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Abstract

American universities are an important source of domestic R&D, accounting for
over 13% of aggregate R&D expenditure and more than half of spending on basic re-
search. We develop a model which endogenizes university research expenditure and
show how it depends on the market structure of the higher education sector. Spend-
ing on research improves the quality of education a university can offer by exposing
its students to cutting edge ideas and techniques. Consequently, the competition
between universities for tuition and talented students is an important determinant
of R&D expenditure. The calibrated model successfully replicates key distributional
characteristics of the U.S. higher education sector, including institution-level hetero-
geneity in revenue and research expenditure. We use the model to assess the impact
on university R&D of implementing the Biden administration’s proposed expansion
of federal need-based student financial-aid. The model predicts a substantial 9.43%
rise in university research spending in response to the policy. These gains materi-
alize in the long-run, while simulations of the economy’s transition path show that
R&D declines in the short-run.
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1 Introduction

American universities are a major source of domestic technological innovation. They
account for over 13% of aggregate spending on research and development (R&D) and
over half of basic scientific research (see Figure 1). Discoveries stemming from univer-
sity research underpin advances in many of the fastest growing sectors of the economy,
such as communications, medicine, and aerospace (Rosenberg and Nelson 1994).

In this paper, we argue that competition between universities for tuition and talented
students is an important driver of R&D expenditure in the higher education sector. In
our model, spending on research is an investment which raises the quality of education
a university can offer by exposing students to cutting edge ideas and techniques. Bet-
ter quality institutions can charge higher tuition, win government grants, and attract
more talented faculty and students who further augment education quality through
peer-effects. Consequently, our framework does not rely on common mechanisms in the
literature to rationalize university R&D expenditure, such as imperfect appropriability,
patenting, or government funding. A novel implication of our framework is that poli-
cies which affect the demand for education, such as federal tuition assistance programs,

can have large effects on university R&D.

Combining several sources of institution-level administrative micro-data, we document
facts consistent with the idea that university research spending is influenced by the na-
ture of competition it faces in the market for higher education. First, we show that patent
licensing revenue is too small to be the primary driver of university research. Between
1991-2018, the median research university earned combined licensing fees totaling less
than 1% of their expenditures on research. Second, we show that while the role of the
federal government is large, roughly one-third of university research is paid for with
internal funds, the majority of which come from tuition revenue. This cross-subsidization
of research represents an internal incentive for universities to spend on R&D stemming
from their educational activities. Finally, we show that university R&D expenditure has
a strong institution-level correlation with other important determinants of education
quality, including student ability, tuition, school rank, scientific output, and faculty pay.

To capture the interdependence of university teaching and research, we jointly model
its instructional and R&D decisions in a general equilibrium model of the higher ed-
ucation sector. In the model, heterogeneous households imperfectly transmit human
capital to their children and together they decide where to go to college subject to a



Figure 1: Higher education research expenditure as share of national total

Notes: Y-axis represents the higher education sector’s share of total domestic research and development expendi-
tures, by type. Underlying data come from National Science Board (2018).

credit constraint. A government provides need-based tuition subsidies and meritocratic
research grants financed with taxes on income and consumption. Universities differ in
the stock of knowledge they can impart to students. This knowledge, together with
student peer-effects, teacher quality, and spending on instructional equipment will de-
termine the quality of education a university offers. By purchasing research equipment
and allocating faculty to R&D, a university can accumulate a greater stock of knowledge
and improve its future education quality. Improvements in education quality bring in
more tuition revenue and attract better students and faculty who further augment qual-
ity improvements through peer-effects. The model’s equilibrium features a hierarchy
of universities differing in education quality with two-dimensional student sorting by
ability and family income. Tuition are market-clearing equilibrium prices that depend
on college quality, government policy, and student characteristics.

Using the model, we assess the impact on university R&D of implementing the Biden
administration’s proposed reforms to federal student-aid programs. We focus in par-
ticular on the expansion of tuition assistance and the increase in need-based targeting
of government funds. The calibrated model successfully matches key characteristics of
the U.S. higher education system, including institution level heterogeneity in revenues

and research expenditure. We model the policy as a one-time, unanticipated and perma-



nent shift in the level and progressivity of government tuition-assistance and simulate
the economy’s transition to a new long-run equilibrium. The model predicts a rise in
university R&D expenditure of 9.43%, a substantial increase in economic terms. The ex-
pansion is driven in almost equal parts by an increase in university revenues and a rise
in the cross-subsidization rate of research. The economy’s transition path indicates that
these gains materialize in the long-run, while in the short-run the policy reforms trigger

a decline in university research spending and a fall in the cross-subsidization rate.

Related Literature Our paper contributes to the literature investigating the economic
incentives behind basic research. The traditional view is that the type of knowledge
created by basic research cannot be fully appropriated by its developers due to imper-
fect intellectual property rights, and so government subsidies are required to facilitate
basic R&D investment (Nelson 1959; Arrow 1962). Building on this view, much of the
subsequent literature on basic research proceeded broadly along two tracks. The first
focused on measuring the extent of spillovers from basic research, predominantly aca-
demic, and often found them to be substantial (Jaffe 1989; Adams 1990; Mansfield 1995).
The second investigated how strengthening intellectual property rights impacts the pro-
vision of basic research, especially at universities. The major focus was on the impact
of the Bayh-Dole of 1980 which gave academic institutions the right to patent and com-
mercialize discoveries supported by government funding. Ultimately the findings were
mixed, with many studies finding small or moderate roles for the act relative to longer-
term trends in university R&D and patenting (Henderson, Jaffe, and Trajtenberg 1998;
Jensen and Thursby 2001; Mowery et al. 2001; Colyvas et al. 2002; Sampat 2006; Lach
and Schankerman 2008).

Most of this early literature was largely empirical. More recently, researchers have be-
gun integrating basic R&D into models of long-run growth to study the extent of its
under-provision due to imperfect property rights and the optimality of government
subsidization policies (Gersbach, Schneider, and Schneller 2013; Cozzi and Galli 2014;
Gersbach and Schneider 2015; Akcigit, Hanley, and Serrano-Velarde 2020). While all of
these papers incorporate unique properties of basic research which differentiate it from
applied R&D, none emphasize the special role of universities in producing it. More-
over, basic R&D in these models outside of private enterprises generally relies wholly
on government funding. Consequently, while these models offer important insights into
the efficient provision of basic research, they cannot explain why so much basic R&D



and government subsidies are taken up by universities, rather than the business sector,
nor why universities spend a considerable amount of their own internal funds on basic
research (see section 2). One exception is Aghion, Dewatripont, and Stein (2008), who
provide a model rationalizing the university’s out-sized role in basic research. In their
framework, researchers pursuing basic science value creative control and academia has
a comparative advantage over the business sector in guaranteeing them the freedom to

pursue their own research agenda without interference from commercial considerations.

Similar to Aghion, Dewatripont, and Stein (2008), our paper develops a model that
rationalizes the higher education sector’s out-sized role in basic research, though our
economic mechanism is completely different. We conceptualize university R&D as an
input into the overall quality of education it offers in a competitive market for higher
education. Building a model which link university research spending to the structure of
education markets it operates in requires taking a stand on what is the objective func-
tion that universities are maximizing. To do so, we draw on popular models which
endogenize the market structure of the higher education sector in general equilibrium
(Epple and Romano 1998; Epple, Romano, and Sieg 2006; Hendricks, Herrington, and
Schoellman 2021). In particular, our modelling approach is most similar to the compet-
itive market framework of Cai and Heathcote (2020), who study the equilibrium effects
of tuition policies on the dynamics of income inequality. Similar to them, we build a
heterogeneous-agent model of the college market with endogenously differentiated col-
leges maximizing education quality. Our main modelling departure is to differentiate
between different types of university expenditure, most importantly between teaching
and research, but also between faculty and equipment expenditures. Critical to our pur-
poses, these extensions endogenize university R&D as a dynamic investment decision.
They also allow us to quantify the importance of our mechanism by structurally esti-

mating key parameters from detailed university-level administrative microdata.

The remainder of the paper is organized as follows. Section 2 combines several sources
of microdata to establish empirical facts consistent with our arguments. Section 3 for-
malizes our theory into a tractable general equilibrium model of the higher education
sector. Section 4 derives closed form solutions for the model and presents analytical
properties of the equilibrium. Section 5 presents the calibration strategy and analyzes
the model’s fit. Section 6 uses the calibrated model to quantify the consequences of re-
cently proposed tuition policies on fundamental research and aggregate productivity.
Section 7 concludes with directions for future research.



Figure 2: University Patent License Revenue relative to Research expenditures

Notes: The figure reports the distribution of gross licensing revenue divided by total research expenditure. The
underlying data source is the AUTM Licensing Activity Survey, and the sample includes all responding US uni-
versities from 1991-2018. Licensing revenue includes cumulative reported gross license income and research expen-
diture reports cumulative non-federal, non-industrial institutional research spending. All values are converted to
cumulative real 2015 dollars using the GDP price deflator.

2 Research in the Higher Education Sector: Stylized Facts

In this section we document several important economic characteristics of the market
for higher education and how they relate to university research expenditure. In part,
these facts highlight important institution-level features of the data which are consistent
with our hypothesis. These facts guide our modelling choices and we employ them in
section 5 to discipline key parameters in the model’s calibration.

Our sample includes all accredited 4-year public and private non-profit institutions in
the United States. Data primarily comes from the National Center for Education Statis-
tics Integrated Postsecondary Education Data System (IPEDS) which provides univer-
sity level microdata for the universe of accredited domestic institutions. We merge
in additional data from the National Science Foundation’s Higher Education Research
and Development Survey (HERD), the Association of University Technology Managers
(AUTM) Patent Licensing Survey, and Web of Science (WoS) bibliometric data from the
CWTS Leiden Rankings. Appendix C contains additional details on the underlying data.

The first important fact we document is that university revenue from patent licensing is
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Figure 3: University research spending by source of funds

Notes: Y-axis reports total university research spending by source of funds. Government sources includes federal,
state, and local grants and contracts, though the federal represents the majority. Non-profit funding included in
Other. All values converted to real 2012 dollars using the GDP deflator. Data from National Science Board (2018).

a very small share of total revenue and small even relative to its expenditure on research.
Figure 2 shows the distribution of gross patent licensing revenue over total research
expenditure at the university level. Between 1991-2018, the median university earned
combined licensing fees totaling less than 1% of their expenditure on research. The
size of these income streams means that patenting cannot be a major motivation for
university research. This conclusion is reinforced by the fact that much of the rise in
university research predates the recent increase in patenting.! The data indicate that
higher education research is not well described by models of patent-driven innovation.

The second important fact is that a large share of research is conducted using internal
funds, indicative of a substantial degree of cross-subsidization of university research. It
is widely known that the government, primarily federal, is the largest source of direct
funds for university research, but this is only part of the story. As Figure 3 shows,
almost one-third of university research is funded using internal institutional funds, and
that share has been consistently rising for the nearly five decades for which we have

data. These trends are largely similar at private and public institutions, and are driven

'While these observations are true for academic research in general, there are sub-fields of research in
which industry partnerships and patenting appear to be important, such as pharmaceuticals. See Sampat
(2006) for additional evidence and discussion on the minor role played by patenting in academic research.
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Figure 4: University revenue sources, by sector

Notes: Underlying data from the NCES's Integrated Postsecondary education Data System (IPEDS). Y-axis reports
share of total university revenue. University revenue includes tuition; federal, state, and local appropriations,
grants, and contracts; affiliated entities, private gifts, grants, and contracts; investment return; and endowment
earnings. Revenue from auxiliary, hospitals, and other independent operations are excluded.

by both slower growth in government support and accelerating growth in institutional
spending (see Figure Al in the Appendix). Therefore, while the literature has correctly
emphasized the key role played by government grants, we show that there still exists
large private incentives which remain to be explained.

To identify what incentives may be important, we examine the major sources of income
which are used to cross subsidize university research. Figure 4 shows that the most
important of these is tuition revenue, which composes the lion’s share of university in-
come. This is true for both public and private institutions and may even understate its
importance given that state appropriations and private gifts are often important indi-
rect forms of tuition. The cross subsidization of research with tuition is also evident in
the cross-sectional data, which shows that tuition is highly unequal across institutions
and exhibits a strong positive correlation with university research (see Figure 5).> A key
implication of our framework is that high levels of cross subsidization will lead compe-

tition between universities for tuition and talented students to influence the provision

2The size of the correlation is economically meaningful: moving from the 10th to the 90th percentile of
research expenditures is associated with a 60% percent increase in tuition revenue per-student.



