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Abstract

We propose a generalized R&D-based economic growth model that incorpo-
rates endogenous human capital accumulation in terms of education and health
and the public provision of healthcare and basic science. The government taxes
households to pay for healthcare personnel and basic researchers. These employ-
ees are not anymore available for applied research and for final goods production.
Thus, important tradeoffs emerge for economic growth and welfare with respect
to government spending policies. While increasing public spending on health and
basic research may decrease economic growth and welfare in the short run, we show
that they foster economic growth in the medium run and tend to raise long-run
welfare when compared to actual levels of spending in Organisation for Economic
Co-operation and Development (OECD) countries. In addition, since public fund-
ing for healthcare tends to be rather high in most rich countries, the overall public
spending shortfall is lower than previous research has shown. Our results highlight
the importance of understanding the tradeoffs involved when deciding adequate
public funding for healthcare and basic research.
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1 Introduction

How much should governments invest in different areas such as healthcare and basic research to
foster economic growth and improve welfare? To answer this question, we propose a generalized
research and development (R&D) based model of economic growth in which the government
funds basic research, which is an important input in applied R&D, and healthcare expenditures,
which improve individual productivity. We use the model i) to analyze the dependence of eco-
nomic growth on government investments in basic science and in healthcare, ii) for a calibration
to real-world data to highlight the welfare effects of different government policies, and iii) to
address the tradeoffs that governments face when deciding to invest in healthcare and in basic
science.

Most frameworks that have previously been used to analyze the growth effects of healthcare
and of basic science were built around different strands of the literature that disregard at least
one important dimension in this context. The effects of health investments are often analyzed in
models of exogenous economic growth (Solow, 1956; Ramsey, 1928; Cass, 1965; Koopmans, 1965;
Diamond, 1965). Of course, in such models and with diminishing returns to physical capital
in the production process, there are only limited repercussions of health on economic growth.
A few contributions rely on R&D-based endogenous and semi-endogenous growth models of
the Romer (1990) and Jones (1995) types to analyze the effects of health investments (see, for
example, Kuhn and Prettner, 2016; Baldanzi et al., 2019, 2021). The typical finding in this

! However, these

literature is that health investments can raise economic growth and welfare.
frameworks are silent on government expenditures on basic science.

Another strand of the literature is concerned with the effects of government-funded basic
research (see, for example, Gersbach et al., 2013; Gersbach and Schneider, 2015; Gersbach
et al., 2018, 2023; Prettner and Werner, 2016; Akcigit et al., 2020; Huang et al., 2023).> These
frameworks show the importance of basic scientific knowledge as an input in applied R&D,
which is the main engine of long-run economic growth. The typical finding here is that basic
science investments foster economic growth and that the observed levels of investment in rich
countries tend to be much lower than the levels that would maximize welfare. However, these

frameworks are silent on the effects of government expenditures on health.

The discussion so far implies that the only tradeoff analyzed in the discussed literature

'For the importance of health investments in generating human capital and for the long-run conse-
quences of government health investments, see, for example, Weil (2007), Prettner et al. (2013), Schneider
and Winkler (2021), and Kuhn et al. (2023). For empirical evidence, see Weil (2014), Madsen (2016),
Bucci et al. (2021), and Bloom et al. (2024).

2For empirical evidence, see Czarnitzki and Thorwarth (2012), Toole (2012), Minniti and Venturini
(2017a,b), Coad et al. (2021), and Mulligan et al. (2022).
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is whether or not an economy should raise taxes to increase spending on healthcare or on
basic science. The finding that these types of spending are welfare increasing is perhaps not
surprising when there are no other types of spending to consider for the government. By
contrast, governments usually face tradeoffs when planning expenditures in different areas that
may all be growth-promoting and welfare-enhancing.

In this contribution, we are interested how the results of the two separate strands of literature
change once we allow for both types of government expenditures, on health and on basic science.
To this end, we propose a generalized R&D-based growth model that includes the quality-
quantity tradeoff between fertility and human capital accumulation (cf. Prettner et al., 2013;
Strulik et al., 2013; Prettner, 2014). We augment this model to allow for the fact that parents
care not only for the education of their children, but also for their health. In so doing, we follow
Baldanzi et al. (2021) who, however, abstract from public spending on basic research and on
health. To close this gap, we assume that the government seeks to improve people’s health
by employing healthcare personnel. This, in turn, enhances labor productivity in the sectors
that employ workers, e.g., by reducing production losses caused by sick employees. Finally, we
include basic research as a necessary input in the production of applied R&D, which, in turn,
determines economic growth (Prettner and Werner, 2016).

Government investments in healthcare and in basic science both have productivity-enhancing
effects in the medium and in the long run, that is, from time t+1 onwards. However, a rise in the
number of healthcare workers and in the number of basic scientists implies that fewer workers
are available for final goods production and for applied R&D in the short run, that is, in period
t when taxes are raised (for this intertemporal tradeoff see also Prettner and Werner, 2016;
Gersbach et al., 2018; Gersbach and Komarov, 2020). Overall, our model therefore captures a
rich set of tradeoffs in terms of government spending, along with the quality-quantity tradeoff
between fertility on the one hand and human capital accumulation in terms of education and
health on the other. To our knowledge, our model is the first to generalize the previous R&D-
based growth literature to account for all of the following important dimensions: endogenous
fertility, endogenous private health investments, endogenous education investments, and public
funding for healthcare and for basic science.

Using our framework, we find that the welfare-increasing level of government expenditures
on health and basic science is higher than the actual levels in Organisation for Economic Co-
operation and Development (OECD) countries. However, in the short run (in period t), invest-
ments in health and basic science lead to declines in welfare. The reasons for the decrease of

welfare in the short run are that i) taxes have to be increased to fund basic research and health-
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care and this reduces consumption and, thus, welfare; ii) additional healthcare personnel and
additional basic researchers are attracted from the other sectors in the economy, in particular,
from final goods production, which reduces aggregate output. This short-run versus long-run
tradeoff in combination with the fact that governments typically aim for getting re-elected in the
short run could be an explanation for the under-provision of healthcare and basic research from
a long-run perspective (see also Prettner and Werner, 2016; Gersbach et al., 2018; Gersbach
and Komarov, 2020; Chen et al., 2021). In addition, we show that basic research expenditures
are more effective in raising welfare than healthcare spending and that the optimal spending
levels implied by the model do not exceed actual spending levels by a similarly great margin as
in earlier research (Prettner and Werner, 2016).

The policy implications of our findings are that i) raising government expenditures on basic
science and healthcare is worthwhile in the long run; ii) however, the presence of more domains
on which the government can spend its funds productively implies that more care is needed to
design and evaluate the corresponding policies.

Our article is structured as follows. In Section 2, we develop the generalized R&D-based
economic growth model with endogenous fertility, endogenous education, endogenous health,
and government expenditures on healthcare and on basic science. In Section 3, we present
our analytical results that hold along a balanced growth path. In Section 4, we calibrate the
model and solve it numerically for obtaining the transitional dynamics and the welfare effects of
government spending. Section 5 is devoted to sensitivity analyses and robustness checks, while

we conclude in Section 6.

2 The model

2.1 Consumption side

We consider an economy with three overlapping generations: children, adults, and retirees.
Adults decide upon the consumption level ¢;, savings for retirement s;, the number of children
ng, and investments in each of their children in terms of education e;, and health m;. The time
adults do not spend on raising their children, educating them, and caring for their health is
supplied on the labor market. Retirees consume their entire savings carried over from adulthood.
Finally, children do not make any economic decisions; instead, they are fed, educated, and cared

for by their parents. Following Prettner and Werner (2016) and Baldanzi et al. (2021), the
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preferences of a single-parent household are captured by the utility function

ug=Inc + In[(Rep1 — 1)sg] + EInng + Olnep + o lnmy, (1)

where 8 € (0,1) represents the inter-generational discount factor, R;yj represents the gross
interest rate on assets between generation ¢ and ¢ + 1, and £ € (0,1), § € (0,1), and o €
(0,1) are utility weights on the number of children, children’s education, and children’s health,
respectively. This type of utility function is often used in the literature (cf. Strulik et al., 2013;
Prettner and Werner, 2016; Baldanzi et al., 2021) and is based on the “warm-glow motive of
giving” (see Andreoni, 1989). It is a special case of the utility formulation used in Galor and
Weil (2000), and Galor (2005, 2011), which leads to the same tradeoffs in terms of child quantity
(the number of children) and child quality (here education and health of each child). To simplify
the exposition, we assume exogenous mortality and to rule out solutions in which parents do
not have any children at all, we impose the parameter restriction £ > 6 + 0. These are very
important assumptions because they prevent the nonsensical solutions in which parents would
want to invest in children’s education and health, while they do not have any children at all in
the very first place.

