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1 Introduction

Export-oriented measures are among the most widely used tools in modern industrial
policy (Juhész et al., 2023). This is in line with evidence that expansion into international
markets helps firms build scale to adopt modern technology (Shu and Steinwender, 2019).
Given the firm-level link between exporting and upgrading, this paper asks: can export

subsidies spur technological upgrading? If so, how and with what welfare implications?

We show that, while export subsidies can induce technological upgrading, the welfare
effect is determined by whether upgrading is inefficiently low to begin with, and — if they
apply in an already distorted economy — by whether they worsen or alleviate pre-existing
misallocation. We make the case by combining evidence from a large and long-lasting
historical export subsidy, an analytical model that characterizes the welfare effects of this

subsidy, and a quantitative model that shows how these elements played out in this setting.

Despite a long-standing interest, empirical challenges have made the study of export sub-
sidies difficult. First, export subsidies are banned under the WTO rules. As a result, their
modern-day use is difficult to observe. Second, technological choices are rarely visible in
standard data sources. Finally, industrial policy is notoriously endogenous, reflecting a va-
riety of economic, administrative, and political considerations. We circumvent these issues

by studying an export subsidy in the 19th century Austro-Hungarian beet-sugar industry.

Two properties of this setting make it particularly well-suited to our analysis. First, the
export subsidy was large, long-lasting, and, remarkably, unintentional, emerging due to a
poorly designed sugar consumption tax reform. Historically, the consumption tax was paid
by producers. Exports were tax-exempt, with exporters receiving a rebate on tax paid. In
1864, a law change moved the basis for the consumption tax from the weight of beets used
to the estimated weight of beets used, calculated based on the installed machinery. Im-
plementation proved difficult, with the government systematically underestimating firms’
true tax liability. Yet, the export rebate assumed that the tax had been paid correctly.
As a result, from 1865 onward, export rebate exceeded the tax paid, yielding an export
subsidy. The second key characteristic of our setting is that the subsidy emerged just as

the industry was transitioning to a new, more efficient sugar-extraction technology.

We document how the export subsidy affected production and adoption of this new tech-
nology in Austria-Hungary’s sugar industry. Our analysis is based on a novel, factory-level
dataset for the universe of Austro-Hungarian sugar producers for years 1851-1883, covering
factory-level weight of beets used and technology adoption status in 1870 and 1885. Our
empirical strategy exploits the timing of the export subsidy — from 1865 onward — with
heterogeneous policy exposure, which we measure as the pre-subsidy distance via road,

rail, and ship to London — the largest market for sugar in nineteenth-century Europe.



Using a region-level event study, we show that after the introduction of export subsidies,
regions with high export market access saw (i) a 48% increase in the weight of sugar beets
processed, (ii) 27% increase in the number of operating firms, and (iii) a 24% increase in
sugar beets processed per firm. Moreover, we show that the firms in high-export-access
regions were 12 pp more likely to upgrade to the frontier technology early in its spread,

and firms in low-export-access regions more likely to still use legacy technology in 1885.

We interpret our findings through the lens of a model. We build on a Melitz (2003) model
where heterogeneous firms select into exporting. Firms also face a binary technology adop-
tion choice following Bustos (2011) — adopting frontier technology reduces the marginal
costs of production, but entails a higher operating fixed cost. We allow for multiple regions
to match our research design, and multiple sectors to allow for reallocation of resources
between sugar and the rest of the economy. We model spillovers in firms’ adoption deci-
sions by linking the cost of upgrading to the local share of adopters. The spillovers make

firms’ private upgrading decisions potentially inefficient.

We use our model to derive three results. First, we show that an export subsidy increases
(i) regional input use, (ii) the mass of operating firms, (iii) input use per firm, and (iv) the
share of adopters, in line with our empirical findings. The reason the export subsidy induces
upgrading in the model lies in the coincidence of selection into exporting and adopting.
Due to fixed costs of upgrading, only firms with sufficient scale choose to upgrade. In
turn, due to fixed costs of exporting, firms that export are more likely to attain sufficient
scale to warrant upgrading. By redistributing profits towards the exporters, the export
subsidy increases the scale of the marginal exporter, inducing them to upgrade. This
contrasts with a production subsidy, which leaves the relative profits of exporters and non-
exporters unchanged and thus leads to no additional upgrades, and to an import tariff,
which reduces upgrading by shifting resources from exporters to non-exporters who lack
scale to upgrade. Second, we show that when the import tariffs are set to internalize the
terms-of-trade externalities, the baseline with no spillovers calls for no export subsidies.
In this case, the equilibrium share of adopters coincides with the social optimum. Third,
we show that if the adoption of the frontier technology features spillovers, then the welfare
effect depends on the balance of two terms: a positive effect of moving the adopter share
closer to the social optimum, and an additional term that depends on how the export
subsidy interacts with pre-existing misallocation. If there is no misallocation prior to the
policy change — that is, import tariffs are set to internalize the terms-of-trade externalities
— the second term is zero.! If there is prior misallocation, the second term may be positive
or negative, depending on whether the export subsidy alleviates or aggravates existing

misallocation.

!This result follows from the Envelope Theorem, where the welfare effects of a small reallocation of
resources at the optimum are second order.



We calibrate the model to match the initial patterns of production and technology use, as
well as the heterogeneous response in regional input use, the cross-regional adoption gap,
and the aggregate adoption rate in the sugar industry five years into the policy change.

Crucially, we calibrate the model to the pre-existing trade policy in our historical setting.

A key input into the welfare analysis is the parameter governing the strength of spillovers,
which we estimate using a companion dataset covering the upgrading decisions of the uni-
verse of French sugar factories for 1879-1889 — a decade during which the French sugar
industry transitioned to the new sugar-extraction method. The empirical challenge in es-
tablishing the presence of spillovers is to distinguish a genuine causal link between neigh-
bors’ adoption decisions and spatially correlated unobservables. Using an event study, we
show that municipality-level adoption increases in the years following the first adoption
in neighboring municipalities. We control for several time-varying drivers of technology
demand and supply, as well as region-time fixed effects. Nonetheless, absent a quasi-
experiment potential concerns over omitted factors cannot be fully resolved. We validate
the causal interpretation of the event study results by developing a shift-share IV design.
Our instrument interacts the predetermined number of neighbors with the national adop-
tion share, constructed to exclude the municipality’s own adoption. An additional neighbor
adoption instrumented in this way increases local upgrading the following year, in line with

our baseline result, and, reassuringly, has no impact on past upgrading.

Using counterfactual analysis, we show that export subsidies in the sugar industry increased
adoption of frontier technology. However, export subsidies decreased welfare relative to
no intervention. By constructing an efficient benchmark, we show that an export subsidy
calibrated to the historical rate pushed adoption above the socially optimal level. Moreover,
any positive export subsidy would have led to a welfare loss. We show that this result is
due to the interaction between the export subsidy an the pre-existing protective tariff
that applied in sugar industry since 1830s. The tariff meant that the sugar industry was
outsized before the export subsidy was introduced. By directing further resources toward

sugar production, any positive export subsidy would have led to a welfare loss.

Literature Review Our paper relates to the literature showing that trade liberalization
can drive technological upgrading and growth (Lileeva and Trefler, 2010; Atkeson and
Burstein, 2010; Bustos, 2011; Sampson, 2016; Impullitti and Licandro, 2018; Buera and
Oberfield, 2020; Perla et al., 2021; Cai et al., 2022; Sampson, 2023; Aghion et al., 2024). Our
contribution to this literature is to assess export subsidies as an active policy instrument.
Unlike costless trade liberalization, the use of export subsidies entails a reallocation of
resources from the rest of the economy. This difference gives rise to our first welfare
result: unless upgrading is subject to externalities in the form of spillovers, directing
additional resources to upgrading via an export subsidy does not increase welfare. Another

result — that welfare effect of export subsidies depends on the interaction with pre-existing



misallocation — is more general, and applies even in the case of costless trade liberalization.
Since the envelope theorem fails in distorted economies, resource reallocation has first-order
welfare effects. Our finding that export subsidy will have been welfare reducing despite
positive spillovers highlights that welfare effects of reallocation should not be ignored when

considering actual policies that apply in economies with arbitrary pre-existing trade policy.

Second, our paper relates to theoretical work on industrial policy (Buera et al., 2021; Choi
and Shim, 2024; Choi and Levchenko, 2025). Among these, Lashkaripour and Lugovskyy
(2023) and Bartelme et al. (2025) study industrial policy in open economies. In this prior
work, sectoral production exhibits external economies of scale. Firms do not internalize
that their own production raises sectoral productivity, and sectors are therefore inefficiently
small. This externality can be corrected with either an export subsidy or an import tariff.
In our case, the motive for intervention is principally different. Rather than external
economies of scale, we model spillovers from firms’ private upgrading decisions. This
shifts the distortion away from sectoral size and toward the share of upgraders — which
is too low. In this setting, export subsidies and import tariff have very different effects.
Export subsidies disproportionately benefit the most productive firms that are most likely
to upgrade, and can therefore partially correct this externality. By contrast, import tariffs
disproportionately protect the least productive firms, who lack the scale to upgrade to

begin with. As a result, an import tariff can reduce upgrading.