Figure 5: University research expenditure and tuition, by sector

Notes: Tuition is the average tuition revenue the university receives per full-time equivalent student, net of any
university discounts or allowances. research expenditure is total university spending for activities specifically orga-
nized to produce research outcomes, including by institutes, research centers, and individuals. Data retrieved the
Integrated Postsecondary education Data System (IPEDS). Points represent (log) university averages from 2012-
2015.

of university research. For instance, when student ability and tuition correlate strongly
with school quality, fierce competition can drive research spending as universities seek
to pull ahead of peer institutions. Conversely, if students were homogeneous or tuition

fees were similar across universities, there would be little incentive to invest in research.

In the data, we find strong evidence in favor of an environment similar to the first exam-
ple: both tuition and student ability rise sharply with an institution’s rank. The knowl-
edge that a university possesses and can impart to prospective students constitutes an
important part of its rank and the quality of education it offers. That university research
spending contributes to the accumulation of this knowledge is widely accepted. It is
also apparent in the fact that the universities which spend the most on research regu-
larly top national and international college rankings of the “best colleges” (see Table B1)
and in the strong correlations between research expenditures and the number of pub-
lications and citations a university generates (see Figure 6). Consistent with the idea
that student’s perceive these benefits and that universities internalize them when mak-
ing decisions, we document a strong association between university research spending

and the hierarchical sorting and stratification which characterizes the market structure
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Figure 6: University research spending and knowledge creation

(a) Publications (b) Citations

Note: Publication and citation data come from the CWTS Leiden Ranking derived from the core collection of the
Web of Science (WoS) for the years 2015-2018. research expenditure is total university spending for activities specif-
ically organized to produce research outcomes, including by institutes, research centers, and individuals. Research
expenditure data come from IPEDS with points representing university averages for 2012-2015.

of higher education in the United States (Hoxby 2009; MacLeod and Urquiola 2015).
Figure 7 summarizes the pattern and shows that high ability students (measured by
SAT scores) and high quality professors (measured by salaries) sort assortatively into

universities with higher research expenditures.

A final important question is the extent to which government funds, which still consti-
tute the bulk of direct funding, lean against or reinforce the competitive motives sug-
gested by the data. Using the National Science Foundation’s HERD Survey, we can
compare how the amount of external grants and contracts a university is awarded re-
lates to its own internal spending on research. Figure 8 plots the relationship and shows
a significant positive, nearly perfectly log-linear relationship between the two. The data
suggests that government grants and contracts act primarily as a subsidy, augmenting a
university’s own internal spending.® This likely occurs in part by design and in part as
a consequence of the highly competitive and meritocratic process which determines the
allocation of federal funds through agencies like the NSF and NIH. An important conse-
quence is that government funding supports a winner-takes-all dynamic by concentrat-

ing resources at the universities which already spend the most. Government funding

3The relationship remains virtually unchanged if we include all grants and contracts, such as those
awarded by the business sector or non-profit institutions, rather than just those from the government.
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Figure 7: University research spending, student ability, and teacher quality

(a) Student Ability (b) Teacher Quality

Note: SAT scores are the sum of math and verbal scores calculated as the average of the university’s reported 25"
and 75" percentiles.Faculty salary is the average salary for full-time faculty members on 9-month equated contracts.
research expenditure is total university spending for activities specifically organized to produce research outcomes,
including by institutes, research centers, and individuals. Data comes from the Integrated Postsecondary education
Data System with points representing university level averages for 2012-2015.

will therefore reinforce the competitive channels we investigate.

Taken together, the facts above are consistent with the view that university research is
incentivized by competition for tuition and talented students in the market for higher
education. Universities spend on research to raise the quality of their education and dif-
ferentiate themselves from competing institutions. Prospective students are willing to
pay higher tuition for better quality programs, especially high ability students who ex-
perience greater learning complementarities from the new knowledge created through
research. The resulting cross subsidization creates an interdependence between a uni-
versity’s research and teaching activities which implies that any study of university re-
search should take into account the structure of education markets it operates in. The
facts above provide guidance for this purpose. In the next section, we formalize these
channels into a general equilibrium model of the higher education sector which allows
us to account for the simultaneity of causality in determining the importance of each

economic force in shaping the equilibrium outcomes we observe in the market.
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Figure 8: University research spending and government grants

Notes: Institutional research expenditures correspond to internal university funds that are separately budgeted for
individual research projects. Government grants and contracts include funds received from the federal, state, or local
government for research, training, or other public service. Points correspond to 2012-2015 university level averages
and are plotted in logs. Data on institutional research is from the Higher education Research and Development
Survey (HERD). Data on grants and contracts comes from the Integrated Postsecondary education Data System
(IPEDS).

3 A Model of Fundamental Research in Higher Education

The economy is populated by heterogeneous households and colleges. In each period,
parents imperfectly transmit human capital to their children and together they decide
which college the child will attend. Colleges choose the pool of students to admit, which
faculty to hire, and how to allocate equipment and faculty between teaching and re-
search activities. The model’s equilibrium features an endogenous hierarchy of univer-
sities which differ in their education quality and two-dimensional student sorting by
ability and family income. Tuition are market-clearing prices that depend on college
quality, government policy, and student characteristics.

3.1 Households

The economy is populated by a unit mass of dynasties, i« € [0,1]. Each individual
lives for two periods: one as a child, one as an adult. Each adult begets one child. A

generation-t household of dynasty i is characterized by the parents” human capital, h;;,
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and the human capital of their child at the end of high school, z;;. Households choose
consumption ¢;;, labor supply ¢;;, and a college quality ¢;; for their child that will de-
termine, along with the labor market shock, their human capital as an adult. When no
confusion results, we drop the subscripts and denote the state variables of the next gen-

eration with a prime "’ ". The household decision problem can be formulated recursively
as
Uh,z) = max {(1 —B)[lnc— 0"+ BEUN, 2] } (1)
C,t,q

where 3 denotes the intergenerational discount factor.

A child’s human capital at the end of high school is modeled as a log-linear combina-
tion of parents’ human capital ~ and a birth shock £, capturing the randomness of the

intergenerational transmission process
z = (&h)* Child’s High School Ability (2)

A household’s before-tax labor earnings is the product of the wage per unit of effective
labor w, their level of human capital &, and their labor supply ¢. Household income is
subject to a progressive income tax with rate of progressivity 7, and schedule intercept
(1 —ay), as in Heathcote, Storesletten, and Violante (2017). After tax-and-transfers labor

earnings, denoted by y, is therefore given by
y=(—a,) (wht)"™. ©

Households are subject to a lifetime budget constraint. Their income y can be spent on
consumption and tuition. The tuition schedule is an equilibrium object that depends on
college quality g and a child’s ability z. Financial aid is need-based, and if p(q, z) denotes
the before-aid tuition fee, the out-of-pocket payment by a household with income y is
given by

y™
4
: +anp(q, z) (4)

where 7, is the rate of progressivity of the need-based subsidy and 1 + a,, is the intercept

of the schedule.* Normalizing the price of the final good to one, the household’s budget

*Government need-based financial aid programs are therefore modelled using the same two-
parameter structure as the income tax schedules. See Capelle (2020) for a discussion.
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constraint is given by

Tn

= (1 _c
Yy (+a)c+1+an

p(q,2) (5)

where @, is the consumption tax rate. The budget constraint emphasizes the importance
of borrowing constraints in shaping household college choices. In equilibrium, these
constraints will lead to student sorting based on family income. Lochner and Monge-
Naranjo (2012) provide extensive evidence of the importance of borrowing constraints

in the college market and its contribution to student sorting by family income.

The child’s human capital after graduating college is a log-linear combination of their
pre-college ability, the quality of the college they attended, and a labor market shock. It
is given by

h' = zq*¢, Child’s Post-College Human Capital (6)

where o, parameterizes the earnings elasticity with respect to college quality. There are
two sources of randomness in the accumulation process of human capital. The birth
shock &, is known before the college quality decision has to be made, while the labor
market shock ¢, is realized once the child enters the labor market. It is assumed that
the birth and labor market shocks are i.i.d across generations and households and log-
normally distributed.

In¢, ~iidN (—02/2,0?) Birth Shock (7)
Ing, ~iidN (—0./2,07) Labor Market Shock (8)
3.2 Universities

The primary activity of colleges is to educate students. The quality of education a school
offers depends on four inputs: (i) the human capital of its teaching faculty h,, (ii) its
teaching equipment e, (iii) its knowledge capital k£, and (iv) a student peer effects ((¢; p).
Formally, a college’s education quality () is given by

q = C(d5p) x hgheg k ©)
The contribution of faculty time to education quality depends on the average human
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capital of its teaching faculty,
hy = Ep,) [ 7] (10)

where 1,(+) is the endogenous distribution of teacher ability chosen by the university.
The presence of k in the quality function captures the notion that teaching is more effec-
tive not only when the faculty is more skilled, but also when they are more knowledgeable.
Hence, as in Akcigit et al. (2018), knowledge and human capital are two different types
of productive capital.®

Student Peer-Effects. The final input into a college’s education quality is the peer-
effect generated by it’s student body.® We model the peer-effects within a university
using the following functional form,

I ¢(¢;p) = w. Ey(y[In(2)] — oia(; p) (11)

The first term captures the direct peer-effects using a geometric average of student
abilities within the college, where ¢(.) denotes the endogenous distribution of abilities
among the students admitted by the university. It implies that student heterogeneity
has a negative impact on quality relative to an arithmetic average. The parameter w,

parameterizes the importance of these peer-effects for overall education quality.

A second assumption we make is the presence of a direct cost of heterogeneity: o, (¢;p).
This term captures the idea that the more heterogeneous the class in terms of student

ability and economic background the more difficult it is for a college to deliver a given

2
u

education quality to its students. We model o

weighted average of (log) tuition o2(¢;p) = LV, (Inp(q, z)) where €, is an aggregate

constant defined in appendix (57). Defining o2 in this manner ensures tractability.

as the within-college variance of a

Academic Research and Knowledge Capital The second major activity undertaken by

universities is research. In our model, universities spend on research to improve their

°In theirs, knowledge of inventors is an input in the production of ideas. Ideas are then sold to pro-
ducers who use them to increase their TFP. In our model, knowledge is used to increase human capital
and for research (see below). Human capital is in turn an input to produce goods and services.

%See Epple and Romano (2010) and Sacerdote (2014) for a review of the empirical literature. The im-
portance of these effects motivated early approaches to modelling universities as “club goods” (see Epple
and Romano 1998).
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education quality by accumulating new knowledge that can be imparted to students.”
We posit a university research technology which builds on its existing knowledge using
research equipment, e;, and the human capital of its research faculty, hp. Formally, the

knowledge at college j accumulates over time according to the following law of motion:
K = kel h)" (12)

where ~;, < 1 captures the idea that the university specific educational value of knowl-
edge discovered through research depreciates over time.® As with teaching faculty, the

contribution of research faculty depends on their average human capital
hi. = Eu ) [h] (13)

where ,(-) is the distribution of research faculty ability chosen by the university. Al-
lowing the university to choose different compositions of research faculty, p(-), and
teaching faculty, 1, (), captures the notion that universities can partially specialize these
tasks internally by hiring dedicated teaching faculty or increasing teaching loads for
research faculty.

Government Research Grants In reality, government subsidization of basic research
occurs through a host of meritocratic programs managed by various government de-
partments, including the National Institute of Health, the Department of Defense, NASA,
the National Science Foundation, and others (see National Science Board (2018), Expen-
ditures and Funding for Academic R&D). We model the net effect of these programs parsi-
moniously through a reduced-form allocation rule for government grants that captures
both the level of subsidy and its meritocratic distribution. Specifically, we assume that
government grants cover a fraction 1 — G(k) of a universities research (but not teaching)

expenditures. We parameterize the grant function with the two-parameter family

G(k) = Gk~ (14)

’While we maintain the perspective that research improves education through the discovery of new
knowledge, the model is consistent with alternative interpretations for how a university’s spending on
research augments its education quality, such as through reputation effects or other forms of intangible
capital

8The technology can be extended to allow for the slow diffusion of research discoveries across colleges.
Higher levels of diffusion will generally reduce the university’s private incentive to invest in R&D. We
omit detailing this process due to the availability of good data which could discipline the mechanism.
Instead, we capture these effects through the more general depreciation factor ~s.
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where G and 7¢ capture the average subsidy and its distribution across universities,
respectively. This approach allows us to account for the role of government subsidies
on university research when we attempt to quantify the importance of the new channels
we introduce. This modelling of government research grants also highlights another
important distinction between our work and much of the literature: in most models
of basic research in the literature, research is undertaken only because of government
funding, whereas in our model universities have an independent private incentive to

engage in basic research, with government subsidies augmenting them.

