reported in Tables 3 and 4. The results of
robustness tests are summarized in Table A2-A16. The details are discussed as follows.

E.1 Tests for the Gross Growth Rate of Generation

In the baseline, the gross growth rate of generation in each field is calculated based on the data of
2006-2015. As shown in the left panel of Table A2, the gross growth rates of generation in all fields,
excluding medical sciences and humanities, are below one, indicating a decline in these generations.
Indeed, the decrease in generations is influenced by reduced fertility rates in Taiwan. Specifically,
Taiwan experienced significantly lowest-low birth rates in the past two decades and these generations
became undergraduates after 2015. This implies that the gross growth rate of generation after the
data period that we study would be even lower. To examine the effect of a lower generation growth
rate on our policy experiments, we re-calculate g by the MOE data from 2006 to 2022 for every field,
while other data moments and targets remain unchanged. Using the new values of g, the model is re-
calibrated to fit those unchanged data targets. The new calibrated result is reported in the right panel
of Table A2. Based on the new calibrated result, the two policy experiments are conducted again and
summarized in Tables A3 and A4.

First of all, we observe that the new values of g are all lower than the baseline values, except
for science. This is consistent with the experience of decreasing fertility rates in Taiwan. However,
different from other fields, the generation growth rate of science is actually increasing (from 0.938
to 1.036). This may be indicative of the growing demand in Taiwan’s high-tech industry. Second,
according to the two policy experiments in Tables A3 and A4, we conclude that the main message of
our results remains unchanged. That is, a subsidy to domestic doctoral students is more effective in
boosting the number of domestic doctoral students than subsidizing professors’ research. Third, we
find that the effect of subsidizing domestic doctoral students to attract them increases as the generation
growth rate decreases. Taking the field of aggregate as an example, the policy reform increases
domestic doctoral students by 19.40% when g = 0.946, while it only increases by 16.57% in the
baseline (g = 0.999). However, as we mentioned in the main text, here we also observe that attracting
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more domestic doctoral students does not necessarily improve the average welfare because of fewer
overseas-trained professors and lower knowledge accumulation.

E.2 Tests for the Depreciation Rate of Knowledge

Our setup is proposed by Griliches (1979), which is the pioneering paper to introduce a knowledge
capital model and distinguishes the firm-specific knowledge capital from the social research and
development knowledge (hereafter, social knowledge). In addition to the depreciation of the firm-
specific knowledge capital, Griliches discusses the reasons why the value of social knowledge could
decrease over time. For example, the arrival of new products or new technologies may make the
knowledge about older products or older technologies redundant. That is, although social knowledge
in the society does not disappear per se, the new knowledge may replace the old ones in the produc-
tion of final goods. Moreover, the constant changes of the environment also render the knowledge
about previous environment less relevant over time. For instance, the knowledge of COVID-19 is vital
during the pandemic, but less relevant after the pandemic. Because the contribution of old knowledge
to final output is decreasing overtime, the paper argues that there are depreciations of both types of
knowledge capital.

Previous studies estimate that the annual depreciation rate of the firm-specific knowledge capital
is around 12%-29% (see, for example, Hall and Mairesse, 1995; Nadiri and Prucha, 1996; Huang
and Diewert, 2011; and Doraszelski and Jaumandreu, 2013). Regarding the social knowledge, as
mentioned in Griliches (1979), “the real problem here is our lack of information about the possible
rates of such depreciation. The only thing one might be willing to say is that one would expect such
social rates of depreciation to be lower than the private ones”.

In the main text, we thus follow the literature to set the annual depreciation rate of knowledge at
15%. That is, the depreciation rate in the model is δ = 0.728 in the baseline. Moreover, to address
this issue carefully, we conduct robustness tests with lower rates of annual depreciation: 10% (i.e.,
δ = 0.570) and 5% (i.e., δ = 0.337). Then, the model is re-calibrated and the calibrated result is
summarized in Table A5. We find that, due to the calibration strategy, only the values of φY and A
change when the annual depreciation rate is varying. Besides, the two policy experiments in Tables
A6 and A7 are again consistent with our main message: a subsidy to domestic doctoral students
is more effective in boosting the number of domestic doctoral students than subsidizing professors’
research.

E.3 Tests for the Elasticity of Substitution between Professor and Ph.D. Student

In the model section, knowledge is assumed to be produced by a generalized CES technology, which
is constituted by three parameters (φx, θx, and λ ). However, in the quantitative analysis, the problem
we face is that we lack enough data moments to calibrate all the three parameters. Therefore, we
have to make an assumption and set θx = 0.01 and λ = 1 so that we can proceed the calibration.
This strategy allows us to calibrate φx by matching doctoral student’s wage (s∗). Besides, the setting
implies that our knowledge production technology is approximated to be a Cobb-Douglas function.
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We are well noted that, approximating the knowledge production to be a Cobb-Douglas function
implies that Ph.D. students are essential in producing knowledge. Indeed, this assumption may not be
always true in some fields. In practice, there may not be a strong complementarity between a professor
and graduate students, as a professor has the capability to conduct independent research without
relying on graduate students. Quantitatively, a stronger complementarity results in the calibrated
outcome where B1 < B0, contradicting the data from Taiwan. Therefore, here we conduct robustness
tests by assuming a higher substitutability between professor and Ph.D. student. Specifically, equation
(19) implies that the calibrated value of φx is increasing in θx. Since 0 < φx < 1, there exists an
upper limit (θ̄x) for the setting of θx. Taking the calibration in the field of humanities in the baseline
economy as an example, θ̄x ≈ 0.0558. Therefore, in the robustness tests, we change θx from 0.01 to
0.025 or 0.05 (more substitute) and re-calibrate the model. The calibrated result is summarized in
Table A8. Because of the calibration strategy, we find that the values of φx, B0, and B1 alter, while
others remain unchanged. In addition, as shown in Tables A9 and A10, our main conclusion still
holds even if professor and doctoral student are more substitute in knowledge production. Therefore,
we are confident that the Cobb-Douglas technology assumption is not the main driver that leads to
our conclusion.

