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Abstract: This paper outlines a quantitative global multi-region model to assess
the importance of country-level investment incentives towards innovation at the level of
5,633 regions of heterogeneous size. While incentives vary across countries (and time),
the responses are largely heterogeneous across regions within as well as across countries.
The reason for this heterogeneity roots in average technology differences — in terms of
the production of both output and innovation — as well as in the geography (location)
and amenities across regions. The model and quantitative analysis take the tradability of
output as well as the mobility of people across regions into account. In the counterfactual
equilibrium analysis we focus on the effects of R&D-investment incentives on three key
variables — place-specific employment, productivity, and welfare — in a scenario where
investment incentives towards innovation are abandoned. We find that the use of policy
instruments which are designed to stimulate private R&D are globally beneficial in terms
of productivity and welfare. In particular, low-amenity, peripheral places, and ones where
patenting is relatively less common than elsewhere benefit more strongly than others,
which implies that the studied nation-wide investment incentives also work as place-
based policies. According to the quantification, about one-tenth of the long-run growth
rate of real GDP on the globe can be attributed to the use of R&D investment incentives

as used in the year 2005 alone.
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1 INTRODUCTION

Technology and productivity are key drivers not only of production potential of places
but also of the attractiveness for mobile factors to locate there and, hence, of demand
potential and well-being. The technological capabilities of production factors located in a
place are influenced to a major extent by local innovation and the capability of absorbing
innovations generated elsewhere. Policy makers have a number of instruments at hand
which are particularly aimed at stimulating innovation for exactly that reason. Earlier
research concerned with the effect of innovation incentives — where innovations are com-
monly measured by patent filings and other patenting behavior — on economic outcomes
focuses largely on reduced-form effects, which abstract from general-equilibrium reper-
cussions. One related strand of reduced-form work focuses on the effect of R&D tax
incentives on innovation (see De Jong and Verhoeven, 2007, for the Netherlands; Ernst
and Spengel, 2011, for multiple EU countries; Westmore, 2013, for 19 OECD countries;
Araclia and Botric, 2013, for Croatia; Baumann et al., 2014, for European countries;
Czarnitzki et al., 2014, for Canada; Boesenberg and Egger, 2016, for 106 countries).
Another strand of reduced-form work highlights the effect of R&D tax incentives on
productivity (see Caiumi, 2011, for Italy; Hallépée and Garcia, 2012, for France; and
Cappelen et al., 2007, for Norway). The shortcoming of reduced-form analysis is that
quantitatively potentially important interdependencies of outcomes, markets, and places
are ignored by assumption. Also, the heterogeneity of places in their response to even
a homogeneous treatment of economic policy is beyond the reach of a reduced-form
analysis, at least to the degree that is suggested by general-equilibrium theory.

The present paper adopts a structural approach, which permits accounting for di-
rect and indirect (spillover plus general-equilibrium) effects of customary innovation-
stimulating policies. For this purpose, it formulates, estimates key parameters of, and
calibrates a quantitative, multi-place model of trade and factor mobility among places in
order to assess the economic value of innovation incentives and their consequences for the
location of supply and demand across places as well as for the well-being of consumers
there. With this agenda, the paper particularly relates to three lines of work. The one
on the social cost-benefit and aggregate analysis of individual tax incentives towards
R&D (see Cornet, 2001, and Lokshin and Mohnen, 2012, for the Netherlands; Parsons
and Phillips, 2007, for Canada; and Bloom et al., 2013, for the United States) which
is based on reduced-form estimates but aims at accounting for effects on various out-

comes. The structural aggregate (macro-economic) modeling approach in Atkeson and



Burstein (2018), which permits gauging global effects of innovation policies, abstracting
from the multi-place structure of the world economy. And a host of studies with a focus
on structural-quantitative, multi-region models with mobile goods and factors without
a deeper consideration of innovation policies (see Allen and Arkolakis, 2014; Ahlfeldt
et al., 2015; Donaldson and Hornbeck, 2016; Nagy, 2017; Allen and Donaldson, 2018;
Monte et al., 2018; Caliendo et al., 2015 and 2018; Desmet et al., 2018; Donaldson, 2018;
see Redding and Rossi-Hansberg, 2017, for an extensive review of that line of work).

The model we propose builds on Allen and Arkolakis (2014), Desmet et al. (2018),
and Allen and Donaldson (2018) and describes a world in which each place is unique in
terms of amenities, productivity, and geography. Firms have an incentive to innovate as it
improves their productivity and competitiveness. However, the benefits from innovation
which are exclusive to the firm are short-lived, and knowledge about any newly-invented
technology becomes public after one period. The technology available to firms in a
place evolves through an endogenous dynamic process. Innovation is produced under
constant returns to scale, using research labor for each unit of innovation produced. In
contrast to Allen and Arkolakis (2014) and Desmet et al. (2018), total factor productivity
consists of a random and a chosen part through (optimal) investments in innovation. The
parametrization and estimation of the endogenous productivity component as well as of
the dynamic technology process are at the heart of the paper’s interest. Firms benefit
from R&D investment incentives in places, ceteris paribus, as they reduce the costs
of generating innovations all else equal. Firms use patented as well as non-patented
innovations in doing so.

Our analysis considers 5,633 places/regions in 213 countries around the globe, where
the delineation of places follows the definition by the Organization of Economic Cooper-
ation and Development (OECD) and their Regional Patent-statistical Database (REG-
PAT). For the estimation of the R&D-worker-specific productivity shifter, we use region-
specific efficiency levels that are recovered from the model structure and five country-
specific indicators on R&D investment incentives which are geared towards innovations
from Boesenberg and Egger (2016).

In the counterfactual equilibrium analysis we focus on the effects on three key vari-
ables — place-specific employment, productivity, and welfare — in a scenario where in-
vestment incentives towards innovation are abandoned. There are three main take-aways
from the analysis. First, the use of policy instruments which are designed to stimulate

private R&D are globally beneficial in terms of productivity and welfare. In other words,



also countries and their regions who do not use such instruments benefit from their use
elsewhere due to technology spillovers. Second, the long-run relocation effects due to
a hypothetical abolishment of R&D tax incentives are substantial and lead to a re-
shifting of the population towards high-density areas (i.e., centrally-located ones with
great exogenous amenities). Hence, transport accessibility and good exogenous ameni-
ties work as a quasi-insurance against adverse innovation policy shocks. Analogously,
the quantitative analysis suggests that a nation-wide innovation policy works indirectly
as a place-based policy, where low-amenity, peripheral regions benefit, ceteris paribus,
relatively strongly than high-amenity, centrally located ones. Low-amenity, peripheral
regions, ceteris paribus, gain relatively in international competitiveness from national
R&D policies due to the cross-border mobility of labor.

Furthermore, the quantitative analysis suggests that about one-tenth of the long-
run growth rate of real GDP on the globe can be attributed to the use of R&D policy
instruments as used in the year 2005 alone. The findings also imply that only a relatively
small fraction of that should be attributed to the stimulus on patenting, but the share
of non-patented innovations triggered by such policy instruments is relatively large.

The remainder of the paper is organized as follows. Section [2] presents the model,
states the equilibrium conditions for each period and defines the underlying assumptions
for a unique balanced growth path to exist. Section [3| discusses the calibration of key
model parameters, including a methodology to determine or estimate them. Section

presents the results of our counterfactual analysis. Section [5] concludes.

2 THE MODEL

We consider a world where S is a set of regions r on a two-dimensional surface, i.e.,
r € S. Region r has land density G, > 0, where G, is exogenously given and normalized
by the average land density of all regions in the world. The world is inhabited by a
measure L of workers, who are freely mobile between regions and endowed with one
inelastically-supplied unit of labor each. Fach region is unique in terms of geography,

amenities and productivity.

2.1 INNOVATION AND PRODUCTION

In each region, firms produce product varieties w, innovate, and trade subject to iceberg

transport costs. A firm’s production of w per unit of land in the intensive form is defined



as

grt(w) = drt(w)™ zpt(w) Lye(w)”, 1,0 € (0,1]. (1)

Output depends on production labor per unit of land, L,+(w), and the firm’s total factor
productivity, which is determined by two components: an endogenous innovation com-
ponent, ¢,+(w), and an exogenous, product-specific productivity factor, z,;(w), which
is drawn from a Fréchet distribution with location parameter T, = Trtiﬁ‘t and shape
parameter 6, where a > 0 and 6 > 0. Where in the productivity distribution a firm is
located depends on the total workforce at region r in period ¢, L,¢, and the region’s level
of efficiency, 7.

The value of 7,¢ is determined by an endogenous dynamic process, which depends on
past investments into local innovations, and the capability of absorbing innovations that
were generated elsewhere and now diffuse globally. Assuming a first-order autoregressive

process about efﬁciency,E] we postulate
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where 1,72 € (0,1) and W, is an rs-specific technology diffusion weighting scalar. The
value of ~9 determines the strength of technological diffusion. The higher 2, the more a
region benefits from own investments in technology. In return, low levels of v imply that
the aggregate level of investment into technology in a region is relatively more important
than local investments.