The University’s Problem. Following the literature, we assume colleges value the
quality of education they deliver to their students (e.g. Epple, Romano, and Sieg 2006).
The presence of a research investment decision makes the university problem dynamic.
Letting the instantaneous flow payoff for a college delivering education of quality ¢ be

In g, we can formulate the university problem recursively as

V(k)= max Ing+ BV (K) (15)

¢,l/«q sHEk€q,€K

where we assume for simplicity that the discount factor of colleges is the same as that of
households.

The timing of events is as follows. First, colleges choose the composition of the students’
body ¢;:(z,y)—a density over (z,y) given a tuition schedule p;.(q, z). Simultaneously
students apply given the tuition schedule and an expectation of a quality ¢. Once they
have been admitted and paid their tuition fees, students commit to staying. Second,
colleges choose the composition of its instructional and research faculty fiq;i(R), perje(h)
and the amount of teaching and research equipment e ;;, e;;; to purchase, given their
tuition and grants revenues and the average ability of students. Colleges make these
choices to maximize (15) subject to the education technology in (9), the peer-effect (11),
the research technology, (12), and a flow budget constraint,

G(k;) (eﬂ + wﬁ;) + ejq + wﬁq = ]E(bj(,)[p(q, 2)]. (16)

which includes the contribution of government subsidies.
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3.3 Final Goods and Spillovers of Fundamental Research.

Much of the literature on academic research emphasizes the productivity spillovers it
generates for the business sector. Several well received empirical studies have found
these effects to be quantitatively large (Jaffe 1989; Adams 1990; Mansfield 1995). To ac-
count for these effects, we introduce a goods-producing business sector subject to pro-
ductivity spillovers from the knowledge discovered in academic research.

Formally, we assume there is a competitive final goods producing sector whose output
is used for consumption by households or equipment for universities. Firms operate a
constant returns to scale technology F(Hp) = A - Hp, where Hp is aggregate effective
labor in the production sector and A is total factor productivity (TFP). To incorporate
spillovers from academic research, we assume aggregate TFP is a function of the stock
of knowledge in the higher education sector, so that A = AK* where K = E [k;]. The
elasticity ¢, parameterizes the strength of spillovers from academic research. The profit-

maximizing representative firm solves

max F(Hp) — wHp. (17)
Hp

Government The government implements four kind of taxes: two are specific to higher
education—merit-based research grants and need-based financial aid to college students—
and two that are more standard—a linear consumption tax and a progressive income tax.

The government balances its budget every period with the consumption tax.’

3.4 Market Clearing and Equilibrium

Labor Market Universities hire faculty from the pool of workers. Each worker can
either work in the goods producing sector or in the higher education sector as either a
teacher or a researcher. Labor market clearing requires,

HF+/huq(h|k¢)g(k:)dhdk:+/huk(h|k:)g(k:)dhdk: - /hf(h, 2)dhdz

where f(h, z) is the endogenous distribution of household human capital and the left
side terms capture aggregate effective labor in production, teaching, and research activ-
ities, respectively. Optimal household occupation choice dictates each choose the sector

offering the highest income, leading the effective wage to be equated across sectors.

9See Appendix D.1 for the full government budget constraint.

17



Final Goods Market Goods market clearing requires that the total flow of final goods
produced be either consumed by households or used as teaching or research equipment

in the higher education:

F(HF):/CZdZ+/(€k]+6qJ)dj

Higher Education Market Since college quality is endogenous, market clearing in
the higher education sector requires college admission decisions to be consistent with

choices of income students.Formally, for any @ C R,

[ Llath.2) € @l (b z)andz = [ 1{a) € Q) gtk

where f(h,z) and g(k) are the endogenous distributions of household human capital
and college quality, and where ¢(h, 2) and ¢(k) are the optimal policy functions for
households and colleges.

Equilibrium Definition. An equilibrium path is a sequence of tuition schedules

{pe(q, 2) }2,, household’s policy functions {c;(h, 2), l:(h, 2), ¢:(h, 2) };2,, colleges” policy
functions {¢:(k, 2), pre(k, h), pge(k, h), ere(k), eq(k), g:(k) }72,, and distributions of human
capital and scientific knowledge across colleges { f;(h, 2), g:(k) }2, such that (i) the house-
hold’s policy functions c¢;(h, z), ¢:(h, z), ¢:(h, z) are a solution to (1), (ii) the college’s pol-
icy functions pg(k, h), pre(k, h), ¢i(k, 2), en(k), eqe(k) are a solution to (15), (iii) education
markets, labor markets, and goods markets clear, (iv) the evolution of the distribution of
human capital, f;(h, z), is consistent with the intergenerational law of motion of human
capital and the sorting rule, ¢ (h, z), (v) the evolution of the distribution of knowledge
capital, ¢:(k), is consistent with the law of motion of knowledge and research activities.

4 Equilibrium Properties of the Market for Higher Education

In this section we highlight key properties for understanding our mechanism and cali-
bration strategy.
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4.1 Equilibrium Market Structure in the Higher Education Sector

The equilibrium market structure of the higher education sector is summarized by a tu-
ition schedule p;(q, ) and sorting rule ¢ (e, z). The sorting rule summarizes the quality
of college attended by a student of ability z whose parents spent e on schooling (includ-
ing government financial-aid) . The tuition schedule is the price charged to a student
of ability z at a college of quality ¢, before any financial aid. Both the tuition schedule
and the sorting rule are determined in equilibrium to balance supply and demand in the
higher education sector.

Proposition 1. The equilibrium before-financial-aid tuition schedule is given by

1 €2t

pi(g,2) =p,gaez u (18)

and the equilibrium student sorting across colleges is given by,

qile,z) = (;) 2 (19)

where p, €1, €, are non-negative time-varying aggregates defined in Appendix D.

Proposition 1 shows that in equilibrium, the sorting rule and the tuition schedule are
characterized by three endogenous parameters common to all households: p RECTCT
The parameter p, can be thought of as the endogenous average price level for higher
education. The elasticity €;; captures the strength of student sorting based on family
background (since expenditure e will be proportional to parental income, see Proposi-
tion 2). The income sorting arises because wealthier households are willing to spend
more on education and colleges are willing to trade-off financial resources and student
ability. The elasticity e captures the strength of sorting on student ability, which is
driven by colleges desire to attract high ability students because of the peer-effects they

generate.

The result in Proposition 1 illustrates the interdependence of university research and the
market structure of the higher education sector. Consider the ratio €;; /e, which captures
the extent to which the college market is stratified by family income relative to student
ability. Larger values represent stronger sorting on income relative to ability, leading
high quality colleges to have more wealthy students and fewer talented ones. Using the

expressions for e;; and e, we have that
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(20)

where v, is the marginal value of research for a college.'’. The variable v, measures the
strength of the university’s incentive to invest in research. The expression in equation
(20) shows that the ratio rises when the returns to research increase, either through an
anticipated rise in the value of research (v;11) or through increases in the productivity of
research through lab equipment (v.) or research faculty (7). This is because universities
favor wealthy student — who bring financial resources that support increases in research
expenditures — over talented ones. As a result, a rise in the returns to university research
increases stratification by family income and reduces the positive assortative matching
of high ability students and high quality colleges. A similar intuition holds for the other
inputs into the university’s education quality. A rise in the productivity of inputs that
require money — such as instructional equipment (w.) or teaching faculty (w;) — will
increase sorting on family income, while increases in the strength of peer-effects (w.)

will increase sorting on student ability.

4.2 Household Education Expenditure

The following proposition characterizes household spending on higher education.

Proposition 2. In equilibrium, all households spend the same share of income y on education,
er = St - yr, where s, given by
5aq€1tut+1

Sy = 21
¢ ]_ — /6 + /Bafqﬁltut+1 ( )

o) k—1
where uy, = (1 — F) Zﬁ’“ H Dism
k=0 m=0
and  p = oy, + oy (e, + €14(1 — 7,) (1 — 7))

The education expenditure share in (21) admits a natural intuition. It increases with

uz+1, which measures the marginal utility to households of increasing the child’s human

19More formally it is the marginal increase in the university value function V;(k) in (15) from a 1%
increase in its k;. We show in Appendix D that there exists at all points in time two aggregate variables
{¥, v } such that the university value function (15) can be written as V; (k;) = 0 + v In k;.
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capital by 1%. The value of u, depends on the future path of p;, the intergenerational
elasticity of income (IGE), which captures the persistence of economic status across gen-
erations. Spending on education also increases when households are more altruistic
toward their children (5) or when attending high quality colleges deliver larger gains
in human capital (o). Education expenditure increases when there is greater student
sorting on financial background (e;;); both directly, by increasing the marginal college
quality improvement that can be purchased through increased spending, and indirectly
through the IGE, since these gains can be propagated to one’s offspring. Improvements
in the sorting of high ability students into high quality colleges (e2;) increase education
spending by improving the overall quality of education offered in the higher education

sector through peer-effects.

4.3 Universities and the Cross-Subsidization of Research

An important feature of our model is that universities have a private incentive to spend
on research even in the absence of government subsidies (or patents). In the model, we
can summarize the strength of this incentive by the rate of cross-subsidization—the share
of tuition revenue that a university diverts to pay for research activities. Proposition 3

provides a first characterization of the cross-subsidization rate, sp.

Proposition 3. The share of tuition revenue institutions of higher education spend on research
(equipment and faculty wages) is given by
B(ve + 1n)ve41

Spr = 22
i We + wi + B(Ve + Vh) V41 (22)

where the ratio of spending on research faculty to lab equipment is vy, /7.

The cross-subsidization rate falls when instructional equipment or faculty become more
important for education quality (e.g. a rise in w. and wy). The rate rises when research
faculty or lab equipment become better at producing research output (e.g. a rise in -, or
71, or when the equilibrium marginal value of academic capital, v;, increases. The latter
depends, in a complicated way, on equilibrium characteristics of the higher education
market, including the variances of college quality, household income, and student abil-
ity. Before providing an expression for v;, we present a simpler version of our model

which admits an analytical solution.
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A Simplified Model without Peer-Effects Consider a simplification of the model in
section 3 which omits the peer-effect by setting w, = 0. In this case, sorting in the higher
education occurs only by family income. To further simplify the notation and focus on
the salient characteristics of the model, we also eliminate government taxes (7, = a, = 0)
and research subsidies (7 = G = 0); research and teaching equipment (w. = 7. = 0);
the variance of labor market shocks (o, = 0); and set the elasticities of the earnings and
research technologies to unity (o, = v, = 1). The following proposition characterizes

the simplified model’s steady state.

Proposition 4. In the steady state, the share of tuition revenue spent on research is given by,

B
= 23
= o 23)
where v, the marginal value of scientific capital to the university, is given by
(I_Tn)zh
wp——~—— tw
v = " TS S (24)
(1 - (%—g; b+ %))
Households spend a constant share of income on education given by
_ Bag(l —7,) €1 25)
1-— ﬁOzh
In the absence of peer-effects, e = 0, and €, is given by
Yk
= — 26
€1 wh—i-wk(l_Tn)Eh ( )

The X, and %, are the standard deviations of the (log) state variables k and h, and are given by,

Th
Y = 1—7,)% 27
* 1_%( ™) Zh 27)
ayo;

2 = .
b3S 1— (ah + oyl — 1) (wh + wkllwk))2 (28)

The proposition highlights a key property of the model: the equilibrium interdepen-
dence between the household and university optimal choices, and the dispersion in the

model’s state variables ¥, and ;. The share of their tuition universities assign to re-
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search given in equation (23) can be thought of as a best-response function; it determines
the university’s optimal spending on R&D as a function of the degree of competition,
measured by the distance between universities X;, and the characteristics of the de-
mand for higher education, measured by the dispersion in household incomes ¥;. An
exogenous decrease in ¥, would lead to an increase in university spending on R&D
because universities would become more similar to their competing institutions and
therefore have a stronger incentive to invest in research to catch up to leading institu-
tions. Similarly, a rise in ¥, raises university R&D spending by increasing the dispersion
in households” willingness to pay for quality education, thereby increasing demand for
the highest quality schools.