For the sake of clarity, we assume that the cost of raising children, educating them, and
providing them with a basic health level requires time of their parents. However, it can be
shown that the model is isomorphic to a more complicated framework in which education and
healthcare for the children are bought by parents on the market. Overall, the budget constraint
of the household reads

(1= 7)(1 —yYny — negny — xmyng)wihy = ¢ + s¢, (2)

where 7 € (0, 1) represents the income tax rate; ¢ > 0, n > 0, and y > 0 denote opportunity
costs in terms of time for child-rearing, education per child, and health investment per child,
respectively; w; is the wage rate; and h; represents effective labor (the human capital of the
household as a composite of its education and health). Solving the optimization problem for the
choices of consumption, savings, fertility, education, and children’s health yields (see Appendix

A for the derivation)

c:w SZM nzﬁ—ai

Tl +e LB +E T+ B+ E) (3)
ezaiqb m:#

ConE—6-0) T xE-0-0)



132

133

134

136

137

138

139

140

141

142

143

The population size at time ¢ + 1 is determined via the fertility rate n; as

E—0—o

N RN )

Lt+1 =nyly =

We assume that the individual human capital level of the next generation depends positively
on (i) education effort by the parents, e;; (i) parents’ productivity in education, Ag; (iii)
healthcare effort by parents for their children, m;*; (iv) parents’ productivity in healthcare for

their children, Aps; and (v) the level of parental human capital h; in the following way:

v 1-v
heer = (Apech)” (Aprmehy)' ™ = <AE§> (AMj;) i 5)

Equations (4) and (5) capture the tradeoffs between child quantity and quality that are sum-

marized in the following proposition.

Proposition 1. An increase in the desire for a large family (£) raises fertility and population
growth but reduces human capital accumulation. Increases in the desire for having better edu-
cated or healthier children (increases in 0 and o) raise human capital accumulation but reduce

fertility and population growth.
Proof. See Appendix B. O

Proposition 1 shows that there is an inverse relationship between population growth and
individual human capital accumulation, which results from the quality-quantity tradeoff in the
optimization problem of the household.

H,, the aggregate human capital stock of the economy, is the product of individual human
capital (h;) and the total population size (L;). Therefore, the human capital stock available for
production, basic and applied research, and healthcare (ﬁt) is given by the aggregate human
capital stock adjusted for the time parents spend raising their children, educating them, and

caring for their health (¢Yn; + negny + xmyng) as

1+

= gt (6)

ﬁt = [1 —Yng — negny — thnt] H;

Note that aggregate human capital accumulation and population growth are again inversely

related.

3Note that, along with the level of education, a better health condition is also an essential component
of individual human capital (cf. Rivera and Currais, 2004; Baldanzi et al., 2021).
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2.2 Production side

The final goods sector, the intermediate goods sector, the applied research sector, the basic
research sector, and the healthcare sector constitute the production side of the economy. The
first three sectors are based on the standard Romer (1990) and Jones (1995) R&D-driven growth
framework. We modify the Romer-Jones structure to account for (i) a tax-financed basic re-
search sector that employs scientists to discover and explain the natural laws and phenomena
required for applied research (Prettner and Werner, 2016), (i7) public healthcare, which en-
hances the productivity of human capital (Kuhn and Prettner, 2016), and (7i) the endogenous
evolution of aggregate human capital in the production process, which depends on fertility, ed-
ucation, and health choices of households (cf. Galor and Weil, 2000; Galor, 2005, 2011; Strulik
et al., 2013). The model structure is displayed in Figure 1, where households demand goods
and supply labor and capital (through savings), the government taxes household wage income
to fund healthcare and basic research, and the different production sectors employ labor or the
saved capital of households to produce their corresponding output. Demand and supply for
all goods are equal due to the market clearing price vector that emerges endogenously by the

interactions between households and firms on the market.

2.2.1 Final goods sector

The perfectly competitive final goods sector employs workers and machines to produce output

Y; according to
-«
Vi— (Hty) " [ e ™
9 0 b

where H;y and Hy s refer to the (embodied) human capital employed in the final good and
healthcare sectors, respectively, A; is the technological frontier, z;; is the amount of the
blueprint-specific machine ¢ used in production, and « is the elasticity of output with respect to
machines. Employment in the healthcare sector raises the health of workers and, thus, affects

their productivity according to H;Y,, where ¢9 > 0 measures the strength of the effect.” We

4Consider the following example. An individual’s human capital level at the time of entry into the
labor force in period ¢ is hy. This human capital level depends on the parents’ decision (in period ¢ — 1)
to devote time to education and healthcare when the individual was young. However, if the individual
becomes ill, even though she continues to work, she may not be able to perform to her full potential.
Public healthcare will assist her in regaining full productivity as soon as possible. As a result, she will be
more productive than if she did not have access to public healthcare. In this context, it should be noted
that public healthcare may have an impact on children’s health. However, for the sake of simplicity, we
are ignoring this pathway here. One worthwhile extension of the current model would be integrating this
aspect and investigating its long-run implications. Note that the health impact on labor productivity is
accounted for as a spillover effect. The strength of this spillover effect in the final goods production sector
is captured by the parameter 9. A similar type of argument can be found in Schneider and Winkler
(2017, 2021).
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assume that government health investments are non-zero such that H; p;y > 0. For a given tech-
nology level and health status (i.e., given A; and Hy ), Equation (7) exhibits constant returns
to scale in Hyy and z;;. Perfect competition implies that the wage rate w;y and the price of

machines p;; are given by the marginal products of workers and machines as

Y;
Hy’

—a Ay
wey = (1—a) (B Hyy) " 1, / 28 di = (1 ) (8)
0

—aat (B2 Hy) 9
ptﬂ a$t,l t,M t’Y : ( )

We observe the standard effects of declining marginal productivity: increasing employment of
workers raises the price of machines, while more intensive machine use and faster technological
progress both raise the wage rate. In addition, better healthcare has a positive effect on the

wage rate and, because it raises labor productivity, also on the price of machines.

2.2.2 Intermediate goods sector

Raw physical capital k;; serves as variable input and one machine-specific blueprint serves as
fixed input in the production of the monopolistically competitive intermediate goods sector,
which produces the machines for the production of the final good. We assume full depreciation
of physical capital over the course of one generation. Thus, operating profits in intermediate
goods production are m;; = pyiki; — Rik; and profit maximization leads to the well-known

monopolistic pricing rule for each firm

Ry
D, o (10)

This pricing rule implies that intermediate sector firms charge a markup over the marginal cost
of production, which leads to positive operating profits. Due to symmetry across firms, each
firm employs k; = K;/A; units of physical capital, where K; represents the aggregate physical

capital stock. Thus, the aggregate production function can be re-written as

«
Y, = (AtHf(}MHt’y) Ke, (11)
where technological progress appears as labor augmenting.

2.2.3 Applied research sector

The applied research sector employs scientists with a human capital stock of H; 4 to design new

blueprints that can be patented and sold to the intermediate goods sector. In applied research,
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the representative firm’s production function is given by
Apyr — Ay = 8, HSY AV Bl H 4, (12)

where §; is the basic productivity of applied scientists, Hf Yy is the effect of public healthcare
on the productivity of applied scientists, B; represents society’s stock of basic knowledge, which
forms the epistemic base for the stock of patented knowledge A; (Mokyr, 2002, 2016; O’Rourke
et al., 2013; Prettner and Werner, 2016; Lehmann-Hasemeyer et al., 2023), ¢; € [0, 1] measures
the extent of intertemporal knowledge spillovers in the applied research sector, and uy € [0, 1]
measures the extent of intersectoral knowledge spillovers from basic to applied research.” For
a given stock of basic and applied knowledge, €1 > 0 measures how strongly public healthcare
enhances the productivity of applied scientists. Similar to Prettner and Werner (2016), no
blueprints can be developed without any basic knowledge By, so we assume that By > 0 and
Ap > 0. Our framework nests the semi-endogenous growth model of Jones (1995) as a special
case. Moreover, the Romer (1990) model could be recovered by switching off the dynamics of

human capital accumulation. We summarize this in Remark 1.