E.4 Tests for the Elasticity of Substitution between Knowledge and Labor

To the best of our knowledge, few studies estimate the elasticity of substitution between knowledge
and labor. Lacking a definitive understanding of it, we consequently model the production of final
consumption goods in a generalized form, utilizing a CES technology. The CES production in equa-
tion (3) consists of three parameters: A, φY , and θY . When conducting the quantitative analysis, we
encounter the problem that we do not have enough data moments to calibrate all the three parameters.
Therefore, we have to make an assumption so that we are able to calibrate the rest two parameters by
matching w∗ and µ∗. Thus, our calibration strategy is to approximate a Cobb-Douglas function by
setting θY = 0.01. Although we assume the value of θY , the production weight (φY ) and the TFP (A)
are still flexible to match data in the calibration. This is consistent with our idea that modeling the
production technology in a generalized manner.

To test if the setting of θY is essential to our result, we change θY to be 0.5 or −0.5 so that
knowledge and labor become more substitute or compliment in the production. Given a specific value
of θY , the model is re-calibrated and the results are provided in Table A11. We observe that φY and A
absorb the change in θY due to our calibration strategy, while others remain unchanged. Based on the
new calibrated results, we proceed to the two policy experiments. As shown in Tables A12 and A13,
we find that the policy effects with various θY are similar to that of the baseline. Thus, we conclude
that our main message still holds here.

E.5 Tests for the Ratio of Brain Drain

In the model section, the ratio of brain drain, ζ , refers to the proportion of Taiwanese students who
pursue doctoral degrees overseas, work in foreign countries, and do not return to Taiwan after com-
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pleting their studies. However, the data is unavailable in reality. Therefore, we turn to consider the
data of international doctoral students in the United State. As we mentioned in Section 3.1, among
all doctoral students who study in the United State with temporary visa, there was about 19% of
them would stay and work in the United State after graduation. However, the proportion of doctoral
students staying and working in the United States may vary with countries where they are from and
cultural differences. For example, in 2010, Table 53 of the NCSES survey reported that 74.5% of
doctoral students from East Asia and South Asia countries intended to stay in the United States after
doctorate receipt, while only 58.5% of doctoral students from Taiwan intended to do so. Hence, the
19% might serve as an average upper limit for Taiwan. Considering the relative intention, the ratio of
brain drain is then adjusted to be 15% (=19%*58.5%/74.5%). Thus, we set ζ = 15% in the baseline.

To address this issue carefully, we examine three additional scenarios: ζ = 16%, 17.5%, and
varying values across different fields. They are discussed as follows. First, the NCSES survey re-
ported that in 2010 the intention rate of all doctoral students who were temporary visa holders to stay
in the United States after graduation was 69.1%. Adjusted by the intention rate of Taiwanese students
relative to all temporary visa holders (58.5%/69.1%), the ratio of brain drain is 16%. Second, the
data of 2010 may not be viewed as regular because there was a financial crisis from 2008 to 2009.
Therefore, we use the average intention rate during 2009-2015 instead. The average intention rate of
Taiwanese students was 64.8%, while it was 70.5% for all doctoral students with temporary visa in
the United States during 2009-2015. Using the relative intention rate to be the adjustment, the ratio
of brain drain becomes 17.5%. Third, Table 51 of the NCSES survey also reported the ratio of brain
drain by major field of study. However, the field classification in NCSES survey differs from ours
described in Appendix C. To calculate the corresponding brain drain ratios for our fields, we define
“all temporary visa holders” in NCSES survey as the field of AGG in our paper, “engineering” to be
the field of ENG, “life science” and “physical sciences and earth sciences” subtracted by “health sci-
ences” to be SCI, “health sciences” to be MED, “humanities and arts” to be HUM, and “Psychology
and social sciences” to be SOC. Adjusted by the relative intention rate (64.8%/70.5%), the ratios of
brain drain are 17.5%, 21.7%, 8.2%, 20.7%, 14.1%, and 16.0% for the fields of AGG, ENG, SCI,
MED, HUM, and SOC, respectively.

For all three scenarios, we re-calibrate the model and the results are summarized in Table A14.
We find that the effect of varying ζ on calibration is minor. Because more doctoral graduates stay
overseas, the probability of finding a faculty position in Taiwan slightly increases, the stock of knowl-
edge declines, and output per labor is lower. Finally, based on the calibrated results, the two policy
experiments are conducted to compare with the baseline. As shown in Tables A15 and A16, we still
observe that subsidizing domestic doctoral students is more effective in increasing the number of
domestic doctoral students than providing a subsidy to professors’ research. But the policy effect is
slightly weaker when the ratio of brain drain increases. For example, in the field of AGG, subsidiz-
ing domestic doctoral students results in an increase in the number of domestic doctoral students by
16.35% when ζ = 17.5%, while it increases by 16.57% in the baseline setup (ζ = 15%). We therefore
conclude that our main message still holds under varying values of the brain drain ratio.
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