The simplified model provides some intuition for our quantitative exercise which as-
sesses the impact of increases in the level and progressivity of financial aid programs,
{an, 7.}, on university research expenditure. Let’s consider in isolation the increase in
progressivity, 7,,.'! The policy change impacts research expenditures first of all by de-
creasing the average household spending on education, as evident in equation 25. This
is because the policy redistributes from high to low-income households which discour-
ages the accumulation of human capital. For a given cross-subsidization rate, this leads
to a decrease in the average spending on research. In the policy we simulate later, the
increase in the average education subsidy a, will however counteract this decrease in
private spending.

The increase in progressivity, 7,,, impacts research expenditures not only through the
decline in the average household spending on education but also by changing the cross-
subsidization rate, sg. The immediate impact of the policy is to reduce the incentives
to invest in research, v, and a decrease in the rate of cross-subsidization, s — as is ev-
ident from equation 23 when holding ¥, and ¥, constant. This is because the policy
decreases the dispersion in the households” willingness to pay for quality education,
thereby decreasing the demand for high-quality colleges relative to low-quality ones.

In the long run however, the dispersion in family income ¥; and academic capital ¥
also change. Because gaps in education outcomes by family income shrink, so does the
resulting dispersion in human capital, ¥;, — as is evident from equation 28. This further
decreases the demand for the highest quality of education, which further reduces the
incentives to do research. But this decrease in the dispersion of tuition revenues across

Tn both the simple model and the full model, a change in the average rate of tuition subsidies a,, lead
to proportional changes in university R&D expenditure without effecting the research share sp.
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colleges also compresses the dispersion of research spending. Ultimately this decreases
Y as is evident from equation 27. By reducing the distance across competing institu-
tions, it gives stronger incentives to catch up to leading institutions, which increases the

incentives to do research.

In the simplified model, the decrease in the dispersion in academic capital, ¥, exactly
offsets the decrease in the dispersion in household’s demand for quality in the long-run,
(1 — 7,,)25. This is directly evident in equation (27) which shows that (1 — 7,)%, /%, al-
ways equals % in the stationary equilibrium. In the full model with peer-effects, this
will not be the case. This is because student talent remains scarce relative to monetary
inputs, and its supply cannot readily change as market conditions change with the pol-
icy. To see this, consider the steady-state expression for the marginal value of research
(v) in the full model:

(e + ) SRS g By,
v = 1 Szzk 1 SZEk (29)

1-p ((% ) S o+ (e + %)Ta)

where the dispersion ratio for households and colleges is given by

(1 —7,)%, _ 1 — 9 — 7¢(Ye + ) (30)

2y (e +m) (1 =7 VT —s.

These expression are similar to those in the simplified model, given by 24 and 27, except

for the presence of two terms. First of all, the term wzah% captures the additional
incentive to do research to attract high-ability students. Second, the endogenous vari-
able s, measures the share of variance in college quality that stems from differences in

student ability.'? In the simple model without peer-effects, s, = 0. In general it is given

by
0.2

S, = - 5 : (31)
(1 + (I_Tn)(l_Ty) 5_1> E}Ql_i_o.z

ap €2

In the full model, the marginal value of research v is affected by the progressivity of
financial aid, even in the long run, through s,. As 7, increases, the dispersion in tuition
revenues shrinks but the supply of high-ability students — the dispersion of student abil-

ity — doesn’t change as much. This mitigates the decrease in the dispersion of college

20ne cannot express the steady-state s, as a function of parameters of the model. The full model is
solved numerically.
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quality implied by the decrease in the dispersion in tuition revenues. This in turn al-
leviates the negative impact of the policy on the incentives to do research. As a result,
the net effect in the long-run on the cross-subsidization rate is likely to be positive. This
can be seen from equations 30 and 29: the policy results in an increase in the importance
of student ability in driving the variation in college quality, s., which may lead to an

increase in the marginal value of research, v.

Finally, Proposition 5 in the appendix gives an analytical expression for the laws of mo-
tion of the distributions of i and k. These expressions fully characterize the dynamic
of the economy. The analytical expression will prove useful to efficiently estimate the
parameters of the model in the next section and analyze the full transition path to the
steady-state implied by the policy change in section 6.

5 Calibration

We calibrate the model to match three key sets of targets pertaining to (i) the level of
household and government spending on higher education; (ii) the distribution of those
resources across universities, and how they are spent; and (iii) the sorting and stratifi-
cation of students across schools. We show in particular that the model can replicate
many of the important stylized facts in section 2 and validate the calibrated model’s
predictions on the empirical distribution of university R&D spending.

5.1 Data Sources

Our main sample includes all accredited public and private non-profit colleges in the
United States that offer at least a four-year bachelor’s degree. Unless otherwise stated,
cross-sectional calibration targets are calculated using institution-level averages derived
from 2012 - 2018 data. As in section 2, our primary data source for university level char-
acteristics is the National Center of Education Statistics” IPEDS, which we merge with
the National Science Foundation’s HERD survey, the AUTM’s Patent Licensing Survey,
and bibliometric on publications and citations from the CWTS Leiden Rankings. Data on
the sorting of students by ability and parental earnings is taken from the National Lon-
gitudinal Survey of Youth (NLSY) 1997. Data on government tuition subsidies comes
from the National Postsecondary Student Aid Study. Aggregate statistics on income in-
equality and aggregate household spending on education are from the Congressional
Budget Office (CBO) and the OECD’s annual Education at a Glance. Appendix C con-
tains additional details on the sample and data sources.
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Table 1: Externally calibrated parameters

Parameter Description Value Source
n Inv. elast. of labor supply 2.00 Standard
LK Spillover of knowledge 0.10 Guellec et al. (2001)
Ty Income Tax Progressivity 0.15 Heathcote et al. (2017)
Tn Tuition Subsidy Progressivity  0.18 NPSAS

5.2 Model Fit and Parameter Values

We begin by calibrating a number of parameters that can be set externally to the model’s
equilibrium. These parameters are listed in Table 1. The household’s elasticity of labor
supply 7 is set to its commonly assigned value in macroeconomic models. The strength
of spillovers from university research to private sector productivity is governed by ¢.
We follow the literature and use values of ¢, from work estimating the importance of
spillovers using aggregate data.

The remaining two sets of exogenous parameters correspond to the level and progres-
sivity of income taxes (a,, 7,) and higher education tuition subsidies (a,, 7,,). For the in-
come tax schedule, we take estimates from Heathcote, Storesletten, and Violante (2017)
derived from CPS data and the NBER’s TAXSIM program. For tuition subsidies, we use
micro data from the National Postsecondary Student Aid Study (NPSAS) on student fi-
nancial assistance, tuition, and parental incomes to estimate a tuition subsidy schedule
(Gn, T,). Specifically, we estimate the student-aid progressivity parameter 7, in (4) using
the regression,

log (net tuition) = 7, - log(household income) + X'3 + ¢ (32)

where X includes the log of ACT scores and a constant.'®> We set the level of the subsidy
schedule, a,, to match the average public subsidy to higher education.'*

The model’s remaining parameters are jointly calibrated internally to match key equilib-
rium characteristics of the market for higher education and the resources society invests
in it. Table 2 reports the calibrated values and Table 3 summarizes how well the model
fits the data.

13Because some students have zero net tuition in our sample, we use a pseudo-poisson-maximum-
likelihood estimator (PPML) introduced by Silva and Tenreyro (2006).
14From the OECD’s Education at a Glance (2020), we find @,, = .68.
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Table 2: Internally calibrated parameters

Parameter Description Value
ay Income tax schedule level 0.43
an, Tuition subsidy schedule level -0.45
B Inter-generational household preference 0.12
oy Labor market productivity shock 0.29
o8 Children ability shock 2.39
Qg Elasticity of human capital w.r.t. college quality 0.21
ap, Elasticity of children ability w.r.t. parents” human capital 0.26
W Elasticity of school quality w.r.t knowledge 0.46
W, Elasticity of school quality w.r.t peer effects 0.36
We Elasticity of school quality w.r.t equipment 0.08
Vi Elasticity of knowledge w.r.t past knowledge 0.74
Ve Elasticity of knowledge w.r.t equipment 0.13
Th Elasticity of knowledge w.r.t faculty peer effects 0.11

(ag,7¢)  External research grant and contract award schedule (0.0048, 0.82)

Notes: Additional details are contained in appendix C.

For the purpose of exposition, it is useful to think about the parameters in two groups.
The first five parameters (53, 0,, 0., a,, oy,) constitute the first group. Together these pa-
rameters govern the process of human capital accumulation, the degree of heterogeneity
in ability and income, and preferences for education quality. Appropriately, these pa-
rameters are most closely associated with the five household sector data targets, which
are the inter-generational dynamics of ability and earnings, the distribution of house-
hold income, and the share of household expenditure on education. In particular, to dis-
cipline the parameters governing the intergenerational transmission of ability (o, 0.),
we run in the NLSY-1997 a regression of children’s ASVAB scores on parent’s earnings.'
The slope of the regression is closely related to the elasticity of transmission , o, while
the share of total variance explained by the variance of parent income, R? is inversely
related to the standard-error of the ability shock, ..

The remaining eight parameters in Table 2 govern the technologies used by the higher

education sector.'® These parameters govern the relative productivity of teaching and

1>The Armed Services Vocational Aptitude Battery (ASVAB) consists of a battery of ten tests that mea-
sure knowledge and skill in several areas from maths to sentence comprehension.
16For a more parsimonious calibration, we assume the university’s technology is constant returns to
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Table 3: Jointly fit data targets for internal calibration

Description Source Data Model
Government Sector

Average household income tax CBO 020 0.20
Average student education subsidy OECD 0.68 0.68

Household Sector

Log standard deviation household income CBO 084 0.88
Reg. test-scores on parent’s earning (slope) NLSY 012 0.13
Reg. test-scores on parent’s earning (R?) NLSY 011 011
Share of household income spent on education OECD 1.6% 1.6%
Inter-generational elasticity (IGE) Mazumber (2015) 04 0.41

Higher Education Sector

Log standard deviation university revenues IPEDS 0.63  0.59
Tuition share in total university revenue IPEDS 0.83 0.83
Tuition elasticity w.r.t. total revenue IPEDS 0.64 71
Research share in total university expenditure IPEDS & HERD 024  0.25
Research elasticity w.r.t. total expenditure IPEDS & HERD 240 251
Publication elasticity w.r.t. research expenditure IPEDS & HERD 0.87  0.87
Equipment expenditure share in teaching IPEDS 040 040
Equipment expenditure share in research IPEDS & HERD 054 0.54

Notes: Additional details are contained in appendix C.

research activities, as well as the elasticities of school quality with respect to its various
inputs (e.g. student ability, teacher quality, capital equipment, scientific capital). We
fit these parameters to match the stylized facts introduced in section 2. Specifically,
we include moments that make the model reproduce (i) the observed distribution of
financial resources across universities, (ii) the source of those resources (e.g. tuition,
government grants), and (iii) the use of those funds (e.g. research v. teaching, faculty
v. equipment), in addition to how all three of those allocations varies with university

research expenditure.

As Table 3 illustrates, the model does very well at matching both the aggregate and dis-

scale so that wy, + w, + we + wy, = 1, eliminating a parameter and removing a degree of freedom from the
model.
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Figure 9: A Validation Exercise: The Distribution of University Research Expenditures.

Notes: Histogram plots the (log) in sample empirical distribution of university R&D expenditure per student. The
solid line is the calibrated model’s (non-targeted) prediction of the distribution of university R&D expenditure. The
underlying data come from IPEDS. See appendix C for more details.

tributional characteristics of the market for higher education. Given our aim of explain-
ing the determinants of university R&D spending, an important additional question is
the extent to which our calibrated model can internally generate an empirically realis-
tic distribution of university research expenditures. Our calibration strategy does not
directly target any properties of this distribution. Nevertheless, in light of the proposi-
tions in section 4, the model should generate a realistic distribution of research spending
provided the research cross-subsidization rate and overall distribution of resources are
accurately captured. This makes matching the distribution of research expenditures a
natural validation test of the model’s internal mechanics. Figure 9 plots the in-sample
empirical distribution of university R&D expenditure and compares it to our model’s
predicted distribution. While the data exhibit slightly more skewness, the calibrated

model performs well at replicating the untargetted distribution of university R&D.

6 Quantitative Implications of Tuition Policies for University R&D

To assess the quantitative importance of the economic mechanisms introduced above,
we use the calibrated model to measure the impact on university research spending of
recently proposed changes to federal tuition subsidies. In particular, we focus on simu-
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lating the short-run and long-run consequences of President Biden’s recently proposed
“free-tuition” policies on university R&D spending and the market structure of higher

education.'”