Remark 1. For7=0,0=0,0=0,(>¢v(1+8+E&), u1 =0, 9 =1 =0, and ¢ € (0,1),
our model nests the Jones (1995) framework. Furthermore, if we set 7 =0, £ = ¢¥(1+ B+ €),
0=0,0=0,u1=0,e9 =¢1 =0, ¢p1 = 1 and remove the dynamics of human capital by
assuming a constant individual human capital stock hy = h, the Romer (1990) framework would

emerge from the given setup.

Firms in the applied research sector hire human capital H; 4 so as to maximize their profits
T A = pt,A(slHZl]WAle#lHt,A —wy aHy A (13)

with p; 4 being the price of a blueprint and w; 4 referring to the applied researchers’ wage rate.

This leads to the optimality condition
w4 = pradiHy A7 B (14)

We observe that wages of applied researchers depend positively on the price of blueprints, the
productivity of applied researchers, intertemporal- and intersectoral knowledge spill-overs, and

on the extent to which public healthcare raises scientists’ productivity.

°As in Prettner and Werner (2016), given that patents are partially excludable, whereas the laws of
nature, once discovered, can be exploited by scientists freely, one can expect that the spillovers from
basic research to applied research are greater than the spillovers in the opposite direction.

10
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Following Strulik et al. (2013) and Prettner and Werner (2016), we assume that patent
protection lasts for one generation. Once the patent expires, the right to sell the blueprint is
handed over to the government, which can either consume or invest the associated proceeds.
For a blueprint, firms in the applied research sector charge the entire operating profit of an
intermediate goods producer, that is,

Yy
Pt A = Tt = 04(1 - Oé)z- (15)

t
The reason is that free entry prevails in intermediate goods production. If a firm would not be
willing to pay its entire operating profit for a blueprint, another firm would always be willing

to do so.

2.2.4 Basic research sector

Following Prettner and Werner (2016), the production function of basic research is given by
By — By = 6, H3 AP Bi* Hy p, (16)

where B; is the stock of basic knowledge, d is the productivity of basic researchers, H; g is the
human capital stock employed in the basic research sector, us € [0, 1] is intertemporal spillover
effect within basic research, and ¢ € [0, 1] is intersectoral spillover effect from applied research
to basic research. As in final goods production and applied research, public healthcare raises
the productivity of basic researchers with 2 > 0 measuring the strength of this effect.

A part 1y of the government’s revenue is spent on employing scientists to discover basic
knowledge. Considering aggregate labor supply as given by Equation (6), the tax revenue used

for funding basic research is then given by the left-hand side of

7o7(1 + 3)

heLy = wihe Ly . 17
1+B+€wtttwttt,B (17)

This revenue is used to cover the wage bill of scientists in the basic research sector, which is
given by the right-hand side of Equation (17). It follows that the amount of human capital

employed in the basic research sector is

To7(1 +
Hyp = Loshi = 20 g,

T+ a+et ETOTHt)- (18)

11
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Using the production function (16), basic knowledge evolves according to

_ SamoT(1 4 )

Bii i — B, = H A?2BF2 I, 19
t+1 t 1+5+¢ t, M Pt Ht ()

Note that the accumulation of basic knowledge rises with government spending on it as captured
by the product of the overall tax rate, 7, and the share of spending devoted to basic research,
T0-

In reality, a part of basic research is funded privately, while a part of applied research is,
in turn, funded publicly. We assume the polar case of full public funding of basic research and
full private funding of applied research for tractability reasons. Going more into the details of
the interplay between basic and applied research and their cross-funding would definitely be a
worthwhile topic for further research in the area of innovation economics. Since applied research
is driving productivity and there is also a short-run versus long-run tradeoff for applied research
funding, our results should not change strongly when including the possibilities of privately
funded basic research and publicly funded applied research. In particular, this holds true as
long as the main part of basic research is publicly funded and the main part of applied research

is privately funded.

2.2.5 Healthcare sector

We assume that the government’s budget is balanced so that a share (1 — 7p) of the tax revenue

is spent on the wages of healthcare workers, i.e.,

(1—70)7(1+5)
1+8+¢

wthtLt = wthtLt,M.

Thus, the amount of human capital employed in the healthcare sector is

(1 —70)7(1+ 5)

Hiyv = hilyy = 1+ 5+e

Hy, <E (1- TO)Tﬁt> : (20)

The government aims to improve people’s health by providing healthcare to them and, in doing
so, affects the productivity of human capital in final goods production, applied research, and
basic research as described above when discussing the production functions in the different

sectors.

12
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2.3 DMarket clearing and balanced growth path

The labor market clearing conditions are H; = h; [Liy+Lit a+Le p+Li v = Hyy+Hya+Hy g+
Hy ar and wyy = w4 = wy, g = wy,pr = wi. The first of these equations states that employment
in the four sectors of the economy that produce with labor adds up to total employment. The
second equation states that wages in the four sectors have to be equal, otherwise workers of a
sector that pays a lower wage would have an incentive to move to a sector that pays a higher
wage. Using these conditions and Equations (8), (14), (15), (18), and (20) yields the demand

for human capital in the final goods and applied research sectors as

A%_(’bl Bt—lh Htj]al

Hiy = o , (21)
Hya=H;— Hyp— Hypr — Hyy
(1-7)(1+p) Al pm [(1 —10)7(1+ B) ]‘81
= Hip=~— 2~  “""h.T, — h:L 22
AT A gy ad, 1+5+¢ (22)

The development of new blueprints in the applied research sector is then given by

1 14+e1 1_
a=(12) 0 sz e e - () 4 @)

Note that the last term in this equation is negative, which implies that oscillations can occur.
The reason is that, due to the timing of innovation, an increase in A;y; generates an increase
in the marginal value product of labor in the final goods sector in ¢t + 1 and, thus, a shift of
employment from the other sectors to the final goods sector. This, in turn, reduces the number
of scientists and slows down innovation, which dampens the growth of A from Ay to Asyo.
As a consequence, a shift of employment back from final goods production to the other sectors
occurs. The process continues until the economy has converged to the new balanced growth
path. When simulating the economy numerically, a lower ¢; leads to greater oscillations because
the last term in Equation (23) increases in relative importance.

Capital market clearing requires that aggregate savings are used for physical capital ac-
cumulation and purchasing new blueprints for intermediate goods production, i.e., K;11 =

stLe — pra(Arn — Ar) = 2w by Ly — pra(Arr — Ay). Equations (8), (1), (15), (20), (21),

13
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and (23) yield the aggregate physical capital stock of the next period as

Ba-n@—a)[(1 - m)r@+ gt
K = [ (1+ B + £)iteei 10w K| x
2_ _ —Q
At ¢1Bt M1 At (htLt)l-Hxal—i—(l—a)&o
a(51
ol — )X [ (BN 4 e (1= 6,4 B (Lt —
Ay 1+68+¢ 0 e «

(24)
Finally, with respect to the evolution of the stock of basic knowledge, Equations (19) and (20)

yield
doro(1 — 710)%2 [7(1 + /B)JHEQ
i+6+9m=

Equations (4), (5), (6), (11), (19), (20), (21), (22), (23), (24), and (25) fully characterize the

By = AP BI2(hy L)' 2 + B,. (25)

evolution of the economy in the short-, medium-, and long run. We obtain the analytical results
for the balanced growth path next and afterwards proceed to the numerical assessment of the

transitional dynamics and the welfare implications.

3 Analytical results for the long-run balanced growth

path

From now on, we restrict our attention to the following parameter ranges to ensure the exis-
tence of a balanced growth path and to rule out the empirically implausible scenario of hyper-

exponential growth.