Firms have an incentive to invest into innovation as it improves their productivity in
. This allows them to post a higher bid for the regionally fixed factor of production,
land. However, due to a decreasing marginal product of labor, the innovation effort will
be finite. The latter is guaranteed by the parameter configuration where land intensity
is larger than the cost normalized innovation intensity in production, [1 — u| > 1 /€. In-
novation, ¢,¢(w), is produced under Cobb-Douglas technology and with constant returns
to scale, such that a firm has to employ v, (w)$ h;tl additional units of labor in order to
innovate, where h,; > 1 is a region-time-specific R&D-worker productivity shifter, which
reduces the cost of innovation per unit of innovation produced. The latter will be key to
the analysis here, as it captures the influence of R&D tax incentives.

Firms enjoy the benefit of their innovation for only one period. In the next period all

! Allowing for a longer memory in the process would be technically straightforward. E.g., Allen and
Donaldson (2018) consider a second-order process. However, the available data for the present paper do
not permit doing so, as the time series available for each region is extremely short, as will become clear
below.



entrants to the market have the same access to technology. This simplifies the dynamic
profit maximization to a sequence of static problems. After learning their productivity
draw zq¢(w), firms maximize their profits with choosing the level of employment and

innovation through

L (%%X ) prt(w) QZ)TIE(W)’Y1 Zrt(w) Lrt(w)” - wrt[Lrt(W) + Qbrt(w)gh;tl] — by,
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where p,; is the price a firm charges for a product that is sold in region r and period t.
A firm’s productivity affects prices without changing unit costs, o,¢, such that p,(w) =

ort/zrt(w), with
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Fach firm considers their production unit costs as given, which is why o, is not product-
specific. b, reflects the firms’ bid rent for land, which can be derived from the first-order

conditions as a function of the per-unit costs of innovation w;+¢+(w)® hr_tl, so that

— 1} Vwrtqﬁrt(w)ghr_tl. (4)
2.2 INNOVATION AND TOTAL EMPLOYMENT
Total employment in region r at period ¢ is the sum of production workers, L,;(w), and

innovation workers, v¢.+(w)sh,;', so that

L) = L) + 0¥l = L) |14 24, 5)

where the last equality follows from the first-order relation between production labor

and innovation labor,

Lrt (w)
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2.3 UTILITY AND CONSUMPTION

When choosing residence in region r, a representative worker in period t derives utility

from local amenities, a,¢, and from consuming a set of differentiated product varieties w



with CES preferences according to
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where a,; are amenities at r in ¢, with a,; being an exogenous amenity attribute and
A > 0 being a congestion externalities parameter. C; is the real consumption bundle,
and o € (1,00) is the elasticity of substitution between products w.

Consumer-workers earn income from work, wy, and from local ownership of land.
Local land rents are uniformly distributed among all residents in a region, i.e., the land
rent per resident is by¢/L;. As we assume that agents cannot write debt contracts with
each other and there is perfect local competition, it follows that each consumer-worker

spends all her income. Hence, the indirect utility is defined as

Wrt + brt/I:rt

Prt ’ (8)

Urt = QrtYrt = Art
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where Py = T' (152 +1)77 s TitlowtCrs]~%dk] ? is the price index in region r and
period t. As in Eaton and Kortum (2002), the share of consumption in region r of

products produced in region s is determined by

Tt [OW'tC'rs]ia
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Trst =
where (s > 1 denote the iceberg costs of transporting a product from r to s.

2.4 EQUILIBRIUM IN EACH PERIOD

Profits and utility are maximized within each period, as neither firms nor consumers are
forward-looking; see also Desmet et al. (2018) and Allen and Donaldson (2018).
The equilibrium population density will be evaluated as a measure of the location

specific utility, u,¢, such that

E urtl/Q
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where Q is a Fréchet dispersion parameter of a location-specific preference shock as in

Desmet et al. (2018).@ Overall, population mobility is restricted by the location-specific

ZNotice that location-time-specific utility, u,¢, and, more specifically, the amenity parameter, a,., is
proportional to average migration costs in region r. In general, residence-region-specific migration costs
are isomorphic to location-specific amenities. Hence, the population-share specification in (10]) accounts



preference parameter (£2), an amenity-reducing congestion parameter (A) and the land-
intensity in production (1 — p).
Product-market clearing requires total revenues in region r to be equal to total ex-

penditures on products from region r. Hence,
wT‘tGT’ET‘t = / 71'r‘stwstC’st/st ds Vr,seS, (11)
S

where L,; can be replaced with L,; as production labor is proportional to total labor
across all regions.

In equilibrium, population density in each region is determined by , replacing
ur¢ by the indirect utility in . The product-market clearing pins down wages, with
substituting into and using this expression to replace it into the trade share @,
which in return can be substituted in .

An equilibrium exists and is unique if dispersion forces are greater than agglomeration
forces. Hence,

« 71
— 4+ = < A+1- Q . 12
TR < Ad+l—p+ (12)

Static agglomeration forces

Static dispersion forces

A detailed proof of the uniqueness condition can be based on the insights from Allen
and Arkolakis (2014), Desmet et al. (2018) and Allen and Donaldson (2018), and it is
presented in Appendix

2.5 BALANCED GROWTH PATH

In a balanced growth path (BGP), technology growth rates are constant and identical

ML is constant over time and

across regions at constant fundamentals, implying that
space, and % is constant over time. Firms’ investment decisions into innovation are
constant, but they differ across regions. In order for a BGP to materialize, we assume
that the R&D-worker-specific productivity shifter is constant over time, h,; = h,, in the

BGP as well as in the transition towards it. Rewriting the endogenous dynamic process

in , the growth rate of 7+ can then be expressed as

1-—
Trt4+1 _ ¢9'\/1 |:/ WTSTst :| -2 . (13)

for such costs.



That growth rate relative to region s’ is

Tt 7] [0t ] T [ S WasTnds ] (14)
fs WerTrydr ‘
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Trt Tst

In a BGP, (M T“—“) = 1. Furthermore, for a BGP to exist, technological dif-
fusion, which is governed by W,s, needs to be uniform across space, implying that
(s WesTstds ] [¢ WerTpedr] = 1, see Egger and Pfaffermayr (2006)@ Desmet et al. (2018)
propose to specify W,s = [%] ,Vrs, and we follow them in this regard. With the latter
assumption, reduces to

I = O
Trt |:¢rt:| =2 |:Lrth7':| (1-72)e
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Then, there exists a unique BGP of the system, if
a N 71
—+ = + _— < A+1—p4+Q (16)
0 ¢ [1—2]¢ —_——

Static dispersion forces
Static agglomeration forces Dynamic agglomeration forces

which is the same as in Desmet et al. (2018); see Appendix for a proof.
In the BGP, aggregate welfare and real consumption growth depends on the pop-
ulation density, the R&D-worker-specific productivity shifter and their distribution in

space, according to
C 1177 mp 18 0 L
U 1% — 1
Uyt Crt S 7 + pé S
where a,; = ar¢11, as the population density in each region is constant over time in the

BGPH

3 CALIBRATION OF KEY MODEL PARAMETERS

To compute the quantitative multi-region equilibrium for each time period from a given
year to the steady state (long run), we need the parameters contained in the equations

above and summarized in Table [I Apart from parameters that are common to all

3To see this, consider the following thought experiment. Suppose each region r would receive the
same time-invariant, common growth impulse. If [fs WirsTstds # fs WsrTredr], the same impulse would
have region-specific consequences due to the importance of the regions’ location in the spillover network.
Then, the same impulse would be amplified (or moderated) to a heterogeneous degree, and regional
growth would be heterogeneous in the BGP, as a result.

1A detailed derivation of the growth rate of aggregate welfare is presented in Appendix



regions and region-specific land endowments which are given in the data, these are initial
efficiency levels in production and exogenous amenity levels for all regions, R&D-worker-
specific productivity shifter as well as trade costs between all pairs of regions. Table
alludes to the sources of these parameters, some of which are collected from other work

and some of which are derived (computed or estimated) here.
— Table [ about here —

We organize the remainder of this section in subsections which pertain to important
model blocks based on which estimating equations are formulated or key parameters can

be backed out.