Despite export-oriented policies being the second most commonly used type of industrial
policy, we know surprisingly little about their aggregate effects. Atkin et al. (2017), Munch
and Schaur (2018), Defever et al. (2020), Matray et al. (2024), and Buus et al. (2025)
document the effects of export-promotion on firm-level outcomes. Our contribution is to
combine causally estimated reallocative effects of a large and long-lasting export subsidy
with theory to assess its impact on technology adoption and welfare. Our findings speak
directly to the intent of industrial policy: transforming the targeted industry. We show
that firm-level upgrades is an insufficient basis for using export subsidies, and highlight

the presence of spillovers and pre-existing misallocation as relevant considerations.

Finally, our paper is also related to a growing literature that studies the effects of indus-
trial policy using historical case studies. Pascali (2017), Juhdsz (2018) and Hanlon (2020)
leverage exogenous changes in trade routes that acted as protective barriers to assess the
infant industry hypothesis. Gross and Sampat (2023), Kantor and Whalley (2023), and
Mitrunen (2025) use war as an exogenous driver to study the effects of public R&D expen-
diture or state support to targeted industries, whereas Lane (2022) studies the government
support for South Korea’s heavy and chemical industry. We contribute to this literature
by documenting a new historical case study that enables analysis of export subsidies — an
intensely controversial type of industrial policy purported to have propelled Chinese and

South Korean growth miracles — on regional production and technology choice.



2 Historical Background

The emergence of beet sugar Until the nineteenth century, sugar cane was the sole
source for the production of sugar on an industrial scale. Sugar was being produced in
colonial plantations and then imported to Europe and the US. The main European con-
sumer market was Britain, where sugar consumption flourished due to the comparatively
high living standards, even among the working classes, and the complementarity of tea
and sugar consumption, as sweetened tea became the favorite beverage of industrializ-
ing Britain (Mintz, 1986; Ward, 1994). In contrast, in Continental Europe, particularly
in countries without colonies, sugar remained an expensive item of consumption and be-
came even more unaffordable during the Napoleonic blockade (1806-14) that cut Europe
from cane sugar imports (ORourke, 2006). Not having the right climatic conditions for
sugar cane planting, the Blockade thus became an important driver for experimentation
with domestic plants considered to be sources of sucrose. Beet turned out to be the most
promising one. After initial setbacks, experiments were particularly successful in France
and Prussia where new sugar beet varieties with double the sugar content were cultivated
(Deerr, 1949). Over the nineteenth century beet sugar production expanded in Europe

and by 1880 beet sugar represented half of the world sugar production.

Sugar industry in Austria-Hungary Initially, beet sugar production developed mainly
in Germany and France (Divis, 1891). Austria-Hungary was a late comer to beet sugar
production but the industry quickly developed into one of the key industrial sectors in
the Empire. This was underpinned by domestic innovation in the industry and from 1865

onward, export subsidies that arose due to a reform in the consumption tax.

Innovations in sugar production.—The key reason for the rapid expansion of European
beet sugar was technological innovation in its production. The scope for innovation, in
turn, derived from the technological complexity of extracting sugar from beet. Whereas
sugar cane can simply be boiled to attain a liquid containing sucrose, extracting sucrose
from beet required physical and chemical processing, where each step of production relied
on steam-powered machinery.? As a result, in 1853, sugar industry in Austria-Hungary
used as many steam engines as did the textile industry — the canonical ‘leading sector’ of

nineteenth-century industrialization (K.k. Statistische Central-Commission, 1864).

In addition to gradual process improvement, in 1865 sugar production in Austria-Hungary

saw a step change: the invention of hot water extraction method.®> Whereas previously

2In the 1850s, the process of making sugar from beet entailed the following steps. First, beets needed to
be cleaned and cut into thin slices. Next, these were pressed with hydraulic presses. The sugary juice
was then cleared using lime and carbon dioxide gas and filtered. This thicker juice was then boiled in
vacuum pans and, finally, sugar crystals were separated from the by-products with the use of centrifuges.
3Contemporary sources referred to this technology as diffusion method. In order to avoid confusion with
the term diffusion with the meaning ‘spread of” we use hot water extraction or frontier technology, unless
referring to installation of machinery used in hot water extraction method — diffusion batteries.



the beet slices will have been pressed with hydraulic presses, hot water extraction relied
on a completely different mechanism: forcing the slices against hot water in purpose-built
diffusion batteries, which released the sucrose into the medium. The new technology proved
to be more efficient, with the new method recovering 20% more sugar compared to hydraulic
presses. By 1870, 30% of firms in Austria-Hungary had converted their production. By

1885, only a handful of factories remained press-based.

Export subsidies.—Initially, the sugar industry in Austria-Hungary was largely tax-exempt.
However, in 1849, rising fiscal needs led the government to introduce an excise tax on sugar.
Much like the VAT today, the tax was collected not from consumers but from producers:
firms paid a production tax assessed on the weight of beets they processed, and exporters
received a tax rebate based on the weight of sugar exported, with rebate rate set to roughly
offset the tax paid in production. Note that per se, this rebate did not constitute an export
subsidy: paired with the import duty, it implemented a consumption tax. Only later —

after the sugar consumption tax reform of 1865 — did the true export subsidy emerge.

The reform entailed two changes. First, the government raised the consumption tax rate,
which — because the system operated through two separate rates — implied increases in both
production tax and the export rebate rate. Second, the tax base was changed from the
actual weight of beets processed to an estimated weight of beets processed, calculated based
on installed machinery, nominal processing capacity, and reported operating days. This
estimation procedure proved highly inaccurate and, in particular, imparted a systematic
downward bias: producers were able to process substantially more beets than the official
calculations implied, reducing their effective tax burden. As a result, the production tax
rose on paper, but in practice, the fall in effective taxation roughly offset the statutory
increase. The higher rebate, however, remained. As a result, exporters now received

rebates in excess of the tax actually paid — effectively, an export subsidy.*

What was the size of export subsidies? Because the tax base differed between production
and export rebates, it is difficult to measure the gap between the consumption tax and
rebate directly. Table A.2 reports the annual value of export rebates and consumption tax
collected, annual weight of beets used in production, as well as weight of sugar produced and
exported. Figure 1 summarizes this information. In Panel A, we report the government
receipt of consumption tax divided by value of sugar production and the government
expenditure on export rebate, divided by value of sugar export. First, note that, despite
the change in how the tax was administered, there was no break in consumption tax rate.
Second, since the export subsidy regime began, exporters received approximately 15% ad

valorem tax rebate. We calculate that between 1859 and 1874, the average government

4The mistake was realized, and in 1875 and later in 1878, the estimated quantities processed were increased.
However, as technology continuously improved, the government remained one step behind. Thus, export
subsidies persisted until their abolishment in 1902.



receipt of consumption tax as a share of aggregate value of sugar production was around
5%. Thus, from 1864, exporters started receiving a ad valorem export subsidy of around
10%. In Panel B, we report exports as a share of production. While before the reform

exports were negligible, following the introduction of the subsidy Austro-Hungarian sugar

exports went up on impact, and continued growing into 1870s.

Figure 1: Consumption Tax, Export Rebate and Export Share
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The end of subsidies.—The use of export subsidies in sugar, referred to as ‘bounties’,
was subject to significant debate and numerous international conferences. In addition to
Austria-Hungary, these were practiced to a smaller or larger extent in most European
sugar producing economies, most notably Germany since 1861 and France since 1884.
Britain with its open market and colonial sugar production was particularly set against
these practices and led international initiatives between 1863 and 1902 to try and abolish
export promotion in sugar industry. This culminated in the 1902 Brussels Convention —
the first multilateral trade agreement — which was signed by Austria-Hungary, Belgium,
Britain, France, Germany, Netherlands, Romania, Spain and Sweden (Fakhri, 2014). The
Convention limited import duties, prohibited export bounties and allowed participating
states to put into place countervailing duties against countries selling sugar for dumping
prices (Drachovsky, 1902). This marked the end of export subsidies in European sugar.

3 Data and Empirical Strategy

Our analysis is based on a novel, factory-level dataset of sugar producers in Austria-

Hungary. We collect data on factory-level weight of beets used for (nonconsecutive) years

7



1851-1883, and a binary sugar extraction technology used for 1870 and 1885. Appendix

A.1 contains further information on data sources and processing.

We assemble a firm-level production panel for Austria-Hungary covering 1851-1853, 1857,
1861, 1868-1873, and 1883. The dataset comprises newly digitized and merged records.
The panel draws on two types of sources: government statistical publications and privately
published industrial reports. Both types of sources report factory-level data on annual

weight of beets processed, which we use as a proxy for production.

We construct a binary variable indicating the use of hot water extraction for two years:
1870 and 1885. We construct the 1870 adoption status by combining the list of all adopters
by 1868 with regional statistical reports that allow us to extend this variable to 1870. For

1885, we use a firm directory that reports sugar-extraction technology at the factory level.

3.1 Summary Statistics

Table 1 reports the number of sugar factories and average weight of beets used per factory
by year. Two patterns stand out. First, there is extensive entry into the sugar industry: 90
factories operate in the first year of our sample; the number peaks at 247 in 1872, before
settling at 198 by the end of our sample. Second, the scale of factory operations increases

dramatically, with weight of beets used per factory quadrupling between 1851 and 1883.