Assumption 1. The intertemporal and intersectoral knowledge spillovers are given by ¢1 €
[0,1), ¢2 € [0,1), p1 € [0,1), and pz € [0,1). Moreover, it holds that ¢1 + p1 < 1 and

G2 + 2 < 1.

The growth rates of the stocks of blueprints and of basic knowledge are then given by

A A A=n)AE)TT =) T -1 o l4er _ 1
PAS T T rprgen AT BIRIOTR S, @9
B 1—B 52T01—T()527'1+5 Lvea —
9t,B = t+Bt "= ( (1 —‘F)B ‘i f()l—l—& ) BéL? lAfz(htLt)l—i_aQ' (27)

The balanced growth factors (henceforth BGFs) of individual human capital, population
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From now on, we assume that

E—0—o E—0—o
" () (ae) )

which ensures that individual human capital and the population will both grow over time. As

aresult, Q@ = AL > 1 holds unambiguously. The following proposition contains the main results

for the long-run balanced growth path.
Proposition 2.

(i) The BGFs of A, B, K, and Y are given by

L e
K= (K;{:l) g = <Y21> |
where
R (e s el
e T B el
gy = L #2)Q2 b1 ten) + (1 ter - o)

(1= 1)(1 = p2) — 2

(ii) The BGFs increase with aggregate human capital accumulation (), with the knowledge
spillovers uy, pa, ¢1, ¢2, and with the strength of the effect that healthcare has in en-
hancing the productivity of workers employed in the applied research sector (1) and in

the basic research sector (¢2). The BGF of GDP also increases with the strength of the

6Note that R; = ap; = o?Y;/K;. Along the balanced growth path, Y; and K; are growing at the

same rate such that R; must be constant, i.e., Ryy1 = Ry = R, for all ¢.
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effect that healthcare has in enhancing the productivity of workers employed in the final

goods sector (£).

(ii) The BGF's are independent of the tax rates, T, 1o, and (1 — 79).

(iv) The BGF of individual human capital (h) increases with the utility weight of children’s

education (0) and health (o), and decreases with the utility weight of the number of children

(&)-

(v) The BGF of the population (L) decreases with the utility weight of children’s education
(0) and health (o), and increases with the utility weight of the number of children ().

(vi) The BGF of aggregate human capital () increases with the utility weight of children’s
education (0) and health (o), and decreases with the utility weight of the number of children

(&)
(vii) The BGF of per capita GDP is given by
W3+eo

g [(40) (ang)™ IR }
L 1+8+¢ YA+B+8)|

g:

The per capita GDP growth factor increases with the utility weight of children’s education
(0) and health (o), and decreases with the utility weight of the number of children (§). It
also increases with the knowledge spillovers uy, p2, ¢1, ¢2, and the strength of the effect
that healthcare has on the productivity of workers employed in the final goods sector (gg),

the applied research sector (1), and the basic research sector (£2).
Proof. See Appendix C. O

The growth models of Prettner and Werner (2016) and Baldanzi et al. (2021) are nested as
special cases within our generalized R&D-based growth model, which we summarize in Remark

2.

Remark 2. Forey =¢e1 = &9 =0, and v = 1, our model nests the Prettner and Werner (2016)
framework, while for eg = €1 = €9 = p1 = pa = ¢o2 = 0 our model nests the Baldanzi et al.

(2021) framework as special cases.

One implication of Proposition 2 is that human capital accumulation is a primary factor
for determining long-run economic growth and, thus, welfare. A second implication is that,

although aggregate human capital accumulation is increasing with the desire for educated and
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healthy children, it is decreasing with population growth. We summarize these insights in

Remark 3.

Remark 3. The ultimate driving force of economic growth is the accumulation of human capital.
This result is in line with standard endogenous economic growth models. However, in our case,
there is a megative association between population growth and human capital accumulation such

that faster population growth can even reduce economic growth.

Furthermore, the growth effect of human capital accumulation is mediated through the basic
research and applied research sectors — because in these sectors new technologies are developed
— and through the health sector, which improves productivity of workers. Higher intertemporal
and intersectoral knowledge spillovers and a stronger effect of healthcare in enhancing the
productivity of workers employed in the applied research, basic research, and final goods sectors

lead to a rise in balanced growth rates. We summarize these insights in Remark 4.

Remark 4. While economic growth is ultimately driven by the accumulation of human capital,
the effect is mediated by basic research and applied research — because in these sectors, new
technologies are developed — and healthcare — because better health raises the productivity of

workers in all sectors.

The effects of § and o on per capita GDP growth that emerge from our model are higher
than in Baldanzi et al. (2021). In Baldanzi et al.’s model, the per capita GDP growth factor
is influenced only by ¢1. By contrast, in our model, the per capita GDP growth factor is
additionally influenced by intertemporal and intersectoral knowledge spillovers such as ¢, 1,
and po. Another reason for the difference between Baldanzi et al.’s findings and ours is that we
incorporate the impact of public healthcare in enhancing the productivity of workers in various
sectors (through the spillover parameters €g, €1, and €3).

The impact of 6 on per capita GDP growth in our model is, in turn, greater than that
of Prettner and Werner (2016), particularly when (i) v = 1 and (i) Agd = Apo. The
inclusion of the effect that healthcare raises the productivity of workers and the corresponding
spillover terms eg, €1, and €9 play a crucial role in explaining this difference. We would also
like to highlight that, unlike in Prettner and Werner (2016), who do not consider health and
healthcare investments, a rise in parental health investments for children (through a rise in o)

increases the per capita GDP growth factor in our model.
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4 The transitional dynamics

We now simulate the dynamic system represented by Equations (4), (5), (6), (11), (19), (20),
(21), (22), (23), (24), and (25) to illustrate our analytical results numerically and to examine the
economy’s behavior during the transition. We use 20 years as the length of one generation, which
corresponds to the duration of patent protection. We consider data of the 30 OECD countries
such as Austria, Belgium, Chile, Czechia, Denmark, Estonia, France, Greece, Hungary, Iceland,
Ireland, Israel, Italy, Japan, Korea, Latvia, Lithuania, Luxembourg, Mexico, Netherlands, New
Zealand, Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland,
and United States. This is because basic research data for the rest of the OECD are not
available. Table 1 summarizes the parameter values that are either taken from the literature
(cf. Auerbach and Kotlikoff, 1987; Jones, 1995; Acemoglu, 2008; Prettner and Werner, 2014,
2016; Baldanzi et al., 2021) or otherwise adjusted so that the model’s predictions are consistent
with the population growth rate and the economic growth rate of OECD countries from 2000 to
2019, with the data taken from OECD (2023). We are considering data until 2019 because the
COVID-19 pandemic disrupted economic activity in the years afterwards. Data on the fraction
of GDP that OECD countries spent on basic research and the fraction of GDP spent on publicly-
funded healthcare between 2000 and 2019 are taken directly from OECD (2023) and we also
get the population growth rate and per capita GDP from this source. The simulated value of
the population growth rate is 12.96% over 20 years, which is a reasonable approximation of
the inter-generational population growth rate of 12.94% for the countries considered. Similarly,
the simulated GDP growth rate is 54.16% over 20 years. This, too, is reasonably close to the
inter-generational GDP growth rate of 53.44% for the countries considered.

In line with Prettner and Werner (2016), the discount factor 8 is computed based on a yearly
discount rate of 1.9% and we choose the parameter value a = 1/3 as it is common practice (cf.
Jones, 1995; Acemoglu, 2008). In addition, we calculate basic research as a percentage of GDP
in 2019 for the mentioned OECD countries as 0.4523% and public health expenditure as a
percentage of GDP as 9.9%. Thus, the required tax rate to fund basic research (i.e., 779) is
0.004523x%(3/2)=0.0067845 (because o« = 1/3) and the required tax rate for funding public
health expenditure (i.e., 7(1 — 7)) is 0.0990%(3/2)=0.1485. As a consequence, the values of 7
and 7y are 0.1552845 and 0.044, respectively.