3.1 DELINEATION OF REGIONS AND LAND ENDOWMENTS

The delineation of regions used in our analysis is dictated by the definitions used in
the Regional Patent-Statistical Database (REGPAT) of the Organization of Economic
Cooperation and Development (OECD).E] In 2005, REGPAT distinguishes 5,633 regions
across 213 countries on the globe. The size of regions by land mass (somewhat less so
by income or patenting) differs to a large extent. In some countries the granularity of
regions is very fine, while it is coarse in others. In some cases, even a whole country is
a region (e.g., in some African or Asian and South American countries). This pattern
is related to the intensity of patenting in a country: economies with more patents tend
to be organized in a more fine-grained fashion, while the ones with less patenting tend
to be more coarsely captured. Figure [I| shows a world map of all regions that indicates
all countries in the sample with a red color and countries not part of the sample with
a white color. In the figure, country borders are drawn in blue and regional borders in
yellow. Whenever region and country borders coincide, the yellow region borders are not

visible.
— Figure [I] about here —

The map shows that REGPAT region are relatively small (and numerous) in North
America (United States, Canada, and Mexico) and Europe. We can link the REGPAT
regions with spatial information from two sources: (i) the Geographical Information
and Maps (GISCO) database from Eurostat for spatial information on European coun-

tries (NUTS3 regions, 2010), and (ii) the Global Administrative Areas (GADM) spatial

®The REGPAT database links the Worldwide Statistical Patent Database (PATSTAT) from the
European Patent Office (EPO) to 5,633 regions across the globe, utilizing the addresses of the applicants
and inventors.
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database on administrative boundaries for all other countries. We extract the land mass
for each region using ArcGIS software after excluding water sheds within the bound-

aries of a region and normalize the region-specific land mass by the average landmass,

S
% Z’r:l G""

3.2 TRADE-COST-FUNCTION PARAMETERS

In constructing trade costs, we employ three ingredients: (i) fast-marching-algorithm-
based transportation costs between pairs of 1° grid cells along the lines of Desmet et
al. (2018), using passing-through parameters from Allen and Arkolakis (2014)ﬁ (ii) a
correspondence of these transport costs to the level of REGPAT regions by weighted
averaging them within regions as explained in Appendix (iii) the consideration of
discontinuities in trade costs at national borders due to tariffs and linguistic proximity.
Tariffs and common language are among the most important factors which are used in
parameterizing the international trade-cost function beyond mere transportation costs.
We follow the customary approach to specify the trade-elasticity-scaled trade costs as
a product of their scaled ad-valorem ingredients — here a transport-cost factor, a tariff
factor, and a language factor. We specify the tariff factor between regions r and s as
(1 + tarif fs) "%, where tarif f, is the weighted applied import tariff on manufactures
in 2005 (which differs between most-favored-nation partners and customs-union or free-
trade-area members). To acknowledge the language factor in trade costs we follow Melitz
and Toubal (2014) and use exp(p X proxling,s), where prozling,s € [0, 1] is the linguistic
proximity and p = 0.078 is the corresponding parameter estimate favored in Melitz
and Toubal (2014, p.357, Table 3, column 6) on their Automated Similarity Judgment

Program (ASJP) measure, which we use here.

3.3 INITIAL EFFICIENCY DISTRIBUTION

Simulating the model requires knowledge on the spatial distribution of the initial ef-
ficiency (7,¢) in the benchmark year 2005. We use the product-market clearing con-
dition in to rewrite 7+ as a function of observables, replacing the R&D-worker-

specific productivity shifter, which is unknown at this point, by the BGP relationship,

5We modify those costs by symmetrifying them (using the average for costs from r to s and s to
r) and by assuming that intra-cell transport costs are (essentially) zero as is customary in quantitative
Ricardian work (see Eaton and Kortum, 2002; Donaldson, 2017).
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where ;3 = a — (1 — p)f. We numerically solve for 7' 72 by applying a standard
contraction mapping procedure and using observed levels of population densities, L,
and wages, wy¢, for the benchmark year 2005. Population levels are from SEDAC and
wage levels from the G-Econ Project, which are both aggregated to the regional level as
described in Appendices and respectively. Technical details on the derivation
of are presented in Appendix .

3.4 ESTIMATION OF THE PRODUCTIVITY SHIFTER FOR R&D WORKERS

To estimate the R&D-worker-specific productivity shifter governing the BGP and the
transition towards it, h,, we use along with the derived (scaled) initial efficiency
distribution from the previous section[] Taking logs of the BGP relationship and multi-
plying both sides with the exponent (2 — 72) obtains

071(2 —72) = 7, nE2—) —
log | 73772 /7272 = 202 Bl oo (L /Lo | + o2 Nog [y /s - 19
g[ /T (1 —72)¢ g[ / } (1 —72)¢ g fr/hs] 19)
We parameterize h, as
hy = exp(D,8 + |lat,|D,~ + d|lat,]|), (20)

where D, describes a vector of binary R&D-policy indicators from Boesenberg and Egger

(2016) which are measured in the same year as h, (here, 2005). The indicators in D, are

"Using the BGP relationship to estimate the R&D-worker specific productivity shifter implicitly
assumes that all regions in the sample are growing at the steady-state rate already in 2005. Notice
that also Desmet et al. (2018, pp. 927 and 929) have to assume that the data are characterized by a
BGP in order to determine the relative importance of technology inertia and diffusion parameters. We
have to make this assumption also in order to calibrate the productivity levels across regions in the
benchmark year and to link it to the R&D-policy variables. For robustness regarding the latter, we
ran the analysis only for OECD member countries, including Singapore, and found that the parameter
estimates in estimating are very similar when running the regression for the mentioned sub-sample
relative to the full data-set (see Table [7]|in the Appendix). However, we should admit that solving for
Tr¢ in Subsection inevitably requires assuming all places to grow at the BGP rate. Otherwise, the
market-clearing condition for goods for all places depends on both {7¢, hrt} for every {rt}. Hence,
the mentioned robustness analysis should be taken with a grain of salt. We also reran the analysis for
all non-OECD member countries (excluding Singapore). In this subsample of 434 regions, only two
out of five R&D-policy instruments are used, and the most important instrument in this sample are
tax holidays. We present the table summarizing the corresponding results for OECD countries plus
Singapore on the one hand (5,199 regions) and the other 434 regions as Table [7|in the Appendix.

12



country-specific and pertain to all regions in a country. Specifically, D, includes a binary
indicator variable for partial exemptions of returns on R&D investments, also known as
patent boxes (Dpatentbox, ), R&D investment related grants from the government which
act akin to subsidies (Dgrants,), tax credit on R&D investments (Dtaxcredit,), tax
holidays for firms with R&D investment (Dtaxholiday,), and any form of deductions of
R&D investments from profits other than super deductions (Ddeduc,). In any case, a
binary indicator is set to unity, if the respective kind of provision is in place in the year
2005 and zero else. We use binary indicators for R&D instruments for one specific reason:
combining these instruments into specific rates requires information about the detailed
investment structure of firms in each region and time. These data are not available
globally.

Additionally, we include an interaction term of each binary R&D policy indicator
with the absolute value of the latitude of the region’s centroid (|lat,|D,) for two rea-
sons. First, it allows us to account for differences on how productively a region can
use an adopted R&D policy instrument depending on its distance to the equator. No-
table contributions that have highlighted a relation between a firm’s ability to adopt
new technologies and its distance to the equator are Theil and Chen (1995) and Hall
and Jones (1997), among others. And, second, it adds variation in the marginal effect
of country-level policy instruments across regions. Clearly, the absolute value of the
latitude is a better representation for between- rather than within-country variations
when considering the ability to adopt new technologies. However, there is also evidence
for a within-country variation as a number of economies in our sample display a clear
north-south divide in economic activity, e.g., [taly, France or the USE] The specification
which takes interactions of the national binary R&D policy environment with latitudes
into account allows for general latitude-related patterns of the unobserved investment
structure of firms, which affects the bite of the R&D-policy environment for R&D-cost
reductions.

We refrain from explicitly modeling any budgetary effects of the considered R&D pol-
icy instruments for the following reason. The employed instruments affect the marginal
tax rate on returns generated from R&D in a highly nonlinear way. However, as countries
do not report specific tax revenues generated from such investments, it is not possible to

validate a structural form of the associated nonlinear relationship. From this perspective,

8We tried to estimate (19) using a region-specific remoteness index being interacted with each bi-
nary R&D-policy indicator. The results are comparable to the ones presented here, but remoteness
interactions are less statistically significant than latitude interactions.

13



it appears customary to resort to a reduced-form nexus between the instruments and in-
novation and consider treatment effects of the instruments based on this reduced-form
nexus by embedding it in the structure of the general equilibrium rnodel.[ﬂ

As the location decision of individuals is endogenous to the productivity potential of

a region, we instrument log(L,) in the year 2005 with a region-specific remoteness index
in logs, log(R,) = log(areashare,) + log (% Zle Crs). After substituting log(h,)
with (D, + |lat,|D,~ + é|lat,|) according to (20), we estimate with two-stage least
squares (2SLS) to obtain the parameter estimates {@, B,‘y\,g} based on data for
the baseline year ¢t = 2005.

In Table 2] we summarize all variables which inform this procedure. The table is
organized in three vertical blocks: the one at the top summarizes moments of the scaled
initial efficiency, the land and population distribution as well as log(L, ), which combines
the two and the remoteness index; the one in the center summarizes the elements of D,
as well as |lat,| used in |lat,|D,, underlying the parametrization of h,; and the block at

the bottom provides information on registered patents per unit of land in region r from

REGPAT, which will be further discussed in the decomposition exercise in Section
— Table 2l about here —

While the information about the population and land data may be interesting to
some readers, we suppress a discussion here for the sake of brevity and rather focus on
the R&D-policy instruments used in the parametrization of h,. The respective indicators
suggest that more than two-thirds of the regions operated under a regime with tax credits
(Dtazcredit,), while other R&D-policy instruments were used much less frequently (by
fewer countries or by countries with not very fine-grained regions) in 2005. For example,
a grants system was applied in only about eight percent of the regions, and deductions,
tax holidays, and patent boxes were used in only about two to three percent of the
regions.