Table 1: Summary Statistics
1851 1853 1857 1861 1868 1870 1872 1883

Factories 90 113 109 115 168 231 247 198
Inputs/Factory 51.6 52.3 749 131.5 104.6 104.7 110.7 216.9

Notes: Inputs record weight of beets processed, in 1,000 Viennese Centners (1VC = 56kg).

We conduct empirical analysis at the municipality level. This allows us to capture both
the extensive and intensive margins of adjustment. Accordingly, we aggregate firm-level
data to the municipality level. We measure three outcomes related to sugar production at
the municipality level: total weight of beets used as inputs, the number of firms operating,
and weight of beets used per firm. Because large parts of Austria-Hungary produce no
sugar during the sample period, we restrict the main analysis to municipalities with at
least one firm observed at any point (see Appendix Figure A.3). This yields a balanced
panel covering years 1851, 1853, 1857, 1861, 1868, 1870, 1872 and 1883.



3.2 Empirical strategy

Empirical specification Our empirical strategy aims to estimate the impact of export
subsidies on sugar production at a municipal level. To do this, we run the following event

study regression:

T = Z YsDigestsTi + V' Xit + @i + 0t + €1,

s=—m,...,0,..n

Here, m;; denotes total weight of beets used, number of firms, or weight of beets used per
firm in municipality ¢, and year t. x; is the measure of municipal export access and X;; is a
vector of controls, we describe both in the following segments. Our event study design lets
the effect of x; vary over time. —m and n indicate the years before and after the export
subsidy is introduced in 1865. Diggs.s are indicator variables for the years 1865 + s. Our
objects of interest are the coefficients v5: we expect 75 = 0 for s < 0, and v > 0 for s > 0.
We use 1861 as the reference year — the closest pre-export-subsidy year with available data.
Finally, a; and 4,; are municipality and region-time fixed effects (we consider two regions:

Austria and Hungary). We cluster standard errors at the municipality level.

Measuring export access We measure export access as the negative of the effective
rail distance from each municipality to Britain: the key destination for Austro-Hungarian
sugar exports.” To do so, we compute the lowest-cost route effective distance from each
municipality ¢ to London in 1864, which we denote 7;. 7; has three components: (i) the
cost of road transport from each municipality ¢ to the nearest railway line 7., (ii) the
cost of rail transport from this point to the relevant port p denoted by 7,,, (iii) the cost
of shipping between London [, and the port, denoted by 7,,.5 We allow for two ports —
Hamburg or Trieste — as key export routes (K.K. Statistische Zentralkommission, 1865).

To calculate 7; from these different modes of transport, we convert them into effective
railroad kilometers using the estimated cost of traveling in the nineteenth century from
Donaldson (2018) for rail (agei = 1), road (geas = 4.5), and sea (geq = 2.25). We then
calculate i’s lowest-cost route effective distance to any port as 7; = miny, 7, + 7, + 7. The

Appendix Figures A.2 shows the quartiles of effective export access across municipalities.

Threats to identification Our identifying assumption is that municipalities with greater
access to export markets in the pre-period were not differentially exposed to subsequent

shocks. Note that we do not require high- and low-exposure municipalities to be similar in

5Contemporary statistics do not report exports by destination. However, between 1868 and 1880, 84%
of Austro-Hungarian raw-sugar exports left the country via Saxony — the shortest route from most of
Austria-Hungary to the British market using the port of Hamburg (K.K. Statistische Zentralkommission,
1865).

6We thank Tomas Cvrcek for sharing Austro-Hungarian railroad network data for 1864. For the distance
between Austrian border crossings and the port of Hamburg, we use linear geographic distance.



levels. Instead, we rely on the standard parallel-trends assumption that outcomes for the
two groups would have evolved similarly absent the introduction of export subsidies. We

assess the plausibility of the parallel trend assumption by checking for pre-trends.

The absence of differential trends prior to the introduction of export subsidies does not rule
out confounders completely. Instead, it implies that any confounders would have had to
drive differential dynamics after 1865, and not before. We are aware of two potential con-
founders: the increasing importance of coal as an input into production, and the invention
of hot water extraction.” We control for possible confounding effect of access to coal by
controlling for distance to coal fields interacted with time.® The arrival of new technology
threatens identification if, absent export subsidies, high-export-access regions would have
adopted at differential rates. While we cannot rule this possibility out directly, we provide
three checks. First, in Appendix Table A.3 we show that factories in high-export-access
municipalities were not systematically larger — a correlate of technological upgrading in
standard models. Second, we control for proximity to the first factory to adopt hot water
extraction, following a rich literature showing that geographic proximity to prior adopters
shapes the spread of technology (Keller, 2004). Finally, we report our main specification
estimated on the sample that excludes factories that have upgraded by 1870. Note that a
causal interpretation of our estimates remains valid even if high-export-access municipali-
ties adopt frontier technology differentially given the export subsidies are in place. In this
case, s recovers the total effect of the introduction of export subsidies: the direct effect
from the shift in export demand and the indirect effect via increased upgrading by firms

whose larger scale, thanks to export subsidies, made such upgrading worthwhile.

If there is interdependence between firms’ technology choices, for example if upgrades by
early adopters reduce adoption costs for others, stable unit treatment value assumption
may be violated. In that case, positive spillovers contaminate controls upward the esti-

mated effects of the export subsidy are biased downward relative to the true impacts.

Pre-subsidy determinants of production We regress municipal beet processing in
1851-1861 on export access by 1864, domestic market access, distance to coalfields, river
access, soil suitability, and the presence of a railroad by 1864; see Appendix Figure A.5. Ex-
port access was unrelated to production in every pre-subsidy year, consistent with negligible
exports pre-1865. By contrast, domestic market access — measured as proximity to urban
populations across Austria-Hungary — mattered the most, with a one-standard-deviation
increase associated with nearly a one-standard-deviation rise in local beet processing. Coal
proximity began to matter in the 1860s. Finally, Hungarian municipalities processed less,

in line with the region’s lower level of economic development.

"We can rule out the invention being caused by export subsidies: the inventor, Jules Robert, continued
work that was started by his father decades prior. 1865 saw the first commercial use of technology.

8We use regional hard coal and lignite deposits from Fernihough and O’Rourke (2021). The Appendix
Figure A.4 maps the access to coal across municipalities.
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4 Effects of Export Subsidy

In Section 4.1, we examine the effect of the introduction of export subsidy on regional input
use. Following the policy change, high-export-access municipalities experienced an increase
in weight of beets processed. Both the intensive and extensive margins contribute to this
aggregate effect. In Section 4.2, we study the effect of export access on technological
upgrading. We show that early in the spread of the new technology, firms with higher
export access were more likely to upgrade. In turn, once the technology had largely spread,

regions with low export access were the last to continue using legacy technology.

4.1 Export Subsidies and Sugar Production

Figure 2 shows the effect of the export subsidy on municipal sugar production. Panel
(a) reports the effect on the total quantity of sugar beets processed, estimated by OLS,
while Panel (b) reports the effect estimated using the Pseudo-Poisson maximum likeli-
hood (PPML) estimator. The results show that municipalities with greater export access
increase sugar production after the export subsidy is introduced. By contrast, growth
rates do not differ before the policy change. We estimate that seven years after the policy
change, a municipality at the 75th percentile of export access processes 2682 more tons of
beets than one at the 25th percentile (or 48% more given average municipal processing of
5580 tons).? Results in Panel (b), can be interpreted as the semi-elasticity of the weight
of beets processed with respect to export-subsidy exposure. An increase in export access

from the 25th to the 75th percentile of exposure results in an 83% increase in input use.

In Figure 3, we break down this increase in production into the extensive and intensive
margins. Panels (a) and (b) report the results for the number of firms and weight of beets
processed per firm, respectively. In the years following the introduction of the export
subsidy, the municipalities with greater export market access saw a steady increase in the
number of operating firms. Seven years after the policy change, municipalities at the 75th
percentile of export access had approximately 27% more factories compared to that in

municipalities at 25th percentile.!”

Input use per firm in high-exposure municipalities increases with a lag, reaching a statis-
tically significant difference vis-a-vis the control group by 1883. However, since the early

years after the policy change witnessed extensive entry, input use per firm conflates com-

9In Appendix Figure A.6 we additionally report the effect of the export subsidy estimated for the sample
that excludes the factories who upgraded to frontier technology by 1870. This robustness check rules
out confounding from the arrival of frontier technology, which — absent the export subsidy — could have
raised adoption and production disproportionately in high exportaccess regions. The point estimates of
the effect of the policy for this subsample are 21 to 36% lower than that for the full sample.

10We compute this as a product of the point estimate for y;g72 and the distance between the quartiles
divided by the average number of firms in a municipality.
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Figure 2: Effect of export subsidy on sugar production
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Notes: The figure plots the event-study estimates for the effect of export market access on beets processed
in tons (Panel A) and the elasticity (Panel B). In Panel A estimates are obtained using OLS. In Panel
B elasticities are estimated using Poisson Pseudo Maximum Likelihood (PPML). Controls: Municipality
and region-year fixed effects. Additional controls interacted with year fixed effects: distance to coal field,
distance to Zidlohovice. Standard errors clustered at the municipality level.

position effects from the entry of smaller producers with firm-level changes in input use.
In Appendix Figure A.7, we show that when we restrict the sample to firms that existed
before the policy change — input use per firm responds on impact. By 1872, incumbent
firms in municipalities at the 75th percentile of export access processed approximately 24%

more sugar beets compared to those in municipalities at 25th percentile.