The effect of an increase in total government expenditure (basic research and health expen-
ditures together) on the growth rates of basic knowledge, technology, per capita GDP, and the
physical capital stock (or aggregate GDP) are shown in Figures 2b, 2d, 2f, and 2h. We assume
that the economy initially moves along the balanced growth path. After the fifth period in the

18



Parameters Values Sources

g 0.6892 Auerbach and Kotlikoff (1987), Grossmann et al. (2013a,b),
Prettner and Werner (2016)

a 1/3 Jones (1995), Acemoglu (2008), Prettner and Werner (2016)

P 0.052 Baldanzi et al. (2021)

i 0.1552845 OECD(2023a,b)

T 0.044 OECD(2023a,b)

n 0.139 Prettner and Werner (2016)

X 0.139 Authors (similar to Prettner and Werner (2016))

3 0.8491  Baldanzi et al. (2021)

7 0.4 Baldanzi et al. (2021)

o 0.3 Baldanzi et al. (2021)

Ag 1.18 Authors

Ay 1.128 Authors

o1 0.4 Prettner and Werner (2016), Baldanzi et al. (2021)

¢2 0.05 Prettner and Werner (2016)

A 0.3 Authors (close to Prettner and Werner (2016))

fo 0.3 Prettner and Werner (2016)

€0 0.001 Authors

€1 0.001 Authors

€9 0.001 Authors

0 1 Prettner and Werner (2016)

92 1 Prettner and Werner (2014)

v 0.5 Baldanzi et al. (2021)

Table 1: Parameter values for the numerical analysis
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335 numerical analysis, we increase government expenditures by 1 percentage point in terms of GDP.
136 Thus, 7 increases from 0.1552845 to 0.1702845 (0.01x (3/2)+0.1552845=0.015+0.1552845=0.1702845).
337 The rise in public spending has the effect of drawing labor away from applied research
18 towards basic research. This slows down the expansion of applied research (see Figure 2d),
330 while accelerating the evolution of basic knowledge (see Figure 2b). Because basic knowledge
30 is a necessary input for applied research, the accumulation of new blueprints accelerates in the
321 medium run despite a short-run slowdown. In the short- and medium run, the physical capital
sz stock grows faster than if no policy changes were put into effect (see Figure 2h). As a result
a3 of the temporary slowdown in the accumulation of applied research, economic growth in terms
sa  of per capita GDP slows down in the short run, whereas growth in per capita GDP picks up
us in the medium run (see Figure 2f). However, there is no growth effect in the long run because
a6 the beneficial growth effects of increased investment in basic research gradually fade away. This
a7 is expected due to the semi-endogenous growth structure of the model (see Jones, 1995). The
ss  effects of an increase in 7 on the levels of the different variables are shown in Figures 2a, 2c, 2e,
a0 and 2g. The solid (red) line illustrates an economy that experienced a rise in 7, whereas the
30 dashed (blue) line depicts an economy that did not experience such an increase. The level of
351 basic knowledge (Figure 2a), the number of patents (Figure 2c¢), aggregate output (Figure 2g),
2 and per capita GDP (Figure 2e) are all higher in the economy with a rise in 7.

353 As mentioned above, the oscillating pattern emerges because of the timing in the discrete
s5¢  version of the R&D-based growth model. The rise of A;y1 raises the marginal value product of
355 labor in the final goods sector and draws employment away from the other sectors, including
356 applied R&D. This reduces innovation activity in period ¢+ 1 and, thus, the accumulation of A
357 between periods t + 1 and ¢ + 2. As a consequence, the marginal value product of labor in the
358 final goods sector falls again as compared to the other sectors and employment shifts back. The
30 greater ¢, the smoother is the transition. However, if ¢; reaches very high levels, the model
30 would not predict the economic growth rate accurately anymore.

361 The effect of a change in the composition of government expenditures in favor of basic
sz research vis-a-vis health expenditure (i.e., a rise in 79) on the growth rates of basic knowledge,
363 technology, per capita GDP, and the physical capital stock (or aggregate GDP) are shown in
364  Figures 3b, 3d, 3f, and 3h. Again, we assume that the economy initially moves along the
35 balanced growth path and that an increase in the composition of government expenditures in
366 favor of basic research by 1 percentage point occurs after the fifth period. Thus, 7y increases
sz from 0.044 to 0.054.

368 The rise of 7y has the effect of drawing labor away from the final goods sector towards basic
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research. This slows down the expansion of final goods (see Figure 3h), while accelerating the
evolution of basic knowledge (see Figure 3b). Because basic knowledge is a necessary input for
applied research, the accumulation of new blueprints accelerates in the short as well as in the
medium run. In the short and medium run, the physical capital stock grows faster than if no
policy changes were enacted (see Figure 3h). Economic growth in terms of per capita GDP
slows down in the short run, whereas growth in per capita GDP picks up in the medium run
(see Figure 3f). Again, there is no growth effect in the long run.

The effects of an increase in 7y on the levels of the different variables are shown in Figures 3a,
3¢, 3e, and 3g. The solid (red) line illustrates an economy that experienced a rise in 79, whereas
the dashed (blue) line depicts an economy that did not experience such an increase. The level
of basic knowledge (see Figure 3a), the number of patents (Figure 3c), aggregate output and
the capital stock (Figure 3g), and per capita GDP (Figure 3e) are all higher in the economy
that witnessed a change in the composition of public expenditure in favor of basic research.

Figures 4b and 4a display the impact of an increase in the value of the weight of children’s
education in the parental utility function () by 1% after the fifth period on the per capita
GDP growth rate and on the level of per capita GDP. We observe that, after the increase in 9,
the economy exhibits a higher growth rate as compared to no change. Similarly, an increase in
the value of the weight of children’s health in the parental utility function (o) leads to a rise in
the per capita GDP growth rate (see Figure 4d). By contrast, an increase in the desire for a
large family (&) leads to a fall in the growth rate and the level of per capita GDP as shown in
Figures 4f and 4e . These are exactly the effects we stated in Proposition 2 part (vii) and they
are also consistent with the empirical evidence (Brander and Dowrick, 1994; Ahituv, 2001; Li
and Zhang, 2007; Cohen and Soto, 2007; Hanushek and Woessmann, 2012; Herzer et al., 2012).

Figure 5 illustrates the impact of increases in the value of intertemporal and intersectoral
knowledge spillovers ¢1, ¢, p1, po, and the strength of the effect of healthcare in enhancing
the productivity of workers employed in the final goods sector (), applied research sector (£1),
and the basic research sector (e3) by 5 percentage points on the per capita GDP growth rate.
The results confirm the analytical findings expressed in Proposition 2 part (vii).

Next, we focus on the welfare effect of the policy change. Our objective is to determine
whether a tax policy change leads to an improvement in welfare. If it does, we also aim to
identify the optimal tax rate that maximizes welfare over a specific time period. Individuals in
our analysis value both present and future consumption, the number of children they have, as
well as the education level and the health status of each child (see Equation (1)). As a result, we

assess the effects of changes in basic research and healthcare expenditures on utility levels over
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utility()-utility(benchmark)

0.01

Time 0 0 7 shock

Figure 6: Changes in lifetime utility for changes in 7 over different time horizons (x-axis)
and different changes in 7 (y-axis)

Note: The figure displays the difference in aggregate utility levels between inhabitants of an economy
that changes its public policies related to basic research and healthcare and inhabitants of an
economy without such a change. The time horizon is displayed on the x-axis, while the change
in 7 is displayed on the y-axis. If the difference is positive, the inhabitants of the economy with
the corresponding change in 7 are better off in the relevant time period (because the social welfare
is higher). The shaded plane corresponds to the case in which inhabitants of both economies are
equally well off, that is, the difference equals zero.
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Figure 8: Changes in lifetime utility for changes in 7 for the time horizon N = 50
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different time horizons, and various changes in these public expenditures (7). The difference in
the overall utility level between the inhabitants of an economy that implements changes in its
basic research and healthcare policies and the inhabitants of an economy that does not make
such changes (i.e., AT = 0) is depicted in Figure 6 (and also in Figure 7 from a different angle).
Aggregate utility is calculated by summing up the average lifetime utilities until time horizon

N according to
N

Un =Y N7, cip1,6,m,m), (31)
j=1

where A\ = 1/(1+ p®) represents the social discount factor with p® being the social discount rate
and u;(cj, ¢j11,€e,n, m) represents the value of life divided by the consumption level in our case
of a logarithmic utility function (cf. Hall and Jones, 2007).”