6.1 Calibrating Federal Tuition Policy Reforms

Under the free tuition program, households with annual income less than $125,000
would pay no tuition at public universities and the maximum Pell-grant would be dou-
bled. To implement this policy, we simulate the counterfactual distribution of out-of-
pocket tuition implied by the policy change using NPSAS micro data where we ob-
serve parental income, tuition paid and the breakdown of federal, state, institutional
and private aid received by a representative sample of U.S. students in 2008. We then
re-estimate the parameters of the need-based aid schedule (7,,, @,,) on the simulated data.

In the simulation, we assume that households with income less than $125,000 receive a
federal grant equal to the full amount of the tuition if their child goes to a public college.
To predict the Pell-grants received by each student after the increase of the maximum

Pell-grant, we use the formula borrowed from Epple et al. (2017),
Pell-grants = min (max 0,p— EFC]| ,Pell—grant)

where we use for p the cost of attendance that includes the federal grant for families with
income less than $125,000 and where EF'C' denotes the expected family contribution
that the government computes and which is an increasing function of income. In the
counterfactual, we multiply the maximum Pell-grant, Pell-grant, by two. We assume

that there is no change in other forms of aid.

We choose the degree of progressivity, 7., that best matches the simulated out-of-pocket
tuition payments by re-running (32) on the simulated sample. The PPML estimate is
7, = 0.39, which is substantially higher than the current level (.18). Under our assump-
tion of no change in the other sources of aid, the free tuition policy would significantly
increase the degree of progressivity of the need-based aid schedule. From the average
net tuition payment after the policy, we can compute the average rate of college subsi-
dies a,, = 0.967.

7This version of the program is based on the proposal available on the campaign website, here.
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6.2 Results: The Long-Run

We find that proposed changes to the progressivity of federal student-aid programs will
increase university R&D spending by 9.43% and aggregate output by 7.04% in the long-
run. The model also predicts that, as a result of the policy, the human capital attained
by college graduates will increase by an average of 5.61%, and the scientific output of
universities could increase by up to 16.29%.

To better understand why research increases, Table 10 decomposes the long-run effects
into a “market size” effect and one due to changes in the rate of cross-subsidization,
sr. The market size effect captures the impact of general equilibrium changes in the
level of university revenues, holding the cross-subsidization rate s constant. The sec-
ond component of the decomposition isolates the impact of changes in the equilibrium
cross-subsidization rate sg, holding university revenues at their initial levels. Together
the two components comprise the total long-run effect of the policy change. Table 10
shows that the bulk of the effect, particularly on human capital and output, come from
expansions in spending on higher education. However, a substantial portion of the
increase in university research expenditure and scientific output comes from increases
in the intensity of R&D spending by individual universities. This is due to the cross-
subsidization rate, sp which increases by over 13% from an initial steady state level of
10.2% of revenue to 11.6% after the policy change. This increase in research intensity
accounts for more than half of the rise in research expenditure, 5.42% of the 9.43% rise,
and nearly a third of the rise in scientific output, 4.86% of the 16.29% increase.

Finally, it should be noted that the overall impact of both channels is large. As a compar-
ison, holding constant the higher education sector’s share in aggregate R&D (see Figure
1), the results imply an increase in aggregate R&D expenditure of roughly 1.23% and an
increase in aggregate basic R&D of roughly 4.57%.

The source of these long-run changes can be traced back to two direct effects of more
progressive financial aid policies on the market for higher education. First, they allevi-
ate the borrowing constraint faced by poor households, increasing household spending
on education and improving the positive assortative matching of the best students to
the best colleges. More spending on education and improving the sorting of students
increases the efficiency of the higher education system and leads students to graduate
with more human capital. This leads to a more skilled workforce, with higher incomes
that increase the economy’s absolute spending on education in the long-run. These ad-
justments are the driving force behind the market-size effect in our decomposition.
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Figure 10: Long-run consequences of increasing the progressivity of student-aid

Notes: Bars represent the average percent change relative to the initial calibrated steady state. The light colored
partition of each bar indicates the contribution of changes in the cross-subsidization rate (sg) to the total outcome.

Second, increasing the progressivity of student-aid will reduce the dispersion in house-
hold spending on higher education. This happens by design as more progressive aid
programs are a transfer from the households which spend the most on education to
those who spend the least. In the long-run, this compression in household willingness
to spend on education exerts opposing forces on university research spending. On the
one hand, since in equilibrium higher income households send their children to higher
quality colleges, the compression in spending also reduces the difference in tuition rev-
enue between high- and low-quality colleges. This discourages university investment
in quality enhancing initiatives, such as well-funded research programs, leading to a
fall in the cross-subsidization rate sz. On the other hand, the compression in spend-
ing shrinks the ex-ante differences between colleges in the long-run, making it easier
for low-quality colleges to catch up with high-quality colleges and exposes high-quality
colleges to more competition from lower ranked institutions. This increased competi-
tion reinforces the university incentives to invest in research and leads to an increase
in the cross-subsidization rate si. In the simple model, theses two forces cancel out in
the long-run and the rate sy is left unchanged. In the complete model, the latter effect
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Figure 11: The Distribution of University Research Expenditures

Notes: The dashed line depicts the calibrated model’s fit for the empirical distribution of university R&D validated
in Figure 9. The solid line depicts the counter-factual distribution of university R&D under the simulated policy.

dominates and the cross-subsidization rate sy rises. This is because the progressive poli-
cies undue part of the misallocation of talent implied by the financial friction and lead
to stronger assortative matching of talent students and high quality programs. In the
presence of peer-effects, this increases the university’s incentive to invest in quality en-
hancing initiatives as they will be reinforced by attracting a more talented student body.
This increases the incentive faced by universities to spent competitively on research rel-
ative to the simple model, leading to an ultimate rise in sz. Figure 11 illustrates how
the aggregate increase in university R&D is impacted by this competitive channel, as a
substantial part of the total increase is driven by a compression in spending driven by a
rise in spending at lower-quality schools.

6.3 Results: The Transition Path

A useful property of our model is that the transition path can be analytically charac-
terized (see Proposition 5) which allows for efficient computation. This applies to both
the first and second moments of the state variable distributions (k and %), and to the
equilibrium sorting rule and tuition schedule in Proposition 1. Examining the economy
in transition reveals that the short-run and long-run effects of more progressive tuition

policies can look quite different. Most notable is the behavior of the cross-subsidization
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sr which falls in the short-run, despite accounting for over half of the long-term rise in
university research expenditure. An important implication of this is that high-frequency
studies of policy interventions in the market for higher education can be misleading as

to its permanent long-run impact, as is the case here.

Figure 12 illustrates this point by plotting the transition path of several key equilibrium
variables. The transition is triggered by an unexpected one-time and permanent in-
crease in the progressivity of the need-based aid schedule. The first point in each graph
corresponds to the pre-intervention calibrated steady state.

The two top panels illustrate the main components of the long-run decomposition in
section 6.2: the cross-subsidization rate, measured by sg, and the market-size effect,
which depend on university revenues. Together these constitute the long-run dynam-
ics of university research expenditure, depicted in panel (c). One noteworthy feature of
the transition is that while university research expenditure reaches it new steady level
very quickly, the forces which sustain it vary over time. The initial rapid increase in
university R&D is driven by the market-size effect with a jump in university revenue
flowing directly from the increased generosity of federal tuition subsidies (a,). Over
time these revenues are eroded by competition and universities sustain research expen-

ditures through a rise in the cross-subsidization rate sp.

These dynamics emerge from two opposing forces triggered by more progressive finan-
cial aid programs which unfold deferentially over time. The first stems from the fact
need-based aid programs compress the distribution of household expenditure on edu-
cation. This occurs by design, as such programs are essentially a transfer from high-
spending households to low-spending ones. Over time, this compression reinforces
itself-evident in panel (e)-as more equitable spending on education leads to more equi-
table labor market outcomes, which further influences the future distribution of house-
hold spending on education. An immediate consequence of this compression in spend-
ing is a fall in demand for the most expensive, highest quality schools which, in equi-
librium, are disproportionately attended by the children of wealthy families. This fall in
demand at the top reduces university incentives to climb the quality latter by investing

in research, leading to the short-term fall in the cross-subsidization rate sp.

Over time, the differences between higher-quality and lower-quality schools shrinks
(evident in the fall in 3;) driven by both the homogenization of household abilities and
education spending, as well as the initial disinvestment in university research. As col-

leges become more similar, a competition effect emerges as lower ranked institutions
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Figure 12: Transition Path following Student-Aid Policy Intervention

(a) Cross-Subsidization Rate (sg) (b) University Revenue
(c) Research Expenditure (d) Household Income Inequality (X,
(e) Std. Knowledge Capital (X k) (f) Aggregate Output (w/ spillover)

Note: Initial points corresponds to the pre-intervention calibrated steady state. Standard deviations for household
income and knowledge capital correspond to logs of the underlying variables, as in the text. Student ability sorting
reports the correlation between student ability and college quality. Level variables, such as output and research
expenditure, report cumulative changes with respect to the initial steady state.
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suddenly find it possible to catch up, exposing higher quality schools to intensified com-
petition. This incentivizes universities to spend more aggressively on research, leading
to a rise in the cross-subsidization rate sy in the long-run. Since the increase in compe-
tition materializes slowly over time, the fall in demand dominates initially, causes the

initial drop in sg before it’s gradual long-run rise.

In addition to compressing household education expenditure, more progressive financial-
aid programs also undo some of the misallocation of talent implied by the financial
friction. An increase in the need-based targeting of financial-aid makes it possible for
high ability children in low income households to attend better colleges. This reduc-
tion in misallocation makes the higher education sector more efficient, leading to higher
human capital amongst graduates, which improves labor productivity and boosts out-
put. The resulting expansion in income and production (owed also in part to research
spillovers) reinforces the market-size channel and sustains the long-run gains in univer-

sity revenues.

7 Conclusion

This paper argues that a key motivation for higher education R&D spending is the com-
petition between universities for tuition revenue and high ability students. University
research is an investment that increases the teaching quality of its faculty, improving
the quality of education and enabling a university to command higher tuition and at-
tract better students. Consequently, university research is cross subsidized with tuition
revenue. A key implication is that the market structure of higher education will have
a substantial influence on the provision of university research. Our calibrated model
suggests these channels are important in practice; recently proposed changes to federal
tuition policies could increase the higher education sector’s research spending by 9.43%.

An important task for future research is investigating the role of government research
grants in a framework where education and research activities are interdependent. While
our analysis has focused on the equilibrium effects of tuition policies on the provision
of research, one could similarly investigate the equilibrium impact of government re-
search subsidies on the structure of education markets and its outcomes. The on-going
debates in the European Union about the reforms of research grants towards a more
competitive allocation of resources contrast with the widely accepted and unquestioned
allocation system of grants in the United States. But little is known about the aggregate
implications of these systems. More research is needed to inform the design of optimal
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allocations of research grants that takes a comprehensive view of the interdependent

functions of the higher education sector.

More work is also needed to understand the relationship between fundamental research
conducted by universities and private sector innovation. Making progress requires a
better understanding of the precise role that academic research and fundamental knowl-
edge play in private sector innovation. An important unanswered question is the ex-
tent to which the provision of fundamental research is optimal. Given the distance be-
tween the university’s, the entrepreneur’s and the society’s objectives, it is likely that
only serendipity would lead the higher education sector’s investment in fundamental
research to be socially optimal. The framework developed in this paper is a natural start-
ing point to account for the distinct dual contribution of universities to the economy’s

long-run innovation: discovering fundamental knowledge and building human capital.
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Appendix

A Additional Figures

Figure Al: University research spending by source of funds

Notes: Y-axis reports share of total university research spending by source of funds. Government sources includes
federal, state, and local grants and contracts, though the federal component represents the vast majority. Non-profit
funding included in Other category. Data from National Science Board (2018).
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Figure A2: University research spending and new start-ups

Notes: Data from the AUTM Licensing Activity Survey. Points represent university level averages for 2012-2015.



Figure A3: University research spending and tuition with state and local appropriations

Notes: Tuition is the average tuition revenue the university receives per full-time equivalent student, net of any
university discounts or allowances, but including state and local appropriations per capita. research expenditure is
total university spending for activities specifically organized to produce research outcomes, including by institutes,
research centers, and individuals. Data retrieved the Integrated Postsecondary education Data System (IPEDS).
Points represent (log) university level averages from 2012-2015.