4.2 Export Subsidies and Technological Upgrading

We next study the effect of export subsidies on firms’ technology adoption decisions. Since
its invention in 1865, hot water extraction spread among sugar producers in Austria-
Hungary. By 1870, 30% of firms had upgraded. By 1875, the share of converters reached
60%. By 1885, adoption was nearly universal, with 94% of firms having upgraded.

We conduct analysis as a cross-sectional regression for two years in which we observe firm-
level technology: 1870 and 1885. We regress the indicator variable which takes value one if
the firm has upgraded on our measure of export access. We additionally report results with
the full set of controls. Table 2 reports the results. An increase in export access from 25th
to 75th percentile of export access results in a 12% increase in probability of upgrading in
1870. In 1885, the effect of export access remains quantitatively similar, indicating that

by then, only low-export-access municipalities still relied on hydraulic presses.

Note that since the new technology was first used only after the export subsidy began,

it is not possible to include pre-period adoption levels. Thus, we do not interpret our
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Figure 3: Effect of export subsidy on sugar production
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Notes: The figure plots the event-study estimates for the effect of export market access on number of
sugar factories (Panel A) and sugar beets processed per firm (Panel B). Estimates are obtained using
OLS. Controls: Municipality and region-year fixed effects. Additional controls interacted with year fixed
effects: distance to coal field, distance to Zidlohovice. Standard errors clustered at the municipality level.

findings as the causal effect of export subsidy on technology adoption. Instead, we use
these as correlations of adoption and export market access, conditional on observables and

on export subsidy being in place. We use these results to calibrate the quantitative model.

5 Model

In this section, we put forward a model that rationalizes the empirical results obtained in
Section 4. We use Bustos (2011) binary technology adoption framework to model firm’s
upgrading decisions. We model multiple regions to match our research design, and multiple
sectors to allow for reallocation of resources between sugar and the rest of economy. We
model spillovers in firms’ adoption decisions by linking the cost of upgrading to the local
share of adopters. These spillovers make firms’ private upgrading decisions potentially
inefficient. Finally, the government sets import tariffs, input taxes and export subsidies, in
line with government policy toolkit in our historical setting. The model setup is presented
in Section 5.1. Section 5.2 presents comparative statics that form the basis of our empirical
specification in Section 4. Finally, in Section 5.3 we discuss optimal policy and welfare

effects of an introduction of a marginal export subsidy.
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Table 2: Technological Upgrading and Export Access

Dependent Variable D870 Dig7o Disss Digss
(1) (2) (3) (4)
Export Access .0002795** .0003378 *** .0004646 *** .000293*
Controls N Y N Y
Observations 210 210 215 215

* p < 0.05, ** p < 0.01, *** p < 0.001

Notes: This table reports the estimated effects of export access on technological upgrading. The dependent
variable is an indicator variable that equals 1 if a factory has adopted hot water extraction by 1870 (D1s7o)
and by 1885 (Disss). Export access is measured as negative of effective rail distance from each factory
to Britain as of 1864. Estimates are obtained using OLS. Controls: (i) indicator variable for factories in
Hungarian kingdom, (ii) distance to coal reserves, (iii) distance to Zidlohovice — the first factory to use
hot water extraction method, (iv) beets processed. Standard errors clustered at the municipality level.

5.1 Setup

Environment.—We consider a small open economy with K sectors and N regions. The
preferences and production structure are as follows. All details of model derivation are

provided in Appendix B.1.

Demand.— The economy is populated by L identical agents. Each agent supplies one unit
of labor and spends their income on a continuum of domestic and imported varieties of sec-
toral goods. Preferences across sectors are Cobb-Douglas with expenditure shares ay, while
preferences across varieties within each sector follow a CES form with elasticity of substi-
tution o > 1. These preferences generate a demand function g(w) = ax RP{™ ' p,p.(w) =7 for
every variety w, where P, is the sectoral price index satisfying Pkl_a = fw ca, Pre (w)dw,
Q) is the set of sectoral varieties available for domestic consumption regardless of their
origin, and R is household’s total expenditure. Foreign household is specified analogously,
with demand for domestic variety w given by af RF(PF)71p..(w)~7, where p.i(w) is the
price charged by an exporter from region r’s sector k. From the domestic producers’ per-
spective, Dy, = af RF(PF)7~1 is exogenous. Labor is perfectly mobile across regions and

sectors.

Government policy toolkit.— We allow the government to employ two types of trade poli-
cies: export subsidies and import tariffs, and an input tax. If the government employs an
export subsidy in sector k, exporters charging p receive sip, where subsidy s, > 1 applies
ad valorem. If the government imposes an import tariff in sector k, domestic households
pay tip for a unit of imported variety with price p. s = 1 and ¢, = 1 correspond to no

export subsidy and no import tariff respectively.
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Firms.—Regions are populated by monopolistically competitive firms producing differen-
tiated varieties of sectoral goods using labor as the only factor of production. In order to
produce, firms need to enter a region of production. Regions differ in their iceberg cost
of exporting 7, and are otherwise symmetric. Entry entails paying a fixed cost f. denom-
inated in units of labor. Moreover, regional entry is subject to frictions. Effective cost
of entry into region 7’s sector k which employs L,; workers is wf.Ll,, where parameter
k € [0,1] governs the strength of entry frictions and w denotes the wage in the economy.

Firms can enter only one region, and can ship domestically at no cost.

Upon entry, firms draw their idiosyncratic productivity ¢ from the cumulative distribution
function G(p) =1 — (go/bk)fﬁ. As is standard, we assume 3 > o — 1. In order to operate,
firms must pay a fixed cost f,. If a firm chooses to export, it pays an additional fixed
cost f,. Firms can also choose to upgrade to frontier technology. Upgrading increases
firms’ productivity by a factor v, but entails an additional fixed cost Af, paid in units of
labor.'! We allow for interdependence in firms’ adoption decisions by linking the fixed cost
of upgrading, \f,, to the region-sector share of upgraders among the operating firms m".'?
Specifically, we assume that

)\Tk ) Aomgk_AS, (1)
where \° < "Tgl ensures that the equilibrium is unique. We assume firms operate for one

period and then exit.!?

The firms’ problem is as follows:

max  sgp”(q)q" + p*(qM)q" — mewl — w(f, + T fo + T“Nify),

l,q¢,q®, 17 v

where I* and [* are indicator variables for decisions to export and upgrade respectively.

The CES specification of demand means that firms optimally charge a constant markup
over their marginal cost. Conditional on not upgrading, this gives rise to domestic revenues

of 1 () = xR (peo/mpw
where D, = Dy7!77 is the region-sector export demand shifter which combines foreign

)°~1 and export revenues of 1% (¢) = D57 (pp/mw)° 1,

demand conditions with the region-specific cost of exporting 7,.. For upgraders, these

are 14 (y¢) = apRP{ ™ (ypp/mew)” =t and % (ve) = Dyesi(vpee/miw)

turn, serving domestic and foreign markets yields o='r% () and 0 71r% (¢) in gross profits.

o=1 respectively. In

As is standard in Melitz-style models, equilibrium in each region and sector is characterized

by threshold productivity levels. Firms with productivity above ¢, produce, those with

HWe assume common fixed costs across sectors for ease of legibility and without loss of generality. Our
calibration procedure in Section 7 allows for arbitrary sector-level fixed cost.

12\We model spillovers as local in line with local spillovers we estimate in Section 6.

13This allows us to treat firm decisions as static and obtain closed-form solutions for optimal policy.
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productivity above ¢¥, export, and those with productivity above ¢, upgrade. From here

onward, we assume that the parameter values are such that ¢? < p® < ©* for all r, k.14

The cutoff productivities are pinned down by three indifference conditions for each region-
sector pair. First, the marginal producer ¢?, earns zero profit after paying the fixed cost

of operation:
1 p(,pp o—1
et = saury ™ (P24) g, =0 2)

Second, the marginal exporter ¢7, earns zero profits from exporting:

PN S g AN
P o) = 2 Dust (22) ~uf =0 3

Third, the marginal upgrader ¢y, is indifferent between upgrading and not upgrading:

D, 8] + aRP7! <P90§fk
g

o—1
) (77 = 1) = wAnfy.

w

Substituting for domestic and foreign demand shifters using (2) and (3) we obtain

o—1 % o—1 %
Y -1 o—1 f:c ot i -1 o—1 fac UTI*AS
v — - (1 T Tp Lz = _— 1 O Bt 4
My, ( )\rk < + My, fp >) < )\0 ( + My, fp ( )

where the second equality employs the functional form of the cost of adoption from equation

x X 7/8 U w 75
1-G 1-G(p}
(1), and m?, = 1—GEi§:§ = <£§:> and mY, = 1—022’:; = (ié’;) denote the shares of

exporters and upgraders in region r’s sector k respectively.