The parameter estimates and some other statistics based on the aforementioned pro-
cedure and data are summarized in Table | There, we report on marginal effects of

the covariates in for three specifications. The first column presents the ordinary

9Modelling tax revenue effects more explicitly with the R&D tax instruments at hand would require
detailed information in the structure of a region’s capital stock (the ratio of buildings versus machinery
in that stock and its financing, etc.), see Egger and Loretz (2010). As such information is not available
for the regions at hand, we resort to the parsimonious approach adopted here.

0Notice that trade frictions are among the few exogenous parameters in the model. Hence, they are
natural candidate instruments for endogenous variables in the model. Any (highly nonlinear) reduced
form of the model would involve trade costs as a determinant of every one of the endogenous variables
in the model.
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least squares (OLS) results, while columns (2) and (3) show the results from the 2SLS
regression, which takes the potential endogeneity of an individual location decision into
account. The second and third columns differ, as the specification in column (3) controls
for continent fixed effects, while the one in column (2) does not.E Apart from marginal
effects of log(L,) as well as individual elements in D, and the absolute value of the
latitude we report the overall model fit through the correlation of the data with the
model prediction as well as the number of observations (regions) used for estimationrzl
As key variables of interest are measured at the country level, all standard errors and

test statistics are robust to clustering at the country level.
— Table Bl about here —

We document in the upper block of Table [3 that the proposed instrument is highly
relevant. The OLS and second-stage 2SLS results suggest that more densely populated

regions (i.e., ones with higher values of log(L,)) have higher efficiency values, as pre-
dicted by the model. Comparing the parameter on log(L,) in column (1) to those in
column (2) and (3), it becomes evident that accounting for endogeneity not only reduces
the importance of population density on efficiency levels but also reveals significant ef-
fects of country-specific R&D policy instruments on regional efficiency. The latter is
concealed by the bias of the OLS estimates. In particular, tax holidays (Dtaxholidays,)
and grants (Dgrants,) tend to raise efficiency according to columns (2) and (3), while
patent boxes (Dpatentbox,; a back-end incentive which primarily promotes the owner-
ship but not the invention of patents) reduce efficiency levelsrzl Also regular deductions
(Ddeducy) of R&D investments from profits display a positive effect on efficiency levels.
The explanatory power of the model is relatively high, as can be seen from the overall
fit measured by the correlation coefficient between the data and the model prediction
as reported at the bottom of the table. Overall, these results document that, as postu-
lated and hypothesized, a favorable so-called front-end R&D-policy environment indeed
appears to have cost-reducing effects on innovation and productivity — which is the very
intention of the associated policies — and, hence, boosts productivity as intended in a

way which is measurable at the regional level.

" Continent fixed effects inter alia capture the heterogeneity in the granularity of regions as classified in
REGPAT. Moreover, they capture a heterogeneity at the macro-regional level in terms of the desirability
of patenting among innovative firms.

12(Clearly, as the elements in D, are binary, what we report is the average effect of an indicatoir being
unity versus zero for the considered R&D tax-policy instruments.

13Patent box is the only policy instrument in our analysis for which the invention does not need to
have taken place at the same location as where the tax incentive would be enjoyed. This is why the
point estimate is likely to differ in sign compared to other instruments.
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In what follows, we will use the specification in column (3) as the preferred model,
since its explanatory power is relatively highest among the two 2SLS models, and the
parameters on R&D policy instruments are all statistically relevant predictors of regional
efficiency levels. Given the parameter estimates, we obtain an estimate of h, for each

region r in 2005 and the transition towards as well as the BGP as
hy = exp(D,.3 + |lat,|D,d + d|lat,|). (21)

The R&D-policy instruments included in D,. jointly contribute to a sizable variation

~

of log(h,) in the data. We illustrate the latter by way of a kernel density plot in Figure
2

— Figure 2] about here —

3.5 TECHNOLOGY AND EFFICIENCY-EVOLUTION PARAMETERS

Table [If summarizes the assumed values of the technology parameters {«, 0, u} and the
efficiency-evolution parameters {&, v} which we take from others’ work. Here, we focus
on the two remaining parameters {71,72} which are elemental but for which existing
estimates are not available given the adopted model structure. Specifically, the BGP
implies that welfare grows according to . Taking logs and expressing for a finite

number of regions obtains

log(urtr1) — log(ure) =log(yrt+1) — log(yre)

(I—=7), 1. 7 1=, - o
ZTlog(E) + glog(\ll) +— log(; (Lshs) T23¢),
(22)
where ¥ = gi/gg and S = 5,633. Note that equation depends on both population

density (L) and on real-income (y,1+1,yrt). Either type of data is available at the
1° x 1° resolution from the G-Econ 4.0 Research Project at Yale University. However, as
the estimation is informed by parameter values established in the estimation of Section
, we employ the population data from SEDAC for consistency.@

For identification of the parameters it is useful to see that the left-hand side of

is indexed by ¢, whereas none of the parameters and variables on the right-hand side

““Whereas SEDAC provides gridded population data with an output solution of 30 arc-seconds (ap-
prox. 1 km at the equator), the G-Econ project provides the same data on an aggregated 1° x 1°
resolution. We use population data from SEDAC directly to avoid measurement error from aggregation.
However, we reran the analysis with population data from the G-Econ Project as a robustness check,
and the parameter estimates do not change significantly, when doing so.
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is. Moreover, 7, can be expressed as a function of 75 (and vice versa), and all the
other parameters are known at this point. Hence, for a single year, 72 could be exactly
solved for. For identification we pool the mentioned data for ¢t € {1990, 1995, 2000} and
t+5 € {1995,2000, 2005} and approximate the log difference between years t+1 and t by
the average annual change within any five-year interval. We use the estimated parameter
@ of Section and rearrange all parameters dependent on v, in to express
them as a function of v9. Noting that 1,72 € (0,1), we can search for the optimal value
of 2 by doing a grid search on the unit interval with an objective function that minimizes
the sum of squared residuals between the left-hand side and the right-hand side of
for the mentioned three year tuples {¢,t + 1} together. Adopting this procedure obtains

the grid-search estimates 42 = 0.979 and the implied 4; = 0.234 as listed in Table

3.6 PATENTED VS. NON-PATENTED INNOVATIONS

Patenting is often used as a measure of innovation (see e.g., Griliches, 1990; and Nagaoka
et al., 2010). However, not all innovations are patented. In fact, non-patented innova-
tions appear much more common than patented ones on average (see more details on
this in the discussion below). The model structure allows us to obtain a measure of the
overall innovation level for each region, ¢,¢, and data on patenting permit attributing it
to patented innovations versus (residual) non-patented ones.

For this, we use data on patent registrations, assuming a Cobb-Douglas relationship:

bt = (phatentyorr (pliestyl=air - Taking logs we obtain

log(¢rt) = a1y log(¢r ™) + (1 — ay) log(¢ri™), (23)

1—v9

where ¢4 Trf“ according to the BGP relationship in , phatent is a measure of

patent registrations from REGPAT, ¢f¢ is a measure of non-patented (unobserved)
innovations, and «aj, € (0,1) is a region-specific Cobb-Douglas weight. Table [2| reports
figures on patent registrations at the bottom, which are expressed in normalized units
of land, G,. The two lines at the top of the respective block pertain to a regional
denomination of patents according to the residence of inventors (inv), whereas the two
lines at the bottom of the respective block pertain to a regional denomination of patents
according to the residence of applicants (app). For each concept, we report the average
normalized patent registration counts for 2005 as well as the patent stock counts from
1995 to 2005. The respective figures suggest that inventions are more dispersed than

applications (i.e., applications are more concentrated). This pattern shows in higher
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first and second moments of patent applications as well as in a higher frequency of zeros
across regions in the applications data than the inventions data, which is not obvious
from the table.

It is useful to introduce a parametrization of ay, log(¢L®™) in order to gauge the
relative importance of observable patented innovations and unobservable non-patented
ones. In particular, we parameterize oy, log(qﬁﬁate"t) as a weighted average of the log
of the normalized patent stock in a region (log(Patentstock,;)) and an interaction term
thereof with the log normalized land mass (log(G,)). The reason for an inclusion of the
latter is that REGPAT regions tend to be larger in areas of the globe where patenting is

relatively rare, and the mentioned interaction term captures this pattern. Then, using

inventor-based patent data, the suggested parametrization reads

a1y log(gzﬁzate"t(mv)) = ay log(Patentstock,(,im)) + oy log(Patentstockgm)) x log(Gr).

(24)
Based on this, we can replace a1, log(¢La%™) in by the expression on the right-hand
side of and obtain (1 — a1, )R as a residual, in order to yield region-specific shares
for patent-related innovations as &, = Qo + gy log(GT).E] According to the data and
estimates, (inventor-based) patent-related innovation stocks explain about 42 percent of
the variation in log(é,¢) (in terms of the R?), and their Cobb-Douglas share &1, ranges
from 0.005 to 0.014, with an average of 0.009 and a standard deviation of 0.0008. Hence,
the cost share of patented innovations in the generation of all innovations is with about
one percent on average relatively small, and it does not vary too starkly in the data.

One may assume that this low cost share is driven by regions in which the patent law
is such that the patent stock would over-represent inventive activities and, hence, bias
our estimates. Nagaoka et al. (2010) mention this problem by reference to the Japanese
patent law. Including a binary indicator for Japan in the analysis, however, does not
reveal any significant effect, which we take as evidence that the institutional differences
do not seem to play a significant role for our results (when conditioning on the included
factors determining endogenous innovation, ¢,).