Figure A4: University research spending and tuition net student services expenditures,
by sector

Notes: Tuition is the average tuition revenue the university receives per full-time equivalent student, net of any
university discounts or allowances, and net of expenditures on student services per capita. Student services includes
spending on activities whose primary purpose is to contribute to students emotional and physical well-being and to
their intellectual, cultural, and social development outside the context of the formal instructional program. Registrar
and admissions expenses are also included. research expenditure is total university spending for activities specifically
organized to produce research outcomes, including by institutes, research centers, and individuals. Data retrieved
the Integrated Postsecondary education Data System (IPEDS). Points represent (log) university level averages from
2012-2015.



B Additional Tables

Table B1: Characteristics of top 25 research universities, by total research spending

‘ Total research ‘ Type of research ‘ Source of research funding
Institution ‘ (millions USD) ‘ Fundamental Applied Development ‘ Federal Gov State Gov Intsitutional Business Nonprofit Other
Johns Hopkins University 2206 64% 27% 9% 87% 0% 4% 2% 6% 0%
University of Michigan-Ann Arbor 1354 59% 40% 1% 57% 0% 34% 4% 4% 1%
University of Washington-Seattle Campus 1165 65% 23% 12% 78% 2% 6% 3% 8% 2%
University of Wisconsin-Madison 1118 93% 6% 1% 50% 7% 33% 2% 7% 2%
University of California-San Diego 1080 80% 6% 13% 58% 4% 14% 7% 9% 8%
University of California-San Francisco 1072 86% 0% 14% 51% 4% 18% 6% 12% 9%
Duke University 1019 37% 16% 47% 56% 0% 13% 22% 7% 2%
University of California-Los Angeles 985 65% 24% 11% 51% 4% 19% 5% 14% 7%
Stanford University 958 63% 27% 10% 68% 4% 10% 8% 9% 1%
University of North Carolina at Chapel Hill 954 63% 27% 10% 64% 2% 23% 3% 7% 1%
Harvard University 940 70% 26% 4% 61% 0% 21% 4% 11% 2%
Massachusetts Institute of Technology 891 63% 29% 9% 55% 0% 10% 15% 11% 10%
Columbia University in the City of New York 884 67% 25% 8% 70% 2% 13% 4% 9% 3%
Cornell University 871 35% 49% 17% 52% 8% 22% 4% 11% 3%
University of Pittsburgh-Pittsburgh Campus 864 64% 27% 9% 68% 1% 17% 2% 4% 8%
University of Minnesota-Twin Cities 861 67% 29% 4% 57% 6% 29% 3% 2% 4%
University of Pennsylvania 842 92% 1% 7% 75% 2% 7% 8% 7% 0%
Texas A & M University-College Station 809 78% 20% 2% 37% 20% 28% 8% 6% 2%
Pennsylvania State University-Main Campus 807 28% 50% 23% 66% 6% 19% 4% 5% 0%
Yale University 755 94% 4% 2% 66% 1% 21% 4% 7% 1%
University of California-Berkeley 748 91% 9% 0% 44% 7% 21% 11% 12% 5%
Georgia Institute of Technology-Main Campus 728 63% 22% 15% 71% 2% 19% 6% 1% 1%
University of California-Davis 718 66% 22% 12% 47% 8% 25% 6% 8% 6%
University of Florida 710 86% 10% 3% 41% 15% 33% 4% 5% 2%
Washington University in St Louis 688 48% 26% 26% 62% 1% 17% 7% 12% 1%

Notes: Top 25 research universities, ranked by average annual research between 2012-2018. Research expenditures
reported in millions of 2015 US dollars. Columns provide breakdown by type of research and source of funding. Un-
derlying data come the from National Science Foundations Higher Education Research and Development (HERD)
survey.
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C Data Sources

Below we provide further details on the main micro data sources employed in the paper.

C.1 Integrated Postsecondary Education Data System (IPEDS)

The Integrated Postsecondary Education Data System is managed by the National Center for Ed-
ucation Statistics and brings together interrelated annual surveys. The completion of all IPEDS
surveys is required by law for any institution participating in federal student financial aid pro-
grams (such as Pell grants or federal student loans). The data system provides a wealth of uni-
versity level longitudinal data on institutional characteristics, prices, admissions, enrollment,

student financial aid, degrees conferred, and detailed revenue and expenditure summaries.

The main variables we take from IPEDS are university research expenditure, tuition, government

grants, student SAT scores, faculty salaries. [add details on each variable]

C.2 Higher Education Research and Development Survey (HERD)

The Higher Education Research and Development Survey (HERD) is administered by the Na-
tional Science Foundation and gathers information on research expenditures at U.S. colleges and
universities. The survey provides detailed breakdowns of university level research spending by
type, source, and field as well as auxiliary institutional details. It is an annual census of all higher
education institutions which separately accounted for at least $150,000 in research expenditure
in the fiscal year.

We use the HERD survey primarily to disaggregate university research by source (i.e. govern-

ment, internal, business) and by the type of expenditure (i.e. equipment or salaries). [add details]

C.3 Association of University Technology Managers (AUTM) Patent Licensing Survey

AUTM grew out of the Society of University Patent Administrators (SUPA) and is focused on
developing and disseminating best practices for university technology transfer offices (TTO).
Its annual Licensing Activity Survey has run for over twenty years and gathers self-reported
data from member institutions on research funding, the impact of innovation, patenting activity,

licensing activity, the number of campus start-ups, and other innovation related metrics.

We use the AUTM Licensing survey primarily for information on university patenting and the

gross licensing revenue it takes in. [add details]



C.4 CWTS Leiden Rankings Bibliometric Micro Data

The Leiden Rankings are produced by the Center for Science and Technologies Studies (CWTS)
at Leiden University. The rankings are based on bibliometric publication and citation data in
the Web of Science (WoS) database produced by Clarivate Analytics. The data are processed
with sophisticated bibliometric techniques to ensure comparable and consist of only high quality

international scientific journals that are amenable to citation analysis.

We use the bibliometric micro data underlying the Leiden Rankings to measure university pub-
lications and citations. [add details]

C.5 National Postsecondary Student Aid Study (NPSAS)

The National Postsecondary Student Aid Study, conducted by the NCES, is a nationally rep-
resentative cross-sectional survey of undergraduate and graduate students enrolled in postsec-
ondary education. It provides individual level characteristics of postsecondary students with a
special focus on how they finance their education.

We use the NPSAS to gather individual level data on tuition, education subsidies, and family
income. We use these variables to estimate a reduced form schedule for higher education subsi-
dies. [add details]

C.6 National Longitudinal Survey of Youth (NLSY)

The NLSY is a nationally representative longitudinal survey managed by the U.S. Bureau of
Labor Statistics that follows a cohort of American youth born between 1980-1984. Respondents
are between the ages of 12-17 when they first enter the interview rotation in 1997. The survey
collects data on labor market activity, schooling, fertility, program participation, health, family

background, beliefs, and much more.

We draw on the NLSY 1997 for data on student test scores and family background which informs

parameters governing inter-generational dynamics. [add details]



D Proof Appendix
D.1 Government Budget Constraints

We denote G the total spending on research grants, a, and a,, the average tax rate on income and

the average rate of tuition subsidy:

G =E; [[1-Gk;™] (erj + By bwr()) ] (33)
(1-ay,) /whk&di = /(1 — ay) (whyly) ™™ di (34)
(1+ an)/ 1 gf;n)puidi = /puidi' (35)

The government balances its budget every period:

Tn

e / cidi + a, / whylidi = ay, / (lﬁfan)pmdi—i—@. (36)

D.2 University problem

Let’s define sc1(q), Seq(q), sh1(q), snq(q) the share of per-student tuition revenues at a university

with quality ¢, R(q) = Ey( [p(q, 2)], devoted to research intermediate goods s.;(q) = G(k)peex(q)/R(q),
to teaching equipment s.4(q) = peeq(q)/R(q) where p. denotes the price of equipment goods

and to research and teaching faculty wages, snr(q) = G(k)prrhi(q)/R(q), sng(q) = prghqe(q)/R(q)
where pr1(q), prqe(q) is the shadow price of research faculty quality at college of quality ¢. They

are defined by

pri(q)hi(q) = R(q)sni(q)
Pa1(@)hq(q) = R(q)(1 — ser(q) — Seq(q) — sn1(q))-

Since equipment goods are final goods, we set p. = in the rest of the proof.

Faculty Sorting Colleges choose the density of research and instructional faculty types to
hire. Given our (inconsequential) assumption that there is one faculty per student, a college
chooses the best possible faculty h; given their chosen expenditures on research faculty wages

spr R and teaching sy, R:

spiR

shiR = G(k)w(h) = G(k)why <= hy = wG (k)

(37)
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(1 — Shr — Seq — Ser)R
w

and similarly h, = (38)

The shadow price of teaching and research faculty is given by w.

Solving for v; We now guess that in equilibrium there is a log-linear mapping between faculty
peer-effect, student peer-effect, research intermediate goods, revenue per student, knowledge

capital and teaching quality, namely that there exists X r, X&> Xny,> Xhy> Xzs Xexs Xeq

log Ri(q) = mp + xr(logq —mg) (39)
log kt(q) = my, + xx(log g — my) (40)
log hi(q) = mpr + xn1(logq — myg) (41)
log hy(q) = mng + Xng(log g — my) (42)

log 2(q) = m. + x-(log g — my) (43)
logér(q) = mer + Xer(log g —myg) (44)
log &4(q) = Meq + Xeq(log g — my) (45)

Using these guesses we now simplify the recursive formulation of the value function and refor-
mulate the college problem as a maximization problem of a static objective with two components:

teaching quality and research output.

We guess that the value function is log-linear in knowledge capital
V (ki t) = 0 + v Ink; (46)

Replacing this guess into the expression for the value function (15) and using our guesses (42)-

(40) gives

(0 +velnky) =Ing + B (Vg1 + vegp1 Inkjyr)

=Ing+ Bur1 (wInhrg +velnery +veInk;) + Bop

= Inq + Buir1(Ve(mer + xer(Ing —my)) + Yu(mar + xnr(Ing —my)) + e Ink) + Bop11
= Ing + Boei1((YeXer + Ynxnr)(Ing — mg) + Boey1y Ink + const.

1
(Ink —myg) + Bvgp1vk Ink + const.

= (14 Bvgr1(YeXer +YuXnr)) r

Gathering all terms in In k;; gives

1 -
vy = — + Bivp (47)
Xk t
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with 3, =2 (% + %Xekt +7htht)
Xkt Xkt

whose solution is

Vg = Z [ j= 0@%4—]] Xi

When all elasticities are constant, it simplifies to

sT

1 1

V¢ — —
Xkl_/B(,yk_i_,ye Fk_i_,)/xhk)

In the main text, we use the following notations

o —1 o Xek o th
€gk = Xp €erk — — Enik =
Xk XK
—+00
s
Uy = E [Hj:06t+ji| CqKT
7=0

with Bt = 6 <7k + Ye€erk + ’Yhehlk)

(48)

(49)

(50)

An equivalent static problem. Given that the implied elasticity of the value function

to knowledge capital v, is independent on a college’s own choices, the solutions to the

original problem coincides with the solution to the following static problem

max Ing+ wpInk’
Q7¢(z)75h1)5617#(h‘)

with  wp = Bue
subjectto Ing = In AL el 2k — o)

u,l
! LYk Ye,Th
K = kel h)

#;()

B I ) = GO0 pes+ [ g ()] + ey + [ iy

(51)

(52)
(53)
(54)

(55)

This setting is attractive for two reasons: i) the weight on research is endogenous and

capture the discounted payoffs of knowledge production, ii) this weight is common

across all colleges. A key component of the weight on research is the marginal value of

knowledge capital, v;, which we have solved for in the previous paragraph.
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Optimal Policy Functions. Using the definition of the share of expenditures devoted
to research wages s;,;, and research and teaching equipments s.;, s.,, teaching quality

becomes

wh, We
= E , 2)]She/W E ,2)]Se 2k — o2,
o= (B o als/u) (B bla 20 |

we now guess that tuition are log-normally distributed within a college. Denoting
InR; = Eg,()[Inp(q, z,y)] the arithmetic mean of the associated normal distribution of
tuition within a college (i.e. the mean of the distribution of log tuitions), this guess
implies the following equality between average tuition, the variance and the mean of
log-tuitions

1
1 E 5 - _V 1 s = E 1 , — 1 R
n B 1p(a,2)] = 5Veoy (nple,w)) = E [Inplg, 2)] =In

The cost of heterogeneity across students o,, is assumed to have the following form:

Assumption 1.