First, note that the share of upgraders increases in the marginal cost improvement brought
by the frontier technology ~ and decreases in the fixed cost increase associated with it.
Intuitively, both affect the relative attractiveness of frontier technology compared to the
earlier vintage. Second, observe that all else constant, a higher share of exporters my, is
associated with a higher upgrader share. This result arises because upgrading entails a
higher fixed cost and therefore requires sufficient scale of production. Exporters have a
relatively larger scale as they can access both domestic and foreign customers. As a result,
the more firms in the region export, the more of them find it worthwhile to upgrade.
Third, note that spillovers that link the cost of upgrading to share of upgraders operate
by magnifying the effect of the relative benefit of upgrading and the share of exporters:

. . . o—1_1 . .
a given change in either 2 5, or m” leads to a larger increase in the share of adopters

when spillovers are present (A* > 0) compared to a no spillover scenario (A* = 0).

14We assume upgrading is more costly than exporting to match the early phase of the spread of the
technology, when only a small share of firms upgraded. The explicit parametric condition is provided in
Appendix B.1.
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Conditions (2)-(4) allow us to characterize regional production. But first, it is helpful to

take note of how the production cutoff ¥, varies across regions.

Lemma 1 Marginal producer productivity is equal across regions: g0§k =P Yq,r € N.
Proof 1 The proofs of propositions in this section can be found in Appendixz B.1.

This follows immediately from the zero cutoff profit condition (2). Since internal trade is
costless, all domestic firms compete in one market. Since labor is perfectly mobile across
regions, all regions face the same cost of labor. As a result, the marginal producer to break

even has the same productivity across regions.

Next, consider two regions r and ¢, such that the outward iceberg trade cost 7 is lower in
region 7: 7, < 7,. The following two propositions establish the relative shares of exporters

and upgraders in the two regions.
Proposition 1 The share of exporters is higher in the lower T region: myy, > mg.

This proposition follows from condition (3) — zero export profit for marginal exporter.
Exporters across regions face the same export demand, but lower export cost regions set
lower prices and enjoy higher demand. As a result, the marginal exporter in the lower
export cost regions can afford to be less productive to break even. Combining this with

Lemma 1, we obtain the result in Proposition 1. We next turn to upgrader shares.
Proposition 2 The share of upgraders is higher in the lower T region: mj > mg,.

Condition (4) states that the upgrader share increases with the exporter share. Since more
producers in the lower outward iceberg trade cost regions choose to export, more producers

also find it worthwhile to upgrade.

Imports.—Domestic households can import sectoral varieties produced abroad. Foreign
producers compete monopolistically and set their price as a markup over the marginal
cost wi'rt /¢, where ¢ is producer productivity drawn from the cumulative distribution
function G(¢) =1 — (¢/bf)?, w! is foreign wage and 7" denotes the iceberg trade cost of
exporting to home.'® To access domestic market, the foreign exporters have to pay a fixed

cost F. The marginal foreign exporter ¢}* earns zero profit from export:

1 m o—1
m(@}') = ~aeRP{ 7 ( PPk ) —w"F. (5)

w¥FrF

15We model foreign firms as not having an option to upgrade. From a small open economy’s standpoint,
this is equivalent to assuming that foreign firms can upgrade, but the upgrading decisions are not
affected by exports to home. Thus, we rule out foreign upgrading for ease of exposition and without loss
of generality.
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The mass of foreign exporters is M;® = (1 — G(p,,)) M, where MF is the total mass of

foreign varieties in sector k. Under the small open economy assumption, Mp is exogenous

from home’s perspective. Without loss of generality, we normalize Mp = 0
o

Free entry.—Free entry requires that in each region and sector, the aggregate spending on

entry equals expected profit:

wfeLy (1= Gleh)) ™ = Emy = My} [/ o (w)dw +/

wer,

Top(w)dw | .
end,
In Appendix B.1 we show that expected profits can be expressed as a function of fixed

costs
Em = (0 — Dw (fp + mgy fo + mu Ao fp) (6)

where M, is the mass of firms operating in region r’s sector k and 6 = %

Firms that choose to enter region r’s sector k£ hire labor to enter, produce, and pay fixed
costs of operation, exporting and upgrading. Aggregating these labor expenditures across

firms yields an expression for the mass of firms

T u —1 0—1 Spfk 7 Lilzﬁ
My, = wLyp(o0w (fy + mipfo + MmN fp)) " = o0\ ) T (7)

where the second equality substitutes fixed costs using condition (6).

Closing the model—We close the model by imposing region-sector goods market clearing,
labor market clearing, as well as by determining the government net revenue and household

income. We begin by linking region-sector employment costs to region-sector revenue:
Wy, = X% + 5. X5 = Y. (8)

where X¢ and s, X¢ stand for revenue from domestic and export sales respectively. Note
that the latter also accounts for the receipt of the export subsidies. This condition holds
due to free entry, which ensures that all of the revenue generated in r, k ultimately accrues

to labor as either compensation for production or via fixed costs.

Domestic expenditure on varieties from 7,k is X% = pra,R, where i,y = (P%,/ Pk)l_g is
the expenditure share on varieties from r, k, P% is the price index for varieties produced in
r, k and sold domestically. X% can be obtained by combining conditions (2), (4)—(7) with

expression for domestic demand to yield

—Crl—k_d
d Apw Cern%k

Xk = —¢pl-rd F ¢
Zquw Ly "o + Ag (Brw”)

OékR, (9)
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where ¢ = 1— 22 A, = b/ f,79/f. and AF = (bF /7F)PFT7 are exogenous domestic

o—1
o—1

and foreign productivity shifters, whereas 4% = 1+ (y7~! — 1)m%./? is an endogenous
productivity shifter that increases as more firms in r, k choose to upgrade. Note that this
representation takes a familiar gravity form: domestic sales depend on costs of production

in 7, k, compared to that in other domestic regions and abroad.

Import expenditure can be expressed analogously:

- Ag (tka)ig
>, ALy + AF (tpwF) ¢

m
rk

Finally, foreign expenditure on region r sector k varieties can be expressed as

Xip = Ay, P (w/s) " Ly v D, (11)
o\ 170
where 7%, = 1+ (7771 = 1) (m—;’“> is an endogenous export productivity shifter that
rk
accounts for exporter upgrading decisions and D), is a constant defined in Appendix B.1.
It is helpful to express the region-sector exporter share as a function of domestic and foreign

sales and endogenous productivity shifters:

—1
@ Sk X (f:ﬂfk)

My, = ——7— . (12)
. ng fp’ng

The government net revenue is the sum of receipts from import tariffs and input tax less

expenditure on export subsidies. Note that this can be positive or negative, T’ § 0:

T=> (b —DXI =D (sp — )X (13)

rk

The household income combines labor income with the government’s net revenue:
R=wL~+T. (14)

Finally, the aggregate labor market clears
L=Y L. (15)
rk

Equilibrium.—Equilibrium is a set of region-sector employment levels L,;, domestic, ex-
port and import revenues X%, X% and X", exporter and upgrader shares m?,, m%,, tax

revenue, household income and wage T, R, and w that satisfy conditions (4), (9)-(15).
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5.2 Comparative statics

We next turn to comparative statics of the model. To do so, we log-linearize the model.

The details of the derivations are presented in Appendix B.2.

Ezporter and upgrader shares.—We begin by considering the impact of export subsidies on
regional composition of firms. Propositions 3 and 4 link export subsidies to the shares of

exporters and upgraders respectively.

Proposition 3 Suppose the government increases export subsidy in sector k: dsp > 0.

The change in region-sector share of exporters is then

dlnm;, =dlnmj = g . (0dsy — (dln R+ (0 — 1)dIn Py)) > 0.

o —
Note that the change in the share of exporters is the same across regions. Moreover, the
endogenous technology choice has no impact on the change in exporter shares, other than
via the general equilibrium changes in domestic demand shifter ayRP7~". A constant
change in exporter shares, in turn, results in a larger increase in exporter share in absolute
terms in regions with lower costs of exports. In the rest of this section, we will use this
common change in the share of exporters, dIlnmy, as a shorthand for the sum of the direct
effect of the export subsidy ods; and its indirect effect due to general equilibrium response
in domestic demand shifter — (dIn R + (0 — 1)dIn P;). Consider two regions r and ¢ such

that 7, < 7,. Beginning with upgrader shares,

Proposition 4 Suppose the government increases export subsidy in sector k: dsp > 0.
The relative change in upgrader shares in the two regions is then
o—1 z =t

dlnmy, —dlnm}, = — — — dlnmg > 0.
k gk 1—Xp/(c —1) fp‘i‘mflefz fp_’_mnglfz k

The terms in square brackets are the semi-elasticities of the sector-region upgrader shares
with respect to the change in exporter share m*. These are positive and increasing in the
share of exporters. Proposition 2 establishes that regions with higher exporter shares have
more upgraders. Proposition 4, in turn, shows that as export subsidies induce more firms
to export, regions with higher export shares to begin with will see a larger response in
upgrading. Note further that the higher is the elasticity of user cost of frontier technology
with respect to the share of upgraders — in other words, the higher is \*, the more responsive

is upgrading to export subsidies.

Region-sector inputs.—We next discuss the effect of export subsidies on region-sector total

inputs. Let z,, = sx X% /wL, denote the region-sector export share of revenue before the
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subsidy change. This variable will capture the exposure of firms in 7, k£ to the change in
export subsidy. Propositions 5 and 6 establish the link between regional sectoral input use
following an increase in the sectoral export subsidy conditional on no spillovers (A* = 0)

and on positive spillovers (A* > 0) respectively.