We follow the standard Millian type of welfare measure approach, where the average indi-
vidual determines social well-being. Note, however, that the positive welfare effect of fertility
and, thus, population growth is still accounted for because n shows up in Equation (31) as
one of the determinants of individual utility. If we used the Benthamite type of welfare mea-
sure instead, Equation (31) would still apply but the social discount factor would change to
A=1/(14 p® —n). In addition, this social discount factor would now be different between the
baseline scenario and the scenario with the parameter change. There would be an additional
beneficial effect of population growth because it increases the population size over time and,
thus, aggregate utility (as compared to average utility in the Millian approach). The effect
would be that all policy measures that reduce fertility get an additional “punishment” in terms
of utility and, thus, they would become less worthwhile from a welfare perspective. In our case,
it would mean that optimal expenditures for health and basic research decrease.

In Figure 6, the time horizon is represented on the X-axis. Initially (prior to N = 0),
the economy progresses along a balanced growth path, and at N = 0, it encounters a policy
change (7), the magnitude of which is depicted on the Y-axis. The corresponding change in
overall utility, compared to the benchmark scenario without a policy change, is shown on the
Z-axis. The graph illustrates that an increase in government expenditure on basic research and
public healthcare initially leads to a decline in welfare in the immediate years following the
impact. This is because of the increase in taxes that reduce consumption and the fact that
healthcare and basic research both attract workers from the other sectors such as final goods
production, which decreases in the short run (in period t). However, increases in government

expenditures on basic research and public healthcare enhance economic growth from period t+1

"The value of life is given by u;(c;,¢jt1, e,n,m)/u(c;j, cjy1,e,m,m) = c;j - uj(cj, cjr1,€,m,m), which
is the Millian utility function multiplied by the consumption level in the case of logarithmic utility.
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Figure 9: Changes in lifetime utility for changes in 7y for the optimal level of 7 over
different time horizons (x-axis) and different changes in 7 (y-axis)

Note: The figure displays the difference in aggregate utility levels between inhabitants of an economy
that changes its public policies related to basic research and healthcare and inhabitants of an
economy without such a change. The time horizon is displayed on the x-axis, while the change in
7o is displayed on the y-axis. If the difference is positive, the inhabitants of the economy with the
corresponding change in 7y are better off in the relevant time period (because the social welfare
is higher). The shaded plane corresponds to the case in which inhabitants of both economies are
equally well off, that is, the difference equals zero. Note that for the optimal size of the budget (i.e.,
for the optimal level of 7), a rise in 7y represents a higher level of investment by the government in
basic research at the cost of healthcare.

onwards, which raises long-run welfare levels (cf. Prettner and Werner, 2016; Gersbach et al.,
2018; Gersbach and Komarov, 2020). After 50 generations, the welfare levels show a positive
response to a slight increase in public healthcare and basic research expenditures. However, this
positive response turns negative once a certain level of public spending is reached. This suggests
that for each increase in 7 and for each time horizon, an optimal rate of public spending (i.e.,
Toptimal) €Xists that maximizes welfare. According to our results, maximum welfare after 50
generations will be achieved by raising 7 to approximately 18.6%, which corresponds to 12.4%
of GDP (see Figure 8). This level of public spending on both basic research and healthcare
surpasses to a substantial degree the current expenditure levels in the specified OECD countries
corresponding to approximately 10.35% of GDP in 2019.

Finally, we examine the effect that a change in the composition of government expenditures
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Figure 10: Figure 9 from a different angle

has on welfare. Figure 9 shows that when the government selects the optimal size of the budget
(i.e., when 7 equals 18.6%, which corresponds to 12.4% of GDP), welfare increases if the level
of investment by the government in basic research rises at the cost of government healthcare
expenditure. As Figure 11 suggests, there is no interior level of 7y for which welfare would be
maximized. Of course, before we can jump to any policy conclusions on this aspect, it needs to be
cautioned that basic research enhances economic growth directly in our model, while healthcare
has only an indirect effect through its impact on enhancing the productivity of workers in
different sectors. Moreover, we have not considered longevity increases related to healthcare
investments and the associated effects on welfare. Prior research has shown that this effect
typically dwarfs the welfare effect of healthcare that is due to rising economic growth (Kuhn
and Prettner, 2016). Therefore, incorporating endogenous longevity is an important aspect for

further research. However, doing so will increase the complexity of the model considerably.
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5 Sensitivity analysis

5.1 Sensitivity analysis with respect to parameter changes

As previously indicated, the parameter settings for the illustrative simulation were chosen to
represent either observed data from OECD countries from 2000 to 2019 or common sense derived
from empirical findings, as they are frequently used in other research. However, as stated in
Prettner and Werner (2016), measuring intertemporal and intersectoral knowledge spillovers
is exceptionally difficult. Most research calibrates the relevant parameters so that the model’s
projected growth series match the observed ones, which is the approach that we followed here as
well. In this section, our purpose is to demonstrate that our qualitative findings are fairly robust
to changes in the spillover parameters ¢1, ¢2, p1, and po. In doing so, we simulate growth in basic
knowledge, applied knowledge, GDP, and per capita GDP in three alternative scenarios: (i) a
low spillover scenario with ¢1 = 0.38, ¢o = 0.03, 1 = 0.27, and pe = 0.28; (iz) a high spillover
scenario with ¢ = 0.47, ¢o = 0.07, u1 = 0.34, and p2 = 0.35; and (#i7) an intermediate spillover
scenario corresponding to our baseline specification with ¢; = 0.40, ¢o = 0.05, u1 = 0.30,
and po = 0.30. Figure 12 depicts the growth effects, with the red dashed line indicating the
high spillover scenario, the blue solid line representing the intermediate spillover scenario, and
the green dash-dotted line reflecting the low spillover scenario. In summary, boosting public
spending on basic research and healthcare (an increase in 7) results in a medium-run rise in
the growth rates of basic knowledge, applied knowledge, per capita GDP, and aggregate GDP
(or physical capital), a short-run slowdown in the growth rates of these variables, and no long-
run growth effects. Thus, our findings related to growth rates remain valid across all of these
specifications.

In addition, we examine how changes in spillovers affect the sensitivity of welfare. We
observe an interior optimal level of public expenditure on basic research and healthcare (7) for
each generation irrespective of whether the intersectoral and intertemporal knowledge spillovers
are low, high, or at the intermediate level. Nevertheless, the optimal public expenditures on
basic research and healthcare (7) are sensitive to changes in the intersectoral and intertemporal
knowledge spillovers. Figure 13 exhibits the effects of increases in aggregate utility for low
spillovers (green dash-dotted line), intermediate spillovers (blue solid line), and high spillovers
(red dashed line) up to generation N = 50. The peak of the change in utility concerning a
change in 7 increases with an increase in spillovers. In particular, for the low spillover scenario,
the peak occurs at 7 = 0.162, which corresponds to 10.8% of GDP, and for the high spillover

case, the maximum occurs at 7 = 0.231, which corresponds to 15.4% of GDP. Nonetheless, the
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Note: The solid (blue) line refers to the intermediate spillover scenario, the dashed (red) line refers
to the high spillover scenario, and the dash-dotted (green) line refers to the low spillover scenario.

optimal public expenditure on basic research and healthcare (Toptimal) from the point of view of
future generations is still higher in all three scenarios than the levels presently observed in the

above-specified OECD countries.

eLow eIntermediate 0High OLow Olntermediate | OHigh
0.38 | 0.4 0.417 1 0.28 | 0.3 0.37
Toptimal | 0.178 | 0.186 0.189 | 0.174 | 0.186 0.190

Table 2: Sensitivity of the long run optimal public expenditure rate on basic research
and healthcare (i.e., 7) with respect to the preferences of households

Similarly, we examine the sensitivity of welfare to changes in the weight of children’s educa-
tion (#) and health (o) in the parental utility function. We set higher and lower bounds of these
values according to Table 2 in which intermediate values correspond to our benchmark specifi-
cation. We observe an interior welfare-maximizing level of 7 for each generation irrespective of
whether # and o are low, high, or at the intermediate level. However, the optimal value of 7 is
again sensitive to changes in the high and low values of # and 0. Figure 14 exhibits the effects

of increases in aggregate utility for a low value of 6 (green dash-dotted line), an intermediate
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value of 6 (blue solid line), and a high value of # (red dashed line) up to generation N = 50.