In fact, the notion of a relatively low cost share of patented innovations in all inno-
vations squares with earlier evidence. For instance, Bloom and Van Reenen (2000) find
a relatively low elasticity of total-factor productivity with respect to patents of about

0.03. Moreover, the evidence in Danguy et al. (2009) suggests that an increase in R&D

'5The results are similar when estimating with any other measure of patent registrations that is
listed in Table
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expenditures raises patents at an elasticity of only 0.12. Moser (2013) documents that,
using historical exhibition data, the share of inventors who chose to patent their inno-
vations varied between 5 and 20 percent across industries. Sierotowicz (2015) finds that
the average number of patents per million euros of R&D expenditures in leading Euro-
pean Union countries varied between 0.03 in Spain and 0.26 in Germany. Nagaoka et
al. (2010) summarize the reasons for why innovations may not be patented. Clearly, in
the proposed model a micro foundation of the choice of patenting is absent, and firms are
characterized as to rely on both patented and non-patented innovations for technological
reasons [1%]

In Figure [3] we display the relationship between calibrated log overall innovative
productivity in the benchmark year 2005 (log(¢),) and the estimated region-specific
importance weight of patented innovations therein (ay,). Interestingly, this relationship
is negative, though weakly so. This means that in larger regions -— where patents are, on
average, relatively rare and ay, is relatively high — the overall productivity is relatively
lower than on average, in spite of the higher weight of the (fewer) patents. Hence, larger
regions enjoy on average a lesser degree of non-patented innovations. However, we should
acknowledge that the R? underlying the linear relationship in Figure [3|is as low as 0.04.

It is worth mentioning that postulates a relationship between log(¢,:) and
log(pZa%™) which does not vary too starkly around 0.009. Using the estimates {@s, @3, }

and data on log(Patentstockgm)) and, alternatively, log(Patentstocqu?p P )) as well as

log(G,), we can plot log(¢,;) against the estimates log(aﬁate”t). Figure 4| does so by way
of scatter plots using binned data, where we group regions into 20 equally-sized bins and
compute averages within bins for inventor-based (left panel) and applicant-based patents
(right panel). The result is a non-parametric visualization of the conditional expectation
function, and the figure suggests that the data support relatively well a low variability

of the log-linear relationship between log(y) and log(¢5%e) | as expected.

3.7 ESTIMATING AMENITY-FUNCTION PARAMETERS

Before we can simulate the model and do counterfactual analyses, we need to estimate
the amenity-function parameters. We postulate and expect overall amenities to decrease

with population density as described in equation (7). Taking logs of a,; = C_Lrtf/;t/\ obtains

log(ay) = —Alog(Lyt) + const. + &%, (25)

6This is consistent with a notion of patented innovations to be technologically different from non-
patented ones.
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where log(a,¢) is specified as a common constant (const., which measures the average
of log(a,) across all regions) plus a deviation from it (e%, i.e., a disturbance term).
Clearly, as population density L,; depends on people’s location choice in the model
which itself depends on a,¢, it should be treated as endogenous in estimating the region-
specific exogenous amenity parameter a,; and the congestion parameter X based on ([25)).
Therefore, we estimate by two-stage least squares (2SLS) for the baseline year
2005, instrumenting L,; with a region-specific area-weighted remoteness index, R, =
weight?"¢® <% Zle Cm), which does not depend on individual location decisions (see
Footnotefor a reasoning regarding this instrumentation strategy). In order to measure
L, we use gridded population data from the Socioeconomic Data and Application Center
(SEDAC) which we aggregate to the required (non-gridded) regional level. Technical
details on this aggregation are described in Appendix [D.1]

To construct the dependent variable based on a,; in , we use the structure of the
model, substitute the indirect utility into and solve for a,; as in equation (27))

in Appendix [A]
— Table dl about here —

Table 4| reports the estimation results from estimating , with the congestion param-
eter estimated at a value of A = 0.596. Furthermore, the table reports first-order and
second-order moments of @,;. As described above, the region-specific exogenous amenity
attribute is defined as @,; = exp(m +£%,). In the general-equilibrium analysis, @, is

kept constant at its level of the year t = 2005 for all subsequent time periods.

4 COUNTERFACTUAL ANALYSIS

In the counterfactual equilibrium analysis we focus on the effects on three key variables
— place-specific employment, productivity, and welfare — in a scenario where investment
incentives towards innovation — except for patent boxes — are abandoned. Effectively, this
means that in the counterfactual analysis the R&D-worker-specific productivity shifter
equals hl = exp(BpBDPatentboxr + Ypp|lat,| D Patentbox, + 5\latr|), Vr € S. We split
the analysis in three parts. First, we investigate how economic outcomes react in response
to abandoning incentives towards innovation and distinguish between regions in policy-
adopting vs. policy-non-adopting countries. Table |9| lists all policy-adopting countries
for each instrument in the year 2005, according to Boesenberg and Egger (2016). The

second part of the analysis concentrates on the role of the treatment-size, exogenous
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amenities, and remoteness for welfare responses. Lastly, we investigate the role of the

patented innovation weight for innovation responses.

4.1 EcoNOoMIC OUTCOMES AND R&D-rPoOLICY INSTRUMENTS

In Figure |5 we display the variation in long-run (7' = 100) counterfactual changes in
important economic outcomes across all regions in the data. These three outcomes are
log population levels (log(L,+G,)), log (overall) productivity levels of the Fréchet location
parameter (0~ 'log(r4L%)), and log welfare levels of the representative household as

expressed in real GDP (log(yr:) = log(urt/are)).
— Figure [5] about here —

The three panels in the figure suggest that all three economic aggregates are reduced
on average when abolishing the considered R&D-policy instruments. However, a non-
trivial mass of regions gains population — mainly due to a loss in competition for workers
from otherwise less attractive regions that could compete for mobile workers through the
use of R&D-policy instruments on the benchmark BGP. The (7" = 100) long-run changes
are quite substantial: some regions gain about eight percent in population while others
lose more than 30 percent due to the hypothetical policy change in the long run. Note
that the distribution of log changes in population levels does not integrate to one. Given
the logarithmic transformation of the displayed population change, the hypothetical
abolishment of R&D-policy indicators implies that workers move to high-density places
(large agglomerations) away from (previously competitive) low-density places. Hence,
country-wide R&D tax incentives increase the competitiveness of less attractive low-
density places in comparison to similar low-density places abroad, where these policy
indicators are not adopted. Accordingly, these nationally adopted instruments indirectly
work as place-based policies in an international context for two reasons. First, they raise
the attractiveness of low-density (peripheral and low-amenity) places relative to high-
density places at a national level, where the policy is adopted, and, second, they raise the
attractiveness of low-density places in policy-adopting countries relative to such places
in non-adopting economies.

The effects of abandoning R&D-policy instruments on overall productivity are detri-
mental throughout and even larger than on population changes; also the welfare changes
are negative throughout and almost as large as the productivity changes. The fact that

welfare and productivity changes are negative throughout the distribution implies that
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also countries and their regions which do not use such instruments benefit from their use

elsewhere due to technology spillovers.

— Table [6l about here —

Table 6| presents moments of the real GDP growth rate in the short- (T=10), medium-
(T=50), and long-run (T—=100). The table shows that regions converge towards a model-
induced balanced growth path, as the dispersion of growth rates declines with time. The
lower panel of the table presents counterfactual-minus-benchmark growth rate differences
in percentage points. The corresponding panel suggests that one-tenth of the average

long-run real GDP growth can be attributed to the R&D policy instruments alone.

4.2 THE ROLE OF TREATMENT SIZE, REMOTENESS, AND AMENITIES

FOR WELFARE RESPONSES

In Figure [6] we focus on the welfare changes as in the third panel of Figure [5] and plot
them against the size of the direct treatment changes — i.e., the change in h, induced
by abolishing R&D-policy instruments — and differentiate between all possible combina-
tions of R&D-policy instruments that were in place in 2005. That figure suggests that
the relationship between the treatment change and the associated change in utility is
almost linear. Hence, the direct (or partial) effect entails a strong signal for the long-run
response. There are indirect effects, which are most obvious for the non-adopting regions
in 2005 (about one-percent of the regions displayed in blue circles in the upper-right cor-
ner of the figure). The indirect, technology-spillover plus general-equilibrium effects on
the other regions materialize inter alia as deviations of the data points from the latent

linear relationship in Figure [6]
— Figures [6] and [7] about here —

In Figure[7] we shed further light on potentially important mediators of the general-
equilibrium treatment effect on welfare changes. While Figure [6] alluded to the nexus
between the treatment signal and the welfare response, we focus on the role of exogenous
amenities in 2005 (log(ar¢); in the left panel) and a region’s remoteness (log(R,); in the
right panel).