Proposition 5 Suppose the government increases export subsidy in sector k: dsp > 0.
Suppose there are no spillovers from upgrading: \° = 0. The relative change in sectoral

input use in the two regions is then

k— Tqk
—qdlnmi>0.
K

x
dln Ly —dln Ly, = =
Once again, conditional on the change in exporter share, the endogenous technology choice

has no impact on the relative change in sectoral input use.

Proposition 6 Suppose the government increases export subsidy in sector k: dsp > 0.
Suppose there are positive spillovers from upgrading: A° > 0. The relative change in

sectoral input use in the two regions is then

TriVrk — TqkVqk
K

dln L, —dIn Ly, = dlnmg > 0,

Y — 1 As
vhe 0 —1—=0)

where v, =1+ and vy, < Vgi.

Note that v, < vy implies that conditional on the change in exporter shares, positive
spillovers in use of frontier technology can amplify or attenuate the relative response of
input use in the two regions. Crucially, this is not due to cross-regional spillovers: our
spillover specification applies within regions only. Instead, as export subsidies induce
more firms to export and more firms to upgrade, the costs of adopting frontier technology
decrease in both regions, inducing further upgrades. How this additional change in the
share of upgraders affects the relative input use across the two regions, in turn, depends
on the strength of spillovers, as well as levels of exporter and upgrader shares before the

policy change in both regions.

From inputs to outputs—Free entry ensures that all of the region-sector revenue is spent
on inputs: wl,; = Y,r. As a result, the relative change in input use maps exactly into

regional change in output. Formally,

Proposition 7 Suppose the government increases export subsidy in sector k: dsi > 0.

The relative change in region-sector output is then

dlnY;«k —dlank = dlIlLTk —dlnqu > 0.
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Intensive and extensive margins.—We now break down the differential response in regional

input use into intensive and extensive margins. From condition (7),
din M, = —fBdIln ¢, + (1 — k)dIn L,y

In turn, Lemma 1 shows that the marginal producer is the same across regions. Let
ok, = Ly /M,y denote input use per firm. The following proposition pins down the intensive

and extensive margins in the relative change in the regional input use.

Proposition 8 Suppose the government increases export subsidy in sector k: ds; > 0.

The relative change in mass of firms and input use per firm is then

dln M,y — dln M, = (1 — ) (d1n Ly, — dIn L) > 0,
dinly, —dInly =k (dln Ly, — dln Ly,) > 0.

In other words, whether the differential response in the input use across regions following
an export subsidy comprises of differential entry and exit or input use per firm depends

solely on how stringent are the frictions in entry into regional production.

Taking stock—We now briefly summarize the results of the comparative statics exercises.
An increase in an export subsidy induces a larger proportion of firms to turn to exporting
(Proposition 3). As more firms export, more firms attain sufficient scale to upgrade.
Moreover, this effect is stronger in low export cost regions (Proposition 4). An increase in
an export subsidy leads to a higher increase input use and output in lower export costs
regions relative to those with higher export costs (Propositions 5, 6 and 7). Finally, the
relative magnitudes of the response of extensive and intensive margins depends on the

relative severity of the frictions in regional entry (8).

5.3 Welfare

The previous section analyzed the positive effects of an export subsidy. We now address
the normative aspect of the use of export subsidies. We begin by characterizing the optimal
trade policy in the presence of endogenous technology choice, and then outline the welfare
effects of an introduction of a marginal export subsidy. The details of the derivation are

provided in Appendix B.3.

Optimal policy—The solution for optimal policy leverages the idea that at the optimum,

small feasible changes in resource allocation have no first order effect on welfare.! Welfare

16Feasibility here requires that trade is balanced and changes in region-sector input use satisfy aggregate
input constraint ) , Ly = L.
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is given by W = (R/L)/P, where R/L = w+ T'/L is income per capita and P =[], P*

is the consumer price index. Log-differentiation of welfare yields

dInW = (dwL +dT)/R - a;dln Py
k

Consider first the case with no spillovers from upgrading. In Appendix B.3 we show that

in this case, the change in welfare can be expressed as

1+ €
1—€f

dinW o > (1= sp) X5dm Q5 + ) (tk - ) Xdn Q' (W1)
rk k

where Q' = X'/P" and Q7% = X% /P% are import and export quantities obtained

using import and export price indices, € = o' is the export demand elasticity and
e = —%‘U__ﬂ)) is the import supply elasticity. The next proposition specifies optimal

policy when upgrading is not subject to spillovers.

Proposition 9 If upgrading is not subject to spillovers, A\* = 0, then the optimal export

subsidies and import tariffs satisfy s; =t and t* = 11’:6}: t for some common shifter t.
k

Setting export subsidies and import tariffs to s and ¢;* makes the two brackets multiplying
changes in export and import quantity changes zero. As as a result, there does not exist
any small feasible change allocation of resources that can increase welfare. Therefore, s}
and t,* are optimal. Note further that normalizing ¢ = 1 results in no export subsidy
(sy = 1) and an optimal tariff ¢, = #’5_1) which coincides with the optimal tariff in
a wide range of models with no endogenous upgrading.!” Thus, absent spillovers, the
presence of endogenous upgrading by itself does not warrant the use of export subsidies,

as long as the import tariff is set at the optimal level.

Consider now the scenario where sector k features positive spillovers from technological
upgrading: A7 > 0, whereas there are no spillovers in other sectors A} = 0 Vn # k. In this

case, the change in welfare can be expressed as

1 m
dInW o Y (1 —s) X5dIn Q@ + ) (tk — ;:66’“) X dln Q" (W2)
rk k k
2 11 A
3 ko T Xz dlnm, (16)
Tk B T %

Note that if the policy is set at the optimal level for no spillovers scenario, s = 1 and

ty = iﬁg, the first two terms are zero. The third term captures the welfare effect of
k

n particular, Demidova et al. (2024) show that this optimal tariff applies in Armington, Eaton-Kortum,
and Krugman models (with or without EES, and with or without nested preferences) as well as in
Melitz-Pareto model with fixed costs paid in source or destination country labor.
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allocating extra resources towards exporters in presence of spillovers. Proposition 4 shows
that incentivizing more exports can increase the scale of operating firms and thus induce
more firms to upgrade. Since in presence of positive spillovers adoption in section k is
inefficiently low, inducing more firms to upgrade can be welfare improving. Proposition 10

formalizes this insight:

Proposition 10 Suppose upgrading in section k is subject to spillovers, \j > 0, and
An
st=t Vn#kandty* =1

=0Vn#k. In this case, the optimal export subsidies and import tariffs satisfy sy > t,

1+ . _
= for some common shifter t.
k

1+€
1—ef”’

tariff level in models with no endogenous upgrading. No-spillover sectors call for no export

Again, normalizing ¢ = 1 yields import tariffs across sectors set at t;, = the optimal

subsidies: s, = 1 Vn # k, and sector with positive spillovers features a positive optimal

subsidy s > 1.

We conclude by discussing welfare effects of introducing a marginal export subsidy in sector

k given initial trade policy is set at some arbitrary level ¢, 5.

Proposition 11 Suppose upgrading in section k is subject to spillovers, A, > 0, and
A =0V n # k. Suppose initial trade policy is set at some arbitrary level ty, Si. In this
case, the welfare change due to the introduction of a marginal export subsidy in sector k,

ds; > 0, can be represented as a sum of two terms:
dInW =dnW" +dIn W",

where

o 1der
dinW" o Y (1—5) X5dIn Q% + > (tk— 1t€€’;)Xlean2” =0
rk k

k

and

dlnW* oc Y Ok — 11 _ M X dlum?, > 0.
- Tk B AL
The second term, dIn W*", captures the welfare increase when export subsidy induces more
firms to upgrade, given these new upgrades reduce costs of upgrading for other firms in
sector k. This term is positive as 7%, — 1 is always weakly positive and dlnm?, /ds; > 0
from Proposition 3. In turn, dIn W" captures the welfare effect arising due to reallocation
of resources in the economy, given the prior policy wedges #j, 5;. The sign of the second
bracket will depend on two things. First, whether import tariffs and export subsidies were
set above or below the optimal level. Second, it will depend on the patterns resource

reallocation caused by the introduction of the marginal export subsidy. Intuitively, trade
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policy set at suboptimal levels causes misallocation in the economy. As a result, the
welfare effect of a change in policy will depend on whether the policy change worsens or
ameliorates pre-existing misallocation. If the policy change directs resources to sectors or
activities that were already excessive compared to socially optimal level, welfare declines. If

instead policy change directs resources out of such sectors and activities, welfare increases.

Consider the following example. Suppose 5, = 1 V k: no export subsidies in any sec-
tor to begin with. Suppose further import tariffs were set optimally in sectors other
than k: , = HE’“

V' n # k. In this case, the reallocation term collapses to dIn W™

(fk — 1+€’“ ) X;d ln Q. If import tariff in sector £ exceeded the optimal level ¢* defined in
Proposmon 10, the reallocation term of the welfare effect of an export subsidy will be nega-
tive if the export subsidy reduces imports in sector k: dln W" ( E— t*) Xdn @ < 0.
Intuitively, an excessively high protective tariff will mean excessive domestic production of
k to begin with. By directing further resources to sector k, an export subsidy will further

aggravate misallocation.