As the value of 0 increases, so does the peak of the change in utility due to a change in
7. Specifically, for the low value of 6 (00w = 0.38), the peak occurs at 7 = 0.178, which
corresponds to 11.87% of GDP, and for the high value of § (fpign = 0.417), the peak occurs at
7 = 0.189, which corresponds to 12.6% of GDP. Figure 15 exhibits the effects of increases in
aggregate utility for a low value of o (green dash-dotted line), an intermediate value of o (blue
solid line), and a high value of o (red dashed line) up to generation N = 50. As is evident from
Figure 15, the change in utility due to a change in 7 rises as the value of ¢ grows. For instance,
for the low value of o (o1,0w = 0.28), the peak occurs at 7 = 0.174, which corresponds to 11.6%
of GDP, while for the high value of o (onigh = 0.317), the peak occurs at 7 = 0.190, which
corresponds to 12.67% of GDP.

5.2 Effects of relaxing central assumptions

We had to apply a number of assumptions and modeling choices to keep the model tractable
and accessible for the reader. In this subsection, we discuss some central assumptions and how

the results would change if we relax or modify them. First of all, we abstracted from endogenous
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life expectancy depending on private and public healthcare. Including these important aspects
would complicate the model substantially but is definitely a worthwhile avenue for further
research. Endogenizing life expectancy would raise the welfare effects of health spending as
prior literature has shown (cf. Hall and Jones, 2007; Kuhn and Prettner, 2016; Chen et al.,
2021; Schneider and Winkler, 2021) and, thus, strengthen the result that current spending
levels of the government are too low from a welfare maximizing perspective. With respect to
the result that basic research spending promotes welfare by more than healthcare spending, we
expect that this result would weaken and, likely, even be overturned.

Another crucial point is the choice of the social welfare function. While our Millian approach
includes population growth as a positive component of the value of life and of welfare, it could
be argued that a social planner should put even more weight on the number of individuals and,
thus, attain the perspective of the Benthamite approach. Doing so would reduce the desirability
of spending on healthcare and basic research because they reduce fertility in our model.

Finally, as far as relaxing the assumption of full public funding of basic research versus full
private funding of applied research, we would not expect large changes. The reasons are that
i) still the largest part of basic research is funded publicly, whereas the opposite holds true for
applied research. This means that our assumption is arguably not too far from reality; ii) since
basic and applied research are both growth-promoting and come with an investment phase so
that welfare would be reduced in the short run, our qualitative findings should be robust to

changes in this assumption.

6 Conclusion

We present a highly general R&D-based endogenous growth model emphasizing the role of
patentable applied research, publicly-funded basic research, and publicly-funded healthcare. In
so doing, we nest two recent contributions by Prettner and Werner (2016) and Baldanzi et al.
(2021) as special cases. We use the model to assess the growth and welfare effects of public basic
research and public healthcare investments and to illustrate the role of healthcare for enhancing
productivity in various sectors of the economy.

Overall, we show that the basic insights of the previous literature remain intact from a
qualitative perspective even in a situation in which different growth and welfare promoting
areas are in competition regarding public funding. We show that an increase in publicly funded
basic research and health expenditures is still welfare improving as compared with the observable

spending levels in the OECD. However, as compared with the results of Prettner and Werner
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(2016), the quantitative findings are altered to the extent that the welfare-maximizing level of
expenditures does not anymore differ from the actual expenditure levels by such a wide margin.

The two main economic policy implications that emanate from our research are that i)
government expenditures on basic science and healthcare are worthwhile and still these areas
are under-funded from a welfare-maximizing perspective; ii) in the presence of more domains on
which the government can spend its funds productively, it is even more important to consider
thorough cost-benefit analyses to make sound policy decisions and to understand the various
tradeoffs involved.

Interesting avenues for future research include i) endogenizing life expectancy depending on
public and private healthcare in a realistic way and assessing the extent to which the welfare
implications for the split between health expenditures and basic research expenditures changes;
ii) extending the proposed model to the context of a developing country that is far from the
technological frontier and imitates innovations that were made in developed countries. Presum-
ably, investments in basic research would not be similarly important in such a setting and health
expenditures would become more prominent; iii) designing a model in which governments have
even more scope for enacting different policies such as childcare subsidies, education subsidies,
research subsidies (see, e.g., Minniti and Venturini, 2017a,b), etc., and using the model to an-
alyze the extent to which different policies contribute to increase welfare; iv) modeling more
explicitly the interactions between private and public healthcare and the complementarities and
tradeoffs that they imply; v) modeling in more detail the interaction between basic and applied
research and acknowledging that a part of applied research is carried out publicly funded and
a part of basic research is carried out privately funded. While we do not expect that this leads
to strong changes in our qualitative and quantitative findings on the growth effects of public
healthcare and public basic research policies, doing so may lead to additional insights that are

valuable for innovation research.
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Appendix

A Derivation of the optimal values for c¢;, s;, n, €,
and my
Using (1) and (2), we set up the Lagrangian as

L=Inc,+PIn[(Ry1—1)s¢) +E&lnng +0lne, + olnmy,
+ A[(1 = 7)(1 — ¢ng — megng — xmung)wihy — ¢ — ¢

The first-order conditions are given by

oL 1

. — = Al
oL B
oL
— =0 = £ A1 = 7) (¢ + ney + xmy)wihy, (A.3)
8??,15 ¢
oL 0
aiet =0 = Zt = )\(1 — T)nntWtht, (A4)
oL o
p T 0 = o A1 — 7)xnewihy, (A.5)
oL
o 0 = (1 —7)(1—1ng—nemny — xmyng)wihy — ¢ — s = 0. (A.6)
Dividing (A.4) by (A.5), we obtain
o
XxXmg = %et. (A.7)
Dividing (A.1) by (A.2), we obtain
St = 5015- (AS)

Dividing (A.3) by (A.4) and using (A.7) yields

Oy
P ) A9
fnE-0-o0) (49)
Inserting the value of e; into (A.7), we get
oy
my = —————. A.10
" X(E-0-0) (A10)
Dividing (A.3) by (A.1) and rearranging yields
(1 = 7)(% + ner + xmu)ngwihy = &cr. (A.11)
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Inserting (A.11) into (A.6), we get

(1 — 1wihy — (1 — 1) (¥ + ner + xmy)npwihy — ¢p — s¢ =0

(1 — T)’U)tht
R Ay (4.12)
Therefore,
B(1 — T)wihy
- /v* A.13
A T J: (A-13)

Inserting the values of ¢, s, €;, and m; into (A.6) and rearranging, we obtain

E—0—-o0
ng = ——-. A.l14
RTINS (A1
B Proof of Proposition 1
The partial derivatives of fertility n, with respect to &, 6, and o are
%_1+B+9+0> ong 1 <0
06 w(A+p+8* 00— Y(A+p+E 7 B.1)
o Y(A+B+E
The partial derivatives of individual human capital h;11 with respect to &, 6, and o are
O AN AR
=—|Ag— Apr— ——h
o€ ( En) ( Mx) (UETE
v 1-v N
Ohiy1 (AE%> <AM%) Ohe v A7 B IS S
0~ E-6-0) T P €600 " (B.2)
v 1—v
[ ol r
Ohi11 (AE5> (AM?) Yhi (1 v)Ay <A ‘7>_1 + ! >0
9o E—-0-0) X X E—-0-0)

C Proof of Proposition 2

(2) Growth rates of the endogenous variables have to be constant along the balanced growth

path. Thus,
gt+1,A — gt A

gt,A
L=+ B [(1 = 1o)7]"!
(1+ 8+t
1—7)(+ 8" [ - 70)7]

€1
1
_ o1—1 pua 1+e; _ +
- (T+ B+ &)= HAT B L) T =

. hesr Lot \ T (A \ P! (B “1:1
ht Lt At Bt

A ¢1—1 B 1
Qliter (2L 1) g, 1
( g’ L (©1)

=0 = grr1,A=g1,A

SLAY B (hepa L) — —
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9t+1,B — 9t,B
——— =0 = @#B=6+1.B