726:0) = Vo (npla,2) (56)

with Q= we + wp, +wr (Ve + V1) (57)

This choice for €2 ensures the tractability of the college problem. We verify later that
the guess that tuition are log-normally distributed within a college is true as well as the
guess that the variance of log-tuition o2 is independent of colleges.

These two assumptions imply that the college problem becomes fully log-linear in tu-
ition and student” ability

R\

Sh ~ We _
max In 2 ( RSeq> Z9 ki
4:9(2),8h1,5hq el Seq w

~ Ve ~ Yh
Rser spr R
In [ DL "
T n(G(k)) (wG(k)) b,

with InR = ¢IE(3)[lnp(q, 2)]

where we have also used the expression for faculty quality as a function of college in-
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come, (37) and (38).

An equilibrium where colleges are indifferent across students requires that tuition should

be equal to

0= (we +wp +wr (Ve + 7)) In p(c%z) + w, lng

Wz

= pl¢,z) =R (E>_ﬁ

This corresponds to the FO.C. for ¢(.). Compared to the findings in Capelle (2020), the
elasticity of tuition to ability is lower because the introduction of research and knowl-
edge production increases the relative attractiveness of financial resources and lowers

the role of students abilities.

We now take the EO.C. w.rt. s.;, s¢q and s;;. When doing so, we assume that revenues
R are given and do not vary with these three controls. This relies on the assumption that
once students are sorted through colleges and paid for their tuition, they cannot leave
the college even if the latter were to deviate from the equilibrium choices for s.;, s., and
spr and therefore deviate from its promised quality of education. In another words, we
are assuming that there is commitment on the part of students to stay irrespective of the

college’s choice of s.;, 5., and sp;.

WitVe
Sel = (58
T (e + ) + we + wh )
w
Seq = ° 59
T wn(Ye +Yh) + we + wp (59)
WrtVn
Spr = (60)
hl wre(Ye + Yn) + we + Wi
w
Shq = h (61)

wre(Ye + Yn) + we + wp

D.3 Laws of Motion of Knowledge Capital and Human Capital

From the law of motion of capital, we obtain

_ e Ye Y
Inkjry = Ine*h"k™* =In <S_GI) <Z_}é> ' + (Ve + ) In Ry + (76 + 1a(Ve + 1)) Inkjy

We denote mp and Xy (my and X;) the mean and standard deviation of log-income (log-

knowledge capital) across colleges. Taking the mean and variance of the law of motion
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above gives that if knowledge capital is log-normally distributed
ln kit ~ N (mkt, Zit)

then it remains log-normally distributed and the law of motion of the mean and the
variance of the associated normal distribution are given by

Se e S Yh
M1 = In ( GI> (fé) + (Ve + v)mre + (v + 76 (Ve + 1) )Mkt (62)
Ert1 = (v +7¢(Ye +70)) Zkt + (Ve + 1) 2Rt (63)

where we used the fact, that in the equilibrium we look at, (log) income and (log) knowl-
edge are perfectly correlated cov (In R, Ink) = \/¥3,X2 = Xg5%,.

Proposition 5. Assume human capital and knowledge capital are log-normally distributed in
the first period. They are log-normally distributed along the transition path. The law of motion
of the distribution of knowledge capital across colleges is given by

ki ~ N (mye, 23, (64)
Se Ve S Yh
mpes = (35) 7 (2) "+ (e + mdman + (G + 760 + )i (65)
St = (O + 16 (Ve +70))° S0 + (Ve +70) 2% + 207 + 76 (Ve +70)) (Ve + 1) Ere St
(66)

The law of motion of the distribution of human capital across households is given by

A~ N (mht+17 Eiﬂ-l) (67)
Mhtt1 = PeMpe + X1t (68)
Eizzt—i-l =P Elzzt + ‘7 + (an (O‘q€2t + 1)) (69)

o2 2 1
whe}’e Xlt — —?y — ah (OéqEZt _|_ 1) % _|_ aqelt ln (W(Ag) 1 Ty 1 Tn)(l _ a/y)(lan)
t

D.4 Solving for all guesses

Step 1: ¢;, p, Using the expression for tuition and the definition of teaching quality (9)
together with our guesses one has

p(q,2)
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1 V(lne)

_ wy Wk We \ wet+wp, +wrs(vetvn)
R Z\ T werwptwrs(etn) (k; €k ) wetent 1:(re+n) ph(Q)Shqe 2
- = 1 V(lne)

(kkese) wetontwrOetm) Pr(@)sng e 5

z

1 ]_,w—h w
- R V(ne) —— @z
[ht(;hewe ZWz kwk] wetwp+wrt(ve+h) hq wetwp+twr (Ye+n) phq(Q)e_ (;e) 5 wetwp+wri(ve+n)

1

(k;:}k e‘]’:e) We+wh+wjt("/e+"/h) Shq
“h
[ — ]_-L_ wetwptwry (’Ye+’vh) w
= = V(1 - @@ W 0000
= <quTQL) wg+wh+w1t('ye+'\/h) R T ei¥z wetwptwrg (’Ye+’Yh)

(kk ) wetontwretm)

1 TXR— (wetwn)xR - Wi _ wz
=D qwe+wh+w1t(%+ﬂh) " wetwptwri(vetn) wetwptwri(vet n) 5 wetwptwri(vetyn)
=t

1wz
=pgaz wetwptwr(vetn)
=t

1 €2

= thq Z €l (70)

- ~ V(lne) = R
where we used pyp.hy, = spR = spgRe 2z and h, = (%) as well as p.e;, = s R.

Finally we define the new aggregate endogenous variables:

€1

lo = 71
L We + wn + w1t (Ve + n) 1)
(o Wetwntuwn (Ve + 1) 72)

1=

L4+ xrwi (Ve +Yh) — Xkt Wk
Wy

€y = 73
T 1+ XrWrt (Ve + Yh) = XktWh (73)

(wj(’}/e )M — W — <we+Wh+UJIt('Ye+’7h) _ 1) my — log (50)“ (%)wh>

2

o3 _ V(oge)
where we used evetenterbetn) 2 =1,
Sorting Rule. Recall that financial aid is given by (4),e(q, z,y) = foj‘:—gi’z). Hence in
equilibrium, the sorting rule is given by
Se(1+ ap )yt zTme o
ar = - 2% (74)
p,

The elasticity of quality to income and ability which capture the strength of the income-
sorting and ability-sorting channel takes into account the progressivity of taxes and fi-

nancial aid:

ery =en(l—7,)(1 —7) elasticity to Income (75)
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€At = Q€ elasticity to Ability (76)

Notice that when there is no income tax and financial aid, the income-sorting coefficient

simplifies and becomes €;; = €y;.

Household Problem and Law of Motion of Human Capital The problem of the house-
hold has been treated in Capelle (2020). From this paper and the expression for tuition
obtained above (70), one directly obtains (21), (47), (77):

-

Finally, the sorting rule (19) simply combines the expression for tuition (70) with the

policy rule (21).

Similarly, the law of motion of the distribution of human capital (91) and (92) shown in
proposition 6 results from taking the mean and standard deviation of the law of motion

of human capital and using the policy functions of the households.

Step 2: Within College Parental Income Distribution. In the same paper, we also
solved for the distribution of parental human capital within a college, students ability
within a college and the distribution of quality in equilibrium.

Distribution of parental income within a college. It is given by

finhlg) ~ N (mag, o7y,)

where

0.2
<lnq —€1(Cp, — logp) + 6A72>
mh|q:Sth+(1—Sz) €I+6A
0,21|q =557

C,=1In (3(1 + an)(wf)(l—n,)(l—m)(l _ ay)(l—m))

2 2
€40

with s, =
(€1 + €4)?%2 + €402
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where s, is the share of the variance not explained by parent’s human capital.

From the distribution of parents” human capital within a college, the distribution of

parents’ before tax and transfer income is

fnylg) ~ N (Inw + mp, +Ind, 03, .

Distribution of college quality

Taking log of the sorting rule,

2
Ing~N ((E[ +ea)mpy + €1(Cp, — logp,) — GA%, 402+ (7 + EA)QE}%) (78)
Thus 9
o
mq = (€1 + €a)my, + €1(Ch — logp,) —6,472 (79)
and
E(mp)q) = ma.
Students’ abilities

From the definition of abilities Inz = o, Inh + «a, In &, and the sorting rule used above
Ing = (e; +ea)Inh+esIng, + €1 (Cp, — log p), one gets

lnz:%(lnq—e[lnh—el(Ch—logp))
€A -
2
a ape
=lnzlg~N <€—h (Ing — e;mpyg — €1(Cp — logp)) < :AI) U,2L|q>
A

Step 3: solve for R(q) From the budget constraint, the per-student income in a college
is also the mean of tuition paid by households in this college. All households pay the
same share of their income, hence using the distribution of income within a college, one

gets that the mean tuition is

R(q) = / P4, 2)6(y, 2lg)d(y, =)

_ / s(1+ an)(1 — ay)"™ (wlh) == 4 (hlq)dh
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(1= 7)) (1 = 70))%07,
2

2
Ing — e (Cp —logp) + a5

InR(q) = Cp + (1 — 7)) (1 — ) mpyq +

=Ch+ 1 —1)(1—7) |s:mp+ (1 —s,) p——

(1 =7)(1 = 7)),

- 2

Finally these results enables us to get an expression for the distribution of revenue per

student across colleges:

IR~ N (g, 2p) (80)
1—7)(1—7,))2%02

me = s(1 + an)(1 — a,)'=™ (we) =) 4 (1 = 7)( 2 ))"Thiq
+ (1 —71,)(1 = 7)my, (81)
S = Xk [€407 + (1 + €a)’S7] (82)

Identifying coefficients with the guess, one gets:
)
€A -2
1 €EJTE€ UZ
XR:(l_Ty)(l_Tn)(l_Sz)E Teq :(1—Ty)(1—7-n) ( +A>2
' |:Eh2 + (€]T€A> UZ2:| (GI + 6A)

2
XR (EhQ (61 1’4%) o2 (1= 7y)(1 = 7) we + wh + wr (Ve + 7)) + anws) + (1 = 7)) (1 — 7) [we + wa] + ozth)

= (1 =7)(1 = 70) (1 = xper)

(1= 7)1 = 7n) (1 = XkWr)

XR =
<Eh2 (GIT€A>2 a2 (1 —7y)(1 — ) [we + wp +wr (Ve +71)] + apwz) + (1 — 7)) (1 — 7,) [we + wp] + ahwz>
(83)
(84)

with 4 _ Rl
ert+ea (1—7)(1 = 7y)(we +wn +wrt (Ve + 1)) + anw,
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Combining this with equation (82),
Yr=010—-7y)1 —7)V1— 5.5 (85)

If there is no peer effect (w, = 0) and €4 = 0, then s, = 0 and Xy is proportional to ;. With
the peer effect, as 3;, decreases, s, decreases. Then the different income households mix more
within colleges and total revenue of colleges get less dispersed, which is faster than the decrease
in ¥j,. Thus Yk decreases faster than X, as 7,, decreases and that is why the competition effect is

greater as 7, increases.

Step 4: Solving for p, From (71), (79), and (81),

(1= 7)1 - 7)%2,
2

2 wh,
_ ((JJe +Wh +‘:It (76 +’7h) - 1) <(6I + EA)mh + €1Ch . GAC;Z> o log (Se)we (Szh) h
1

€1 loth = wr(Ye + V1) <Ch + + (1 —7y)(1— Tn)mh) — WMy

(86)

Solving for G. We start from the budget constraint of the agency that distributes research
grants and use the guesses (39), (40) and s.;(q) = G(k)peer(q)/R(q):

/mmpﬁ+/Mwmmﬂ@+c_/pm+/wwmmﬂ@
<~ /(56[ + sp1)R(q)dj + G = /(se[ + ShI)R(q)G_IkTGdj
mefomk / . =~ meX—Rmk / —1 .
— /(861 +spr)e T xR TR 4 G = /(361 +spr)e " Xk TRXRIXRGTETE )

_XR _ _XR
— (SeI+3h1)emR kak/kXR/Xkdj—l_G:(SeI+ShI)€mR kakG—l/kXR/Xk"r’TGdj

2 52
Tk

T) + G = (se1 + Shf)emR_?:m’“G—le(@I:+Tc)m’“+<)>?:+m) 7)

2 %2
_XR (—XRmk—i-(—XR) k

m m

(SeI+5hI)e R Xk ke Xk Xk

X 2 2

G = (Ser + sn1)e™ Tfm’“e((xlswc)m’“*(ﬁﬂc) Tk) (ser +5h1)eTGm’“+TG(2%+TG)%
— n (mmﬁ(@)?ﬁ) B —mR—(X—R>22—% -
(Ser + snr)e™™ e e\ X ) 4@ (Ser + sn1) +e WAENE.

where mp in the last line is given by equation (81).