In the two panels of Figure [7] we use different color to plot the relationships for
different continents. Interestingly, the left panel reveals a positive relationship between

amenities and the welfare change for regions in North America, Europe and Oceania
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(including Australia). Hence, a better endowment with good amenities provides for a
better insurance against adverse effects from the global abolishment of R&D-stimulating
policies. That relationship is still positive but weaker for regions in South America,
while it is negative for regions in Africa and Asia. The right panel in Figure [7] reveals
a negative relationship between remoteness and the welfare change (i.e., more remote
regions lose less on welfare from the global abolishment of R&D-promoting policies) for
regions in North America, Oceania (including Australia), and also South America, while
for regions on other continents this relationship tends to be positive.

In summary, greater (exogenous) amenities and a higher degree of centrality of a
place in the transport network provides for a better quasi-insurance against adverse
effects from weak R&D-policy institutions, on average. Moreover, an R&D policy at the
national level with a homogeneous direct effect of treatment of all innovations across the
places there has indirect place-based effects which are ceteris paribus stronger for more

peripheral places with less attractive amenities.

4.3 THE ROLE OF THE PATENTED INNOVATION WEIGHT FOR INNOVA-

TION RESPONSES

In Subsection we discussed the relative importance of patented and non-patented
innovations for overall innovation in the data. In the model, the weight of patented in
all innovations is aq,; see equation (23). The respective parameter is indexed by region,
because the importance of patenting depends on the land mass of a region, according
to equation . The latter was introduced to capture the fact that the delineation of
regional borders in the REGPAT database was done according (with region size being
inversely related) to the frequency of patenting. However, the overall role of innovation in
a region is not a simple function of land mass only but also depends on other fundamentals

(such as amenities, market access, etc.).
— Figure [l about here —

In this subsection, we shed light on the nexus between the effects of general R&D
incentives as studied here on outcome depending on the relative importance of patenting
in a region as captured by ay,. In Figure [8| we plot the log change in overall (patented
plus non-patented) innovation as induced by the counterfactual change in R&D tax
instruments against ay,. There could be a pattern in this relationship, if the land mass

of the regions were related to the latitude (as the effectiveness of R&D incentives may

23



vary with the latitude of a region) or to the actual use of instruments (e.g., through the
more intensive use of the instruments by countries where patenting is common and, hence,
the average land mass of a region is small). The figure suggests that the relationship
between the counterfactual-to-benchmark change in log(¢,) and «aj, is weak: recall that
the R? of a linear regression of log(¢,) on oy, was 0.04, and the one of a linear regression
of log(¢S) — log(¢r) on ai, is 0.02 when considering the change after 7' = 100 periods.
However, the slope of the regression line for the change is positive. Hence, larger regions
(i.e., ones with a lower patent count on average in the outset which are also the ones
where the overall innovation level log(¢,) was low and aq, was high) are the ones which
gain more in overall innovation than on average. It turns out that this relationship is

mainly driven by changes in Asia and not on other continents.

5 CONCLUSION

This paper outlines a multi-regional model of innovation, production, trade, and factor
mobility with a dynamic technology diffusion process. The key parameters of the model
are estimated and the model is otherwise calibrated to 5,633 REGPAT regions. One
of the main goals of the paper is to provide a quantitative account of the consequences
and the value of innovation for regional and national economies as well as the global
economy. Since nationally implemented policy instruments towards firm-level R&D are
particularly important, we put emphasis on quantifying the role of such incentives. We
document that, in spite of their national inception, these instruments affect regions
between but also within adopting and non-adopting countries heterogeneously. The
degree of heterogeneity depends on the extent of the treatment — how many and which
instruments are used and how productively (in terms of its absorptive capacity) a region
can use them. Moreover, the degree of heterogeneity depends on other fundamentals
such as a region’s integration in the national and international transport network as well
as its attractiveness for the location of mobile labor in terms of the available amenities.

One important insight is that the use of policy instruments which are designed to
stimulate private R&D are globally beneficial in terms of productivity and welfare. In
other words, also countries and their regions who do not use such incentives benefit
from their use abroad due to technology spillovers. Also, the long-run relocation effects
from a hypothetical abolishment of R&D investment incentives are substantial and lead
to a re-shifting of the population towards high-density areas. This is mainly due to

a loss in competition for workers from otherwise less attractive regions, which could
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gain in international competitiveness for mobile factors through the use of R&D policy
instruments.

In line with the previous result, the quantitative analysis suggests that particularly
low-amenity, peripheral places — and, on average, ones where the patenting of innovations
is less common than elsewhere — benefit relatively more strongly from R&D investment
incentives than others. The latter implies that these instruments work as place-based
policies. This result is especially true for regions in North America and Oceania, whereas
the effect is less predominant in Europe or Asia. Overall, R&D-policy instruments affect
endogenous innovations primarily through non-patented innovations, as the estimated
range of weights of patented innovations in all innovations is relatively small around the

globe.
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PARAMETER COMMON TO ALL REGIONS

1. Preferences

oc=4 Elasticity of substitution. Bernard et al. (2003)

A=0.596  Relation between amenities and population. Own estimation, Section

Q=05 Elasticity of migration flows w.r.t. income. Monte et al. (2018)

2. Technology

a = 0.06 Elasticity of productivity w.r.t. pop. density. Carlino, Chatterjee and Hunt (2007)

0=6.5 Trade elasticity and dispersion of productivity. Eaton and Kortum (2002),
Simonovska and Waugh (2014)

unw=038 Labor share in production (non-land share). Greenwood et al. (1997);

v1 = 0.234  Elasticity of tomorrow’s productivity
w.r.t. today’s innovation.

Desmet and Rappaport (2015)
Own estimation, Section

3. Evolution of Productivity

2 = 0.979  Elasticity of tomorrow’s productivity

w.r.t. today’s productivity.
£=125 Elasticity of innovation costs w.r.t. innovation.
v =0.15 Intercept parameter in innovation cost function.

Own estimation, Section

Desmet and Rossi-Hansberg (2015)
Desmet et al. (2018)

REGION-SPECIFIC PARAMETER

1. Land Endowments
G- Extract land mass for each region.
(G is normalized by + Zle G.)

Arc GIS Software

2. Initial Efficiency in 2005

Trt Initial efficiency distribution. Own estimation, Section Iﬁl
2. Amenities in 2005

Art Initial amenity distribution. Own estimation, Section
Qrt Exogenous amenity attribute. Own estimation, Section [3.7]
3. Productivity-shifter for R&D workers in 2005 )

hr Estimation using binary R&D policy indicators Own estimation, Section

h, = exp(D,B + |lat,|D,7 + é|lat,|))

4. Transport Costs

Crs Based on Allen and Arkolakis (2014) and Fast Marching Algorithm.

5. Other Trade Costs
tarif fsrs

Weighted applied import tariffs for manufactures

World Development Indicator (WDI)

Table 1: CALIBRATION OVERVIEW

Figure 1: REGPAT REGIONS
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Variable Mean Std. Dev. Min. Max.
Scaled initial efficiency (17; '2) 11.487 413.097 5.43e-09 30,142
Population (L.+G) 1,108,491 7,637,692 5 2.17e+08
Normalized land (G) 1 11.83 1.9e-04 624.27
log(Lrt) 9.89 2.01 10.428 16.44
Remoteness (R;) 0.171 1.668 0 69.754
R&D-policy indicators
Dtaxcredit, 0.715 0.452 0 1
Dtaxholiday 0.023 0.151 0 1
Dgrants, 0.081 0.273 0 1
Dpatentbox;, 0.022 0.147 0 1
Ddeduc, 0.029 0.169 0 1
Absolute latitude (|lat,|) 40.205 9.583 0.2 74.728
Patents per norm. unit of land
Patents™) 2005 1,278.1 8,648.6 0 297,026.4
Patentstock’i™ 1995-2005 10,366.8 67,655.1 0 2,474,476.5
Patents'S"™ 2005 1,749.2 20,186.2 0 832,164.6
Patentstock S"™ 1995-2005 9,330.5 105,772.2 0 4,488,536.5

(inwv)

Notes: Patents,,

and Patentstock$i7lv) refer to a regional denomination of patents in 2005 and

patent stocks from 1995-2005, respectively, according to the residence of inventors (inv). Patentsffipp)

and Patentstockﬁpp)

2005, respectively, according to the residence of applicants (app).

Table 2: SumMARY STATISTICS (2005)

refer to a regional denomination of patents in 2005 and patent stocks from 1995-

(1) () ®3)
log(2772) OLS 2SLS 2SLS
First Stage log(L) log(L)
log(R») 0.5TEHEE 0. 688%*

(0.102) (0.074)
Second Stage
log(Ly) 1.154%%%  (0.620%*%*  (.593%***
(0.104)  (0.096)  (0.087)
Dtaxcredit, 0.216 -0.464 0.915%*
(0.342) (0.313) (0.368)
Dtaxholiday, 0.873 1.931%** 1.299%*
(0.738) (0.598) (0.628)
Dgrants, 0.602 1.552%* 1.838%**
(0.645)  (0.614)  (0.525)
Dpatentbox, -0.301 -0.572 -1.679**
(0.715)  (0.569)  (0.650)
Ddeduc, 0.763 1.300%** 0.715%*
(0.502)  (0.352)  (0.410)
lat,| 0.076%**  0.039%**  0.017*
(0.008)  (0.011)  (0.009)
continent FE NO NO YES
# obs 5,633 5,633 5,633
Corr. coeff. {log(t2772); log(m7~ )} 0.734 0.707 0.708

Notes: Robust and country-level clustered std. errors in parentheses.