9t,B
82701 — 70)2 [T(L+ BT o1 (i Jtes
(14 B + &)ltez By A (hepi L)

domo(1 — )2 [T(1+ 14e2 _
A I O st g e

N hos1 Lot N2 (A \ ¥ (B “2_1:1
hy Ly A By

$2

B 1+e A 1—
( g1> _ itz <Zl> " (C.2)
Inserting Equation (C.2) into Equation (C.1), we obtain
~ (Ate1)(A—po)+(1+eg)
A= <A;1+1> =0 1(+1*1¢>11)(1‘:2#:)i;211m =¥, (C?))
t

Therefore,

~ B (I+eo)(1—¢1)+(1+e1)92
B = < éJrl — () G eD0n2)—dan1 = Y2 (C,4)
t

Along the balanced growth path, Y; and K; must grow at the same rate. Thus, Equation (11)
suggests

V= Yit1 _ Ay 2=¢1 B\ " (Hipim \ 07 _ Kt i (C.5)
S\ Y Ay By H; v Ky ) ‘
~ ~ (1—po)(2— e ea—3)
— <Y§/+1> — VK= (Km) _ TR e _ waten (C.6)
t t

(#¢) First, let us focus on the signs of ¥; and Ws. We know from Assumption 1 that
¢1 €10,1), p2 €1[0,1), u1 € [0,1), and pg € [0,1). Furthermore, ¢1 + p1 < 1 and ¢o + po < 1.

p1+p <1 = < (1—¢1) (C.7)

P2+ p2 <1 = ¢ < (1—p2) (C.8)
¢1 €[0,1),¢2 €10,1), 41 € [0,1), u2 € [0,1), Equation (C.7) and Equation (C.8) together imply
g2 < (1= ¢1)(1 — p2)
= [(1 = ¢1)(1 — p2) — pap2] > 0

Note that as (14+€1) > 0, (1—pu2) > 0 and (14e2)u1 > 0, we get [(1 4+ e1)(1 — p2) + (1 4+ e2)p1] >
0, and as (1+¢2) >0, (1—¢1) > 0 and (1+e1)¢2 > 0, we get [(1 +e2)(1 — ¢1) + (1 +€1)¢2] > 0.

Consequently,
(I+e)(d —p2)+ (I +e)m

(1= ¢1)(1 — p2) — g2
(1+e2)(1—¢1) + (14 €1)2
(1= ¢1)(1 — p2) — 2

As we assumed in the paper that 2 > 1 (see page 15), therefore In(2) > 0. Consequently, we

Uy = >0

and Wy = > 0.
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get the following results.

>0 >0

>0
67;1 _ (1 —p2)[(T4+e2)(1—1)+ (1 + 51)¢2]flln(9) >0
o1 [(1—¢1)(1 —p2) — ¢2M1]2 ’
>0
~L . X

BIn(Q) >0,

OB _ P2 [(T+e)(1—¢1) + (1 +e1)h2) 7
[
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>0
>0 >0 >0
af{ _ (1 — ,U,Q)[(l + 62)(1 - le) + (1 + 51)¢2]KIH(Q) >0
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>0 >0 >0
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] >0 >0 >0
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>0 >0 >0
A _ (1= m)[(+e)m + (1 +e)(1— o)l 7 In(Q2) > 0
Op1 [(1— ¢1)(1 — p2) — popa]” 7
>0
o ~ —
9B _ "¢ [(L+ep)m + (L+en)(L - “MBIn(Q) >0
961 (1= ¢1)(L - p2) — popun]? o
>0
>0 >0 >0
OK _ (1= m)[(1+e2)m + (1 +e)(1 - o) = In(Q) > 0
Ip1 [(1— ¢1)(1 — p2) — popa]” ’
>0
3 >0 >0 >0
04 T (L + e2)pn + (L +e1) (1 — “2)]71111(9)\ >0
D (1= 61)(1 — pr2) — dopua]’ T
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Ay >0 -
9B _ (1—=¢)[(1 +e2)pr + (1 +e1)(1 — “2)]’5? 0
O¢2 (1= ¢1) (1 — p2) — pou]? n(@) >0,

>0
22 ~ >0

OK T {(1+ ) + (L +en)(1— po)] =70

02 (1= 61) (1= p2) = o)
=0
0A 0B oKk -
deg 9 8—80:K1n(9)>0,
/—iL >0
04 _ (1 — p2) ’A_IH(HQ) .
Og1 (1= ¢1)(1 — p2) — ¢opu] 7
>0
2 >0
05 _ ’:;;\ BIn(Q) >0
de1 [(1— 1)1 — p2) — dap] n(Q) >0,
>0
— -0
aiK: (1_,u2) KID(Q)A>O
Oer [(1—d)(1 — p2) — o] !
>0
= >0
9A M —_—
92y [(1—01)(1 — pa) — ¢2M1]A1H(Q) 20,
>0
/—3L >0
9B _ (1-¢1) m -
dea [(1—¢1)(1 — p2) — o] ’
>0
=0 >0
OK _ i KIn(Q) >0
Dea (1 — d1)(1 — pi2) — opua] n(2) = 0.
>0
(iid)
0A _ 9B _ 0K _
otrg  Ot10 O7TTo ’
dA _ OB B OK 4
or(l—m) Or(l—19) O1(1—19) .
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oh 0\" o\ 1 "
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n E—0—o0

oh (AE%)V(AM% 1_V¢ vAgp <A 9>_1+ 1 ] 50
o “ ( )| T

_ 0 v o 1—v
ah_ (AEE> (AMQ (G (1—-v)Aym A o 71_‘_ 1 -0
9o E—0-0) X <Mx> E—0—0)|
(v)
@_1+6+9+a>0_ oL ~1 0 oL ~1 —0
0 Y(A+B+6)?T 7 00 Y(1+p4+E) T 9o Pp(I+p+E
(vi)
v 1—v
o () (we)
ot (1454 ¢)? ’
v—1 1—v
oo 5E(4ef) (Aw)
06 (1+8+¢) ’
oo _ A5 (Aef) (Ang)
oo (1+8+¢)

(vii) Let us now focus on the sign of ¥3. We know that us € [0,1), ¢1 € [0,1), and
¢2 €10,1).
p2 €[0,1) = (1—p2)>0

¢r1el0,1) = (1-¢1)>0
p2€[0,1) = (1—¢2) >0
(61> 0)and (1— 1) >0 = (2— 1 +&1) >0
(e2>0)and (1 —¢2) >0 = (1 +e2—¢2) >0
Therefore, [(1 — p2)(2 — 1 +¢e1) + 1 (1 +e2 — ¢2)] > 0. As a result,
(I—p2)2—¢1+er) + (Ll +e2 —¢)
(1 =011 — p2) — 192

Furthermore, we assumed that £ > +0 (see page no. 5). &g is also non-negative by assumption.
Consequently,

Uy = >0

<0 >0
>0 ~~
9y _~~[ -1 1+ﬁ+9+0}
9 _ v Sk il IV}
o~ Y [(1+B+£)H Iy
>0

>0 >0
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Note that as (1+¢1) > 0, (1—p2) > 0and (14+e2)p1 > 0, we get [(1 +e1)(1 — p2) + (1 + e2)p1] >
0, and as (14+e2) > 0, (1—¢1) > 0and (1+&1)pa > 0, we get [(1 +£2)(1 — ¢1) + (1 +&1)¢2] > 0.
Moreover, (1 — p2) > 0, p11 > 0, and [(1 — ¢1)(1 — p2) — ¢p2u1] > 0. Therefore,

) >0 >0 -0
0y _ (1—p2)[(1+e2)(1—¢1) + (1 +e1)do] =
o Q=00 =) —ggr? @) >0
>0
20 A 50
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>0
>0 >0
s — >0
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501 =00 — ) — g ? @0
>0
20 ~ >0
07 Pl +e)d —p2) + (1 +e)u] 5
Opa (1= ¢1)(1 — p2) — dopun]? ]yln(Q) 20,
>0
gg = §1n(Q) > 0,
i 1 -~ ) =L
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>
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9 e ——
dza  [(1—¢1)(1 — p2) — <Z52M1]ylnm) =0
>0
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