Finally, given that we target the ratio of research grants G over GDP g = G/Y, we get
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that G is given by

»2
o (ser +snn)e™™ (3 4me)

2302
(Se[ + Sh[) -+ €_mR_(%) Tng
1
where Y = wexp (mh + 52%) 14

Average income tax rate and intercept of income tax schedule If we target average
income tax rate a, then the following should be true

1—a

Y

f(l — ay) (whk&)l_ﬂ’ di (1 —an) (w@liw exp ((1 — 1)y + (1 — Ty))2 Ei)
[ whilidi -

2
(wl) exp (mh + 27%)
22
= (wl) " exp (—Tymh + 7y (1y — 2)#)

22
<— a,=1— (wl)" exp (Tymh +7,(2 — @)é‘) (1—ay)

(87)

Average tuition subsidy and intercept of tuition subsidy schedule If we target the
average subsidy to higher education a,, , then the following should be true

1+ ap)erpy ™ di
1+dn=f( an)ery” " di

o f(l + a,)sy' "™ di B B _Tnf(whkgi)(l—m)(l—ry)
i £ iy T
O Y e (R |
(=) (wt)' 7 exp (1= 7)o+ (1 = 7)) 3
= o = ) O e (=1 ) =2 (=) )

=y = (1—a,)" ()" exp (Tnu (2 — ) (1 W&) (1+a,) -1

(88)

Government budget constraint. The government budget constraint is given by

Q. / c;di + a, / whyl;di = a, / &

uzd g
(1+ an)p i+G
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2

by 2
ac/cidi + a, (wl) exp (mh - 7h> = G,s(1 — a,) (wl)' "™ exp ((1 —r)ma+ (1 — Ty)27h)

+G
2 —

X 22
e / c;di + a, (wl) exp (mh + 7h> = a,s(1 — ay) (wl) exp (mh + 7h) +G

We can finally express the consumption tax as:

a'ns(]- B ay) +9— ay

T ) )

Law of Motion of Human Capital We are ready to derive the law of motion of hu-
man capital across households. Using the assumption of log-normality of both shocks,
(7) and (8), the distribution of human capitals remains log-normally distributed across

generations.

Proposition 6. If Inh, ~ N (my, X7,) then

A~ N (mht+17 2}211&-4-1) (90)
Mhtt1 = PeMp + X1t (91)
Shir = iS5 + Xa (92)

where  py = ap + oy [exan + €1(1 — 7,) (1 — 7))

2

o 2 1 "
Xy = _Ey — ap (agé + 1) % + agereIn (—st( ;a )(Ag)(lffy)(lfm)(l — ay)(lT")>
t

Xot = 0, + (an (ageae + 1)) 02,

It is intuitive that the shifter X, in the law of motion of the mean of the distribution (91)
is increasing in the saving rate s, in the average education subsidies a,, but decreasing
in the intercept of the tuition schedule p,. From its expression in appendix, the latter is
increasing in the share of resources devoted to research. The persistence coefficient p; is

decreasing in the progressivity of financial aid 7,.
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Law of motion for m;,m; We now express the laws of motion of the distribution of

knowledge capitals and human capital in a compact format.'®

Mgtr1 = VektMikt + VentMpt + Vit (93)
Mpt+1 = YhitMht + VaktMit + Vhe (94)
with
Ykt = Vi + (Ve +h)Ta (95)
Yent = (Ye + V) (L = 7)) (1 — ) (96)
. SLI Ve Sﬂ Yh
Tkt = In ( G ) (AG) ©7)
1—7)(1—71,))2%02
b (e b ) [In5(1 4+ 0,)(1 = )17 (4= (02T 2 . h'q] 98)
Yant = (1 — 1) (1 — 1) og(we + wh) + an(1 + ayw;) (99)
Vhkt = QqW (100)
o2 2
= = = an(L+ agwa) Z + gl +wn) In (5(1 -+ an) (AT (1 - g,)077)
(1 =71 _Tn))QU}% w. [ Shq\Wh

— oqwrt(Ye + Y1) 5 la + ay [ln (Seq)™” (f) } (101)

We now briefly give an intuition for each term from (95)-(101). Looking at equation (95),
current average knowledge capital has a strong effect on future knowledge capital when
knowledge depreciates slowly (low vx). Looking at equation (96), current average hu-
man capital has a strong effect on future average knowledge capital when fundamental
research is intensive in equipment and faculty (7. + ;). Looking at equation (98), the
growth of fundamental knowledge is high when the rate of cross-subsidization is high
(Ser, snr) or when households spend a large share of their income on tuition, s.

Looking at equation (99), current average human capital has a strong effect on future
human capital when the transmission of of abilities from parents to children is strong
(ay,), the peer-effect and the effect of teaching equipment and faculty is high (w., w., wp).

Looking at equation (100), current average knowledge capital has a strong effect on

18Recall that
Sel Ye ShI Yh
M1 = In (76‘ ) (TG) + (Ye +y)mre + (Ve + Ta (Ve + 0)) Mkt

where mp in the first line is given by equation (81).
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future human capital when knowledge capital matters a lot for teaching equality w,.
Finally, looking at equation (101), the growth of human capital is high when household
spend a significant share of their income on tuition s and universities spend a lot on

teaching equality s.q, Spq-

D.5 Additional derivations.

Recall that the variance of (log) quality is given by (78):

Y2 = 4ol + (ef +e4)*Ss

q:

From the definition of s.:
(er +€a)’23

s, =1— 52 (102)
q
Using the definitions of x; and of s,, we obtain
S = By = D (103)

Using (103) as well as (72), (73), (75) and (76),

1 _ (€7 +€4)2n

Xk B V 1 - Szzk

_ (T =7y)(1 = Tp)er + aze2) Xy,

vV 1— Szzk
1 We + W 4+ wre (Ve + V1) W
= —— 1—7,)(1— Tn ay 2
V19— 5.2 ( 2 )1 + XrwWrt (Ve + Yh) — Xk W L+ xrwrt (Ve + V) — Xk.tWk "
Multiplying both sides by 1 + x gwr: (7e + V) — Xk.:wr, We obtain
1+XRWIt('7e+'7h)_Xk,twk: 1 (1= 7y)(1 = ) (we + wh + wre (Ve +70)) + w2
Y& \/1—782216 Y n e h It \'Je h zWz h
1+ xrwre (Ve + 1) 1

= (1= 7)) (1 = 7o) (We + wh + Wit (Ve + 7)) + Qw2 Xn + wp

Xk V 1— Szzk
Recall from equation (85) that

1—7r)(1-7,
Xr=(1-7)1-7)EV1—-3s, < xa_ | Ty%( T)Eh\/l—sz
Xk k
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1 (1 - Ty)(l - Tn)(we =+ Wh)zh + apw, X

- = +
Xk V1—5.2 k
(1= 7)1 = 7)wr (e + ) 1
h — /1 —3s,
+ Ek h vV 1-— Sy °
BT R Ry R R R B PR

VI—s.5 V1— 5.3

From (49) and the fact that x5 1/xx = Xr/Xt + TG, Xew/ Xt = XR/ XK T TG

(1 —7)(1 = 7)wr(ve + 1)

VvV 1— SzEk

+ wg +

o = [(Lld o ) o -

VvV 1— SzEk
1

1-p (Vk + (Ve + 1) (—(1_“’%(1_7”)2;1@ + TG))

k

X

Using w; = fv we can further simplify

(we "‘(.Uh) (lan)Elny)Eh + w.ay, _Eh + wp,
v = \/1 Szzk '\/1 Szzk (104)

1-p ((% + %)%%?Eh + %+ (Ve +%)TG>

From the steady-state expression of (66) and (85), we get

Ve +7h

rye fyh
= E I —7y)(1 —7)V1—s5.% 105
1_”)/k_Tg(7e+’Yh) R ( y)( ) h ( )

Zk =
L= — Tg(’Ye + )

Therefore

S _ (1 =% — 16(7e + ) (106)

S (etm)(A-7)A—T)VI—s.

D.6 Proof of simple model

In this section, we solve for the simple version of the model without peer-effect, without
government research grants and in steady-state. Let’s start with the law of motion of the

variance of knowledge. Assuming that y; = 1 and . = 0 gives

Zit+1 = 7%(227& + E%t + 29k XX with E%t = Pitzét
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When there is no peer-effect, the variance of college income is equal to the variance of
household income times the progressivity of the need-based aid Xz = (1 — 7,,)X;. The
steady-state of the law of motion of knowledge gives

(1= 7)1 +7g) = 72 (%)2 + 27K ((1_2@)

The (positive) solution to the first quadratic equation is

1 — YK . (1 —Tn)zh

Yh Xk

We now solve for xg, xx. First we use xn1 = [xr + 7axx]) and x», = xr and the the

2
assumptions 7¢ = 0 to obtain xg = x;. We then use the condition ¥% = (i—’:) 2, to

%. The production function of quality

also implies y;, = X2 Putting everything together gives

Wh

solve for x/xr given the steady-state ratio

1 (1=mn)Zp
X = XR = S S
o P+ wy (whg—z + Wk>

1
Xk (1—,3(%%4-%))

We now solve for v using its steady-state expression v = which gives

(A=Tn)%n
5, T Wk

(1 —p (’Yh% + ”Yk))

Wh

v =

After substitution it gives

(1= ) + w
1-p

Now that we have v, using w; = v, we can obtain s;:

WrYh 1
Spr =

Wi+ Wh L+ YhB Zh (1—~p)+wp
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We then solve for €, ¢;:

Xy,
(1 — Tn)Eh

er=6(1—7p)

€1 = Wp + W

In order to solve for ¥} and X, we use the law of motion of the variance of human capital
in steady-state and then the expression for the ratio (1 — 7,,)X;, /% to solve for ¥;:
2 2 2
% - R (AL
1- (ah +ay,(1—1,) <wh + w’fﬁ%))

We now solve for the households” optimal decisions. We solve for the marginal utility

of human capital, «, and the spending rate on tuition, s:

(1-5) (1-5)

u = =

= 1 — Bay, 1—B<ah+aq(1—7'n) (wh+wk1z}§k>>
S_ﬁ@qu_Tn)( Yh )
11— By, " I — %

We now solve for the steady-state means of (log) human capital college knowledge:

Mitt1 = YK Mgt + Yo [Mpe + 10 Spy]
2
o

z
Mpt+1 = QpMpy + gy, [Mpe + In(1 — spr)] + aqweme: — ah7

with mg = (1 — 7,) [Inwl + my] + In s(1 + a,,). Using the expression for a,, given by (88),
one gets:

i

mp = Inwls(l + a,) +mp + 7,(2 — 7,) 5

We now solve for the steady-state expressions of m; and my,:

ap, + Brag ai + Brap
my = and my =

"1 - BB 1 — BnpBx

with mg = ai + bkmh and mp = ap, + bhmk
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Vh (lnws(l + apn)spr + (2 — Tn)%)
Th
= and [, =
L= L=

QWi

and [, =

ap =

1 — (o, + aqwp) 1 — (g, + aqwp)

After simplification, it is equal to

(1 =) [O‘qwh <1nws(1 + @) (1 = 8pr) + 70 (2 — Tn)%%‘> — ah%ﬁ]

e (1 = (ap + agwn))(1 = ) — aqwiTn
QqWEYh (ln ws(1 + a@y)Spr + Tn(2 — Tn)%ﬁ)
F T (an + o)) (L= ) — g
(1 — (o + cqwn)) (ln ws(1 + ay)spr + (2 — Tn)%%>
my =

(1 — (an + agsniwn)) (1 — v&) — aqwiyn
_ 52 o2
Vh [aqwh <ln ws(1+ a,)(1 — spr) + 7(2 — Tn)Th> — ahf]
(

+
1 — (ap + agsniwn)) (1 — vi) — aqwiyn

Finally, we solve for the price schedule and the intercept of the tuition subsidy schedule:

. w 1
p(q) = Bql/“ with Inp = (Ins(l+ a,)w+mp) <1 — 6_1h) o [wr In(1 — spr) + wpmy]
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