Table 3: ESTIMATION RESULTS (MARGINAL EFFECTS)
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Regressor Parameter Coeft. Moments of @, = exp(const. + &%)
(Std. err.)
First Stage: Dep. Var. log (L,) Mean Std. Dev.
log(Ry) 1 -0.473%*** 60,107 362,390
(0.014)
Second Stage: Dep. Var. log(art) 5% 10% 50% 90% 95%
log (L) —A -0.596*** 194.8 440.0 6,272.7 77,787.9 158,529.7
(0.033)
#obs 5,633
Table 4: AMENITY PARAMETER ESTIMATION RESULTS
R&D Policy Instrument | Description Adopting Countries (in 2005)
Dtaxcredit, Tax credits on R&D investments. Austria, Canada, China, France, Ireland,
Japan, Mexico, Netherlands, Norway,
Portugal, South Korea, Spain, Taiwan, US,
Venezuela.
Dtaxholiday, Tax holidays for firms with R&D investments. France, Malaysia, Singapore, Switzerland.
Dgrants, R&D investment related grants from the government. | Germany, Hungary, Ireland, Israel.
Dpatentbox,. (Partial) exemption of returns on R&D investments. | France, Hungary.
Ddeduc, Deductions on R&D investments other than Australia, Belgium, Ireland, Japan,
super deductions. South Korea.

France incl. Guadeloupe, French Guiana, Martinique, Reunion; Netherlands incl. Bonaire; US incl. American Samoa, US Minor Outlying Islands; Australia incl. Cocos
Islands; UK incl. Falkland Islands, Gibraltar, Montserrat, Pitcarn, St. Helena.

Table 5: R&D PoLricy INSTRUMENTS IN 2005

Period Min Max Mean Std
Baseline in %

T=10 0.9 6.5 3.6 0.53
T=50 1.6 4.1 2.8 0.24
T=100 2.1 3.1 2.6 0.09
Counterfactual in %

T=10 0.8 6.5 3.4 0.52
T=50 14 3.9 2.5 0.24
T=100 1.9 2.8 2.3 0.09
Counterfactual-Baseline in %pts

T=10 -0.94 -0.00 -0.23 0.10
T=50 -0.58 -0.16 -0.26 0.05
T=100 -0.38 -0.22 -0.26 0.02

Table 6: MOMENTS OF REAL GDP GROWTH
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log(h,)

Figure 2: KERNEL DENSITY OF THE ESTIMATED LOG R&D-WORKER-SPECIFIC
PRODUCTIVITY SHIFTER
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Correlation coefficient: -0.15

Figure 3: RELATIONSHIP BETWEEN LOG OVERALL INNOVATIVE PRODUCTIVITY AND
ESTIMATED REGION-SPECIFIC IMPORTANCE WEIGHT OF PATENTED INNOVATIONS (2005)
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Figure 4: BINNED SCATTERPLOTS OF THE RELATIONSHIP BETWEEN LOG OVERALL
INNOVATIVE PRODUCTIVITY AND LOG PATENTED INNOVATIONS (2005)
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Figure 5: DENSITY ESTIMATES OF COUNTERFACTUAL CHANGES, T=100
(POPULATION, PRODUCTIVITY, WELFARE)
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APPENDIX

OECD Countries
(with Singapore)

Non-OECD Countries
(without Singapore)

M ® ®) @ ®) ©)
log(7272) OLS 2SLS 2SLS OLS 2SLS 2SLS
First Stage log(L) log(L) log(L) log(L)
log(R») L0.793FF% (. 814%+x [0.442%F% (. 51THR*

(0.074)  (0.065) (0.070)  (0.063)

Second Stage

log(Ly) 1.200%**  0.620%**  0.606*** 0.608** 0.350 0.283
(0.088)  (0.063)  (0.087) | (0.274)  (0.434)  (0.389)

Dtaxcredit, 0.090 -0.650 1.150%* -0.080 0.265 -1.103
(0.421)  (0.421)  (0.448) | (0.541)  (0.669)  (0.894)

Dtaxholiday -0.262 1.098%** 0.418* 8.843%** 8 TH2*EE  §.626%**
(0.441)  (0.320)  (0.201) | (0.648)  (0.576)  (0.830)

Dgrants,. 0.265 1.293%** 1.787*** | (omitted) (omitted) (omitted)
(0.706)  (0.636)  (0.489)

Dpatentbox, 0.710%* 0.225 -1.238%** | (omitted) (omitted) (omitted)
(0.381)  (0.308)  (0.419)

Ddeduc, 0.564 1.176%** 0.660* (omitted)  (omitted) (omitted)
(0.514)  (0.392)  (0.324)

[lat,| 0.079*%*%*  0.039%** 0.014** 0.033 0.023 0.060*
(0.009)  (0.011)  (0.007) | (0.021)  (0.020)  (0.033)

continent FE NO NO YES NO NO YES

# obs 5,199 5,199 5,199 434 434 434

Corr. coeff. {log(t2772); log(m2 %)} 0.736 0.704 0.709 0.549 0.417 0.120

Notes: Robust and country-level clustered std. errors in parentheses. In columns (4)-(6) the binary indicators Dgrants,, Dpatentbox,.

and Ddeduc, are omitted because none of these policy instruments was in place in any of the non-OECD countries in 2005.

Table 7: ROBUSTNESS ESTIMATION RESULTS (MARGINAL EFFECTS): SUBSAMPLES

A INITIAL EFFICIENCY AND AMENITY DISTRIBUTION

To identify the initial efficiency distribution, we need to derive an expression for 7.,

using the model structure. To do so, we replace unit costs into the bilateral trade

share in @, plug it into the product-market clearing and solve for a scaled 7.

At this point, we do not have any information on the R&D-worker-specific productivity

_ 01
shifter h,. However, we can use the BGP relationship, 7,4 (LThr) (-v2)¢ and replace

h, as a function of population density and efficiency levels. Then,

(2 ’Yz)

17L1G w1+9

Trt

/wst[_/stGSC'r_se |:/ . WQ)LLt rk wk,’t dk
S
S

1 )
ds

where ¢ = a — (1 — p)f. Now, we numerically solve for the scaled 7,+ by applying a

standard contraction mapping procedure as it is described in Appendix B.7 in Desmet et

al. (2018), and using observed levels of population densities, L,; and wages, w,; for the
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benchmark year 2005. Population levels come from SEDAC and wage levels come from
the G-Econ Project, which are aggregated to the regional level as described in and
, respectively. Note that L,; represents population density, hence, population levels
are divided by normalized land G, to obtain L.

After learning h, and parameters values ; and 79 as described in Section and
[3.5] respectively, we identify the initial distribution of amenities, a,; in the year 2005.
To do so, we replace the unit costs in the price index and plug the price index into
the indirect utility function in (8). Then we replace the utility in and solve for

amenities, a,¢;. Then, after defining

_ T -0 —6 —0
g = LngSwst hs Vl/éTstCrs )

= Q 100 1% ~1/6
ary = <L”_GT> ! / (aprwie) '/ (/ Hstd5> dk {/ Hktdk} . (27)
L Wrt S S S

Again, we apply an iterative procedure to solve for the initial amenity distribution

ar¢ using observed population densities and wages. With a,; we estimate the exogenous

region-specific amenity-shock a,; as described in Section [3.7]

B EQUILIBRIUM: EXISTENCE AND UNIQUENESS

The uniqueness condition in can be derived along the lines of Desmet et al. (2018)
(see their Section B.3). We can manipulate the system of equations that defines an
equilibrium as follows. For the first set of equations, we substitute into and

replace that expression in the price index. Then,

D=

P7't = Ko |:/ Tstigt_(1_#_71/£)w;&9§7;0hg31/gds ’ (28)
S

m

into gives

where kg = p <1>“ (5—”)%/é (Q‘%)i(lﬂkm/g and p=1T (ITTU + 1)ﬁ Substituting

_ —6

a = _ a—(1—pu— 0 _9._0,06

m B = [ raliy O s, (29)
rt S
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-6
where k1 = (Ho‘”f&ﬁ) . For the second set of equations, we insert @ and the price

index into the product-market clearing so that
wrtGrI:rt = ]5_0/ Ty [OrtCsr]_GPgwsthEstdS- (30)
S

Substituting unit costs and T,y = TTtLTt, as well as replacing the price index with
the indirect utility in the previous equation yields
(a=(1 /€)9) a, |’ 7
Trt %tJr@G hrt E Lrt e - /‘61/ |:S:| g‘ew;;OGSLigkeds' (31)
S | Ust
Assuming symmetric trade costs, we follow the proof of Theorem 2 in Allen and Arkolakis

(2014), which is based on Theorem 2.19 in Zabreyko et al. (1975). Let us introduce the
following function f,, which is the ratio of LHS’s of and :

,71_
Trt wiz—GG h 3 Lrt_( _(1_#—71/5)9). (32)
H_ Loyl

fT:

Equivalently, f,. also equals the RHS’s of and that is

_ 10
Qs —0,,1+0 1-)\0
/S|::| sr Wet G Lst ds

Ust

fr = 33
/ L% —(L—p=71/£)0 8—0 9h9~/1/£d8 (33)
Applying symmetric trade costs, (.s = (s, we can rewrite f, as follows
— f )\fsr
fr= > 1+A (34)
fS’ fs fsr
where
_ g. 194+ EPNaiY C1-A-Afa—1+(A+ 2L —(1-p))0
= chst] S;AG1+>\ Cs_'re £ w;:rH(HQQ)/\Lst [o—1+(A+¢—(1-p)) ]‘ (35)
Rewrite as
- F—\ F—(1+2)
e - (30
fos fS?" ds foS fsr dS
Then, changing the notation to
gr = f_}*—A and ?r = fr—(1+>\)’ (37)
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and rewrite both as follows
gr = / frfsrgs ds and !jr = / f:irfsrés ds. (38)
S S
Define jz}fsr as kernel K. Hence, g, and g, are both solutions to the integral equation

Ty = / K,s xs ds. (39)
S

We have to ensure that K, is (i) non-negative, (ii) measurable and (iii) square-integrable.
Non-negativity holds as f and f are non-negative. Measurability holds because it can
be shown that f and f are approximately continuous everywhere. Square-integrablility
holds as long as population at any given location is bounded from below and above. The
former is true because by construction population cannot shrink to zero unless nominal
wages are zero or amenities are infinitely high. The latter is true because population at
any given location cannot exceed the level of world population L.