6 Spillovers

In the previous section, we showed that whether firms’ private upgrading features spillovers
is first order when studying the welfare effects of an export subsidy. In this section, we

document local spillovers using evidence from French sugar industry.

We collect data on factory-level sugar-extraction technology for the universe of French
sugar factories from 1879 to 1889. We can use French data because beet-sugar production
was highly standardized, with production methods across countries closely comparable.
Notably, our period spans the early diffusion of hot-water extraction in the country (< 20%

adoption) to near-universal uptake (> 80%), yielding rich spatial and temporal variation.

6.1 Data and Research Design

Sources Our primary source is a privately published annual directory — the Liste générale
des fabriques de sucre, raffineries et distilleries de France — compiled by the sugar trade
journal Journal des Fabricants de Sucre. For each campaign, the directory reports the
universe of beet-sugar factories, with their address, proprietors, and — crucially — the juice-
extraction technology. Hydraulic-press plants are flagged ‘P.H. (presse hydraulique); hot
water extraction adopters are flagged ‘D.” (diffusion). We digitize the 1879-1889 campaigns
to construct a factory-year panel with location and an indicator for adoption status. Be-
cause plant names vary across issues, we aggregate the data at the municipal level and

work with counts of adopters within a location.
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Summary statistics There were 501 factories operating in 1879 and 380 in 1889. Produc-
tion was highly spatially concentrated. In our sample, over 90% of factories were located in
just eight départements, which constitute the northern region of France (see Figure C.9).
Figure C.10 shows the distribution of factories per municipality in 1879. Most municipal-
ities hosted one factory; however, having 2-5 factories was also relatively common. Figure
C.11 plots the distribution of neighboring factories within a 10-kilometer band around
each municipality. While most municipalities had no neighbors in this radius, there is a

substantial mass with 1-24 nearby factories.

Empirical strategy We implement two complementary designs at the municipality-year
level. First, we relate local adoption to lagged exposure to neighboring adopters. Second,
we estimate an event-study around the first neighbor adoption. All specifications include
municipality (d,,) and region-year fixed effects (0. ), as well as baseline controls; standard

errors are clustered at the municipality level.'®

We estimate whether local adoption followed adoption by neighboring factories using the

following specification:
Ymi = &Ty:n7t—1 + ’Y/Xm,t + 5m + 5ct + Em,t- (17)

Here, yy, is the number of adopters in municipality m and year t. y,, , is the number of
adopters in the r—radius neighboring municipalities in m and year t, defined using dis-
tance rings: 15, 20, 30, 40, 50 km. We exclude local municipal adoption from the neighbor
adoption construction to avoid introducing a mechanical relationship. We additionally
estimate this specification using neighborhood donuts: one for 10-60 kilometers (this spec-
ification excludes the closest neighbors) and one for 50-100 kilometers (this specification
excludes even distant neighbors and serves as a robustness check that our results are not
confounded by regional trends). X,,; includes export market access x year dummies, dis-
tance to press/diffusion battery producers x year dummies, and annual summer-rainfall
variation. The coefficient of interest, a,., captures the extent to which factories in a given
municipality are more likely to upgrade their technology following upgrades by neighboring

factories.
We next estimate an event-study with staggered first neighbor adoption as follows:
ym,t = Z ﬁkDfn,t + ’VIXm,t + 5m + 501& + 5m,t- (18)
k#—1

Here, y,, is again the number of adopters in municipality m and year t. We define the
event time dummies as DF , : 1{t — 7,) = k}, where 1 is an indicator function and 7, is

the year in which the first factory in a neighboring municipality (within 10 km) upgrades

18We construct regions as 1-by-1-degree-cells. 1 degree is approximately 111 kilometers.
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to hot water extraction; k are leads and lags relative to that event. We omit k£ = —1 as
the reference period, so f traces dynamic responses before (k < 0) and after (k > 0) the

first neighboring adoption.

Threats to identification The main empirical challenge when estimating spillovers is
to separate a genuine causal link between neighbors’ adoption decisions from spatially
correlated unobservables. Ideally, this is done via randomizing the treatment, and tracing
out the effect on neighboring adoption. In our historical data, this is not possible. Our
strategy is to identify likely confounders using historical sources that describe the inputs
into firms’ upgrading decisions, and control for these. Inasmuch as there remain spatially

correlated unobservables, these threaten the causal interpretation of our results.

In both baseline specification and the event study, we control for annual regional summer-
rainfall variation. Local weather shocks affect sugar-beet harvest and therefore the cashflow
of local factories, which in turn affects firms’ ability to make outlays for re-organization.
Second, we control for local supply of technology using distance to nearest hydraulic-press
and diffusion-battery producer, both interacted with time. We expect that factories nearest
to diffusion battery suppliers would have been more likely to upgrade early, compared to
those farther away, due to higher information frictions early on in the technology’s spread.
Third, we control for distance to London interacted with time. As in the case of Austria-
Hungary, Britain was the key export market for French exporters. Changes in export
demand will have affected the cashflow of exporters, with implications for their upgrading.
Additionally, we include region-year fixed effects in all our specifications. These control
for spatially correlated unobservables that vary over time at a regional level. This means
that our baseline coefficient «,. is identified from within-region-year differential adoption
between factories that share the same observed fundamentals, but differ in their exposure to
last year’s neighbor adoption. Finer-scale, time-varying spatially correlated shocks remain

as a threat to identification.!®

Identifying the event study coefficients (55 hinges on the assumption that municipalities
whose neighbors are yet to upgrade and municipalities whose first neighbor has already
upgraded form a credible counterfactual for municipalities whose first neighbor upgraded
at 7V, after accounting for our baseline controls, time-invariant differences between mu-
nicipalities and common region-year shocks. A key advantage of the event study is that
we can test for pre-trends: if spatially correlated local shocks (rather than spillovers) drive
adoption, they would also move own adoption before the first neighbor’s adoption, which
would appear as non-zero lead coefficients (k < 0). Flat leads do not prove spillovers or
rule out all common shocks, but it restricts the potential set of confounders that could

explain the increase in diffusion adoption. Confounding shocks would need to occur ex-

Y Two further variables that vary at such finer-scale — changes in local transportation network and common
ownership across neighboring factories — are currently under construction.

27



actly at the same time as the first neighbor adopting and materialize only slowly over time.
Nonetheless, absent a quasi-experiment potential concerns over omitted factors cannot be
fully addressed. For example, within-region input supply shocks, policy shocks, or tech-
nology availability shocks could be at play. We address this limitation with a shift-share

design approximating the experimental ideal of a number of neighbor upgrades.

Instrument for neighbor adoption We construct the instrument for the number of
adopters in the r—radius neighboring municipality m at time ¢ by interacting the pre-
determined, 1879 number of neighbor firms within r-radius with the national adoption rate
at t, which we calculate by excluding the municipality’s own adoption to avoid introducing

a mechanical correlation.

The relevance of this instrument draws on the aggregate shocks to the costs and benefits
of upgrading contained in the national aggregate adoption rate which are likely to affect
municipality’s neighbors’ adoption decisions. The validity of this instrument relies on the
exclusion restriction: E[y"7Y e, |Xont, 0m, )] = 0. Note that our exclusion restriction
is conditional on our baseline controls, municipality, and region-time fixed effects. The
region-year fixed effect controls for the direct effect that the aggregate shocks contained
in the national shifter could have on municipal adoption. The municipality fixed effect
controls for possible time-invariant unobservables that differ between municipalities within
the same region that might be correlated both with count of neighbors and time-invariant
propensity to adopt. The threat to identification that remains is time-varying shocks to
municipal adoption that correlate with municipality’s initial number of neighbors. Such
shocks would need to lead to differential changes in adoption by municipalities within
the same region, that share the same observed fundamentals, but differ in the number of
neighbors in 1879. An example of such shock would be a time-varying receptiveness to new
technology that is higher i) early in technology’s spread, ii) in municipalities that are a part
of a denser network of producers, that is not mediated via neighbors’ adoption. This is a
type of the confounder we can not rule out. However, we provide a falsification test. We do
this by re-running our IV specification using twice-lagged count of local adoptions in place
of contemporaneous count. This twice-lagged structure times the local adoption count to be
before the treatment. This test provides evidence on the correlation between the instrument
and potential lagged correlated shocks. Absence of a statistically significant relationship
puts a restriction on the potential time-varying shocks correlated with our treatment to
have been inactive pre-exposure. An absence of such correlation would alleviate concerns

about correlated shocks and lend credibility to a causal interpretation of our estimates.
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6.2 Results

Baseline result Figure 4 visualizes the baseline OLS coefficients that relate local adoption
to neighboring adoption in ¢t — 1 across distance bands. Exposure within 10-20 km is
associated with 0.01-0.08 additional local adopters. At further distances, the coefficient
estimate for spillovers starts to decline. Adoption in the 10-60 km ring remains positively
associated, while effects for 50-100 km are near zero. We interpret these estimates as

association consistent with local spillovers.