Given the properties of K, Theorem 2.19 in Zabreyko et al. (1975) guarantees that
there exists a unique (to scale) strictly positive function that satisfies the system of

equations in . Hence,
gr:wér :f;A:wf;(lJr)\) =>f7«:w, (40)

where w is a constant. Therefore, we have

711(11 0
ijeG hﬁs r( (1=p—"1/€)0)

.
o — = w, (41)
ar TOX
[T”:| L'rt wrt
and solving for w,; gives
a, ] T BRI LS st LRIV
Wy = W [:| 1+29G 1+20L 1426 j, 120 7 (42)
Urt
where w = w1+20. Substituting (42} into (29)) gives
0(146)
_ A 6(6v1/%)
[ar 1520 1+29G1+29 Ew 7 [a— 14 M+~ 1141 ] . Aty
rt
Uyt
02
_ 140 146 Moo (146) (071 /€)
_ K/l/ |:a5:| 1429 1+29G1+29( L )\9+ 1+20 [a 1+ |:)\+ [1 ,LL}:| 9} h 1+2791 dS
= . .
S | Ust s
(43)
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Inserting into gives

5, ot Do o [ ool

) 02 <44)
. & [1-20+ 255 [a—1+ 2+ -11-4]) 0] | - i 5
= K1 S St StC’l"S ds
where
_ _60+6) _ ¢ O [at My fE—(1—p)]0] -0 — 207178
_ 0 7] 7] 71 M)] ] 0
B, =a, *? T 420 (142 h,, 420
and
_ 02 140 C14A0— O (a1 A 1 (1+6)(6~1/8)
_ /e~ (1-p)l6]
Bst — asH— ,7_51t+26G1+29 1+26 hst 1+20 7
and
T Q1= 1 : 71
R L QH/\+(1*N)*T]G*O¢]+9 (45)
Upt = Upt | 70 .
I/Qdk‘
s Upt
Rewrite (44]) as
_ = g5
Brfr71 = Hl/BsCrs fgz ds, (46)
S

and apply Theorem 2.19 in Zabreyko et al. (1975), then the solution f.) to equation (46)
exists and is unique if (a) the function x1 B, 1B, ¥ is strictly positive and continuous,

and (b)

%2
71

< 1. The latter implies

il AR i L S I

1[ _1+29[ —1+[)\+%_[1_M]}9”+9&§z) <1,

which after some simplification can be written as the uniqueness condition (12 as stated

in Section 2.4
@

Ba!
— < A+1- Q.
9—5—5_ + w4

C BALANCED GROWTH PATH: DERIVATION

C.1 Uniqueness and Existence Condition in the BGP

Efficiency evolves according to a endogenous dynamic process in and, hence, the

growth rate of 7,4 is given by

1—
Trt+1 . 971 |:/ WrsTst :| -2 (47)
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where we define W,s = 1/5,Vrs as described in Section . Divide both sides by the
corresponding equation for region s, and rearrange, knowing that mﬁl is constant over

time and space and :—Si is constant over time. Hence,
T

Trt+1l 1— ) 1—"}/2 071 - L
T _ {”} " [‘ﬁt} b {fs Tstds} o Tt [W] e [Lshs} (e
Ts - - - T ’
%Jtrl Trt Dst fS Tredr Trt Ort L. h,

S—~— —

=1 =1
(48)

where the last equality follows from @ We drop the time subscript to demonstrate that

population density remains constant in the BGP. Rewrite the last equation as

(1—v2)¢

_ 0 _ h.
Ls = |:7_St:| " Lria

Trt hs

and integrate both sides over s and apply the labor market clearing condition, |, G sLgds =
L such that

- _ _ (=) (-72)¢ S
/GsLsds =L=14, ™ L,h, G Ty hilds = 1 = Re(he L) T20€ | (49)
S

where &; depends on time but not on location. Take the last equation and substitute it

into such that

0(1+6)
- 0 6(01/6) (1, 1
[ar 1729 Gﬁi — g [a— 14 M 11— |0+ 2 ”2)5]11_ T (14 L)
r T
Ut
92
i G. ] T 120+ 18 [a—14 A+ 2 —[1— ] 6+ oA+ L)
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Inserting in and rearranging conveniently, yields
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are exogenously given, and

T Q |:1_ 1 1 ’ 0~y
L & [Pramm = oma— By |+ ' (52)
L) dk

Urt = Urt

Analogously to the existence and uniqueness proof in Section [B| we can rewrite as
Drgit = rrie / Dyc g ds. (53)
S

According to Theorem 2.19 in Zabreyko et al. (1975) g(.) is a solution to the system of
equations in that is unique if

Y

< 1. This condition implies

1 0 0(1+0)
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— )

from which, after some rearrangement, we get the uniqueness condition in the balanced

growth path as stated in Section
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C.2 Growth Rate of Aggregate Welfare

To derive the growth rate of aggregate welfare, rewrite as follows

w6, L, hy . (54)

7y = o (1420) [“T
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urt:|

Substituting the previous equation into and solving for u,; gives
1
urt = Ry By, (55)

where E, is only dependent on the location and not on time. Hence,
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where the last equality follows from . From and we know
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Rearranging the previous equation and substituting it into gives

(57)
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D DATA AGGREGATION

Our unit of interest are REGPAT regions. We use gridded data with different resolution
for which we need an aggregation strategy to the regional level. Hereafter, we discuss

the aggregation strategy for each data source separately.

D.1 Population Data from SEDAC

The Socioeconomic Data and Application Center (SEDAC) provides gridded population
data with an output resolution of 30 arc-seconds (approximately 1 km at the equator).
As the size of each grid cell is smaller than the smallest region in our data, we simply

sum up the population count over all grid cells falling withing the regional border.

D.2 Population and GDP from G-Econ Project

The Geographically based Economic Data (G-Econ) project at Yale University provides
SEDAC gridded population data aggregated to the 1° by 1° resolution (approximately
100km by 100km at the equator), which is about the same size as second level political
entities in most countries. Besides population data, the G-Econ project offers gridded
GDP data (gross cell product at purchasing power parity (PPP)) at the 1° by 1° reso-
lution. We assign population and GDP values to each region through an area-weighted
average aggregation. Figure [9]illustrates how the area-weights are assigned in the case
of GDP data (left panel) and population count data (right panel). In both panels, the
green area is the region of Prague, which falls into two different grid cells (bordered in
red). Therefore, the GDP value of Prague is equal to six-tenth of the left grid cell plus
four-tenth of the right grid cell. In the case of population count data, we construct the
area-weight as the part of Prague that falls into the grid cell relative to the overall area

of the grid cell. Hence, the population count of Prague is four-hundreds of the left grid
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cell pull three-hundreds of the right grid cell.

Figure 9. AGGREGATION FOR DATA WITH ONE DEGREE RESOLUTION

D.3 Fast-marching-algorithm-based Transportation Costs

We derive the fast-marching-algorithm-based transportation costs between pairs of 1°
grid cells along the lines of Desmet et al. (2018). To find a correspondence of these
transportation costs to the level of REGPAT regions, we employ an area-weighted average
assignment. The area-weights are constructed as the share of regional area falling into
a grid cell relative to the total regional area (see left panel of Figure @ Our averaging
procedure can be best explained using matrix notation. Let Wy, be the vector of
area-weights for n sub-regions, where a sub-region refers to an intersection between
a REGPAT region and a one-degree grid cell area. Furthermore, we define the fast-
marching transportation costs matrix as Tjzn, which is blown up from the number of
one-degree grid cells to the number of n sub-regions, using information on sub-region
intersections with one-degree grid cells from ArcGIS. Lastly, we need a correspondence
of sub-region to the final set of REGPAT regions r and define a selector matrix Sy,
using ArcGIS, where r is equal to 5,633. Then the regional transportation costs T, can
be obtained as follows

Tm;r = WylmrTnxn Wna:r; (58)

/
where Wizr = Wingiti,.1) © Smar-
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