Figure 4: Technology spillovers (OLS)

Mean Dep.Var.=0.50, # obs.=786

.15

A
1

0 05
| 1
—o—
e
e

OLS: Technology spillover on local adoption share
-.05
|

-1

T T T T T T T
10 15 20 30 40 10-60 50-100

Diffusion adoption in neighbouring municipalities within radius (km)
Notes: The figure plots the OLS estimates for lagged number of adopters in neighboring municipalities
on number of adopters in the municipality. x-axis denotes inclusive neighborhood bands (10-40km) as
well as two donuts, 10-50km and 60-100km. Controls: Municipality & region-year fixed effects, distance
to manufacturer of pressesx Year, distance to manufacturer of diffusion batteriesx Year, export market
accessx Year, and summer-rainfall variation (Pauling et al., 2006). 90% confidence intervals clustered at
the municipality level.

Robustness.— Results are stable across alternative controls, clustering, estimators, and
samples. Appendix Figure C.14 reports results for (i) specification without baseline con-
trols (weather, machine-shop proximity and export-market access interacted with year),
(ii) correction for potential spatial correlation in the error term using Conley standard
errors, (iii) conditioning on lagged local counts of firms and adopters, (iv) Poisson-Pseudo
Maximum Likelihood specification, (v) using stricter department-year fixed effects, (vi)
using the full sample of municipalities including locations that had zero firms. Our results

are robust to these different specifications.
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Event study Figure 5 presents our event-study estimates. First, we do not see differential
trends in adoption before the first neighboring firm adopts hot water extraction. After the
first neighbor adoption, we observe a growing effect on local adoption, which becomes
significant one year later. Notably, the effect of the first neighbor adoption is considerably
larger in magnitude, with the estimated effect suggesting 0.3 additional local firms having
upgraded; three years later, the magnitude increases to 0.8 additional local firms having

upgraded to frontier technology.

Figure 5: Technology spillovers (Event-study)
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Notes: The figure plots the event-study estimates for the first adopter in a municipality within 10km
radius. Controls: Municipality & region-year fixed effects, distance to manufacturer of pressesx Year,
distance to manufacturer of diffusion batteriesx Year, export market accessx Year, and summer-rainfall
variation (Pauling et al., 2006). 90 & 95% confidence intervals clustered at the municipality level.

Robustness.— Appendix Figure C.13 re-estimates the event-time coefficients using the de
Chaisemartin-D’Haultfoeuille and Callaway-Sant’Anna estimators for staggered adoption.
The profiles are similar: no discernible pre-trends and a statistically significant increase
after the first neighboring adoption. Second, adding controls for lagged local adoption and

for the number of local firms leaves the results essentially unchanged.

Instrumental variable Figure C.15 presents our IV estimates. These are slightly higher
than the OLS estimates, at 0.1 additional adoptions per one additional lagged neighbor
adoption in 10-20km neighborhood, but the overall profile fits closely with our baseline
results. Figure C.16 presents the results of the falsification test, where the local adoption
count is replaced with twice-lagged local adoption count. Conceptually, the twice-lagged

adoption can serve as a proxy for the unobserved error terms in contemporaneous adoption
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that could be correlated with our instrument. We find no significant association between

our instrument and twice-lagged adoption at any of the horizons.

7 Calibration

We calibrate the model to the Austro-Hungarian economy in years 1865 and 1870, featuring
two production sectors — sugar (s) and a composite non-sugar sector (n), and two regions
that differ in their iceberg costs of export. The calibration proceeds in four steps. First,
we reformulate the equilibrium system in ‘exact-hat algebra’ form, expressing all endoge-
nous variables as changes from initial level. Second, we document the historical sources
and construction of initial-level data that constitutes the baseline equilibrium. Third, we
summarize externally imposed parameters drawn from the literature or calibrated outside
the model. Finally, we implement the internal calibration that identifies the combination
of parameters and shocks that rationalize the patterns in sugar production and technology

upgrading documented in Section 4.

7.1 Model in Changes

We recast the model of Section 5 in ‘exact-hat algebra’ form. For any variable z;, define
2y = w441/ as the change from period ¢ to t+1. We rewrite the equilibrium conditions (4)
and (9)-(15) for period ¢ + 1, so next-period values are Z;x; for each x. We suppress time
subscripts for readability; all hats denote changes from ¢ to t + 1, and all level variables
refer to period t. The result is a system of equations in three types of unknowns: (i)
endogenous variables in levels at ¢, (ii) exogenous changes in technology and policy 7, 8,

and £, and (iii) changes in endogenous variables between ¢ and ¢ + 1:

1
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Our calibration strategy consists of fitting the model in changes (C1)-(C10) to match
historical data conditional on two exogenous changes: arrival of hot water extraction tech-
nology and the introduction of export subsidy in sugar. In what follows, we will normalize
both the export subsidy and the initial period productivity gain from upgrading to one.

Thus, we define ds; = §, — 1 and dv, = 4, — 1 and use this convention throughout.

7.2 Initial Values

Timing.— We initialize the economy in 1864, the year before the export subsidies begin,
and estimate the model in changes targeting levels of endogenous variables in 1870, five

years after the policy is introduced.

Sectors and regions.— We consider two sectors — sugar (s) and non-sugar (n), and two
regions — low-export cost and high export cost. Non-sugar aggregates are defined residually,
as economy aggregates less sugar, unless specified otherwise. Employment is the only
variable observed at the region-sector level. We map the low- and high-export-cost regions

to Bohemia (b) and the rest of Austria-Hungary (r), respectively.?’

Imports, exports, and trade policy.— We use the 1864 volume of Austro-Hungarian Foreign
Trade Returns (hereafter Trade Returns, K.K. Statistische Zentralkommission (1864)) to
collect values of exports, imports, and import tariff revenues. We set sectoral imports
and exports, X;" and X}, to those in the data. We compute import tariffs for the two
sectors, 1, as the ratio of import-tariff revenue to the value of imports in each sector.
In line with no known use of export subsidies before those in sugar, we set s, = 0 for all
sectors. We set net government revenue as a sum of import tariff revenue across all sectors:
T =5, (ty—1)X;". The resultant values are an import tariff of 57% in sugar industry and
5% for the non-sugar aggregate. As a result of the high protective barrier, sugar imports
into the country were negligible, at < 1% of sugar consumption. In turn, export of sugar

was modest, constituting about 5% of domestic production in 1864.

20Bohemia bordered Saxony and as a result was farthest along the trade route to London via Hamburg
compared to the interior.
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Employment.— We obtain regional employment in the sugar industry from Nachrichten
tber Industrie, Handel und Verkehr, 1873 — the trade and industry report that serves
as one of our sources for firm-level inputs (hereafter ‘Nachrichten’).?! We assign non-
sugar regional employment using the ‘industry and commerce’ category in the 1880 census,

scaling both regions back to 1864 by population change between 1880 and 1864.

Revenue and consumption.— In 1864, sugar represented 1% of the total industrial produc-
tion (Komlos, 2014). We set sectoral sugar revenue Yj to the value in Nachrichten and infer
non-sugar revenue Y, from the 1% share: Y;,, = Y,(1 — 0.01)/0.01, with aggregate revenue
Y = wL = Y?®/0.01. Sectoral consumption is X; = Y, — X¥ + X}, and domestic sales
are X ,‘f =Y, — X}. Aggregate income combines aggregate revenue and net tariff revenue:
R=wL+T.

Regional domestic sales— We allocate X{ across regions using equilibrium condition (9)

which links domestic sales to regional employment: X /X% = (Lyx/Ln) "

Upgrader shares— The first commercial use of hot water extraction was in 1865. We
therefore set the initial share of upgraders in sugar to zero, m;', = 0 for both regions. In line
with the sugar industry being by far the most mechanized industry in 1864 (sugar industry
was responsible for 26% of all steam engines used in manufacturing, while representing mere
1% of output), we set m® = 0 for the non-sugar sector. We normalize the initial level of the
productivity gain from upgrading to one for both sectors: v, = =, = 1. This parametric
assumption is in line with zero initial upgrader shares in both sectors and yields initial

domestic and exporter endogenous productivity shifters equal to one: 7% =% = 1.

Missing levels.— Two initial levels are unobserved: region-sector exports X and exporter
shares my,. From (9), X7/X7 = (Lyi/Lar)' ™" (1+/75) ™", s0 given region-sector employ-

ment, allocating observed sectoral exports across regions amounts to estimating the ratio
XY

Ss
where s; = 7% = 7% = 1 are set following the baseline. Conditional on the export al-

between the outward trade-costs in the two regions 7 = 7, /7,. From (12), m¥, =

location, solving for exporter shares requires observing the fixed-cost ratio f = f.(f,) ™"

Henceforth we treat these as observed, conditional on estimated 7 and f.

We report the sources and assigned values of initial levels in Appendix Table D.5.

7.3 Externally Calibrated Parameters

We fix four parameters and one exogenous change outside the calibration routine: (i) the

elasticity of substitution across varieties o, (ii) the Pareto shape parameter of firm pro-

21Regional production, by contrast, was not covered in this report. More generally, since beet inputs
formed the tax base, virtually all of the contemporary statistics relied on beet use as a measure of
production.
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ductivity distribution £, (iii) the entry friction parameter x, (iv) the parameter governing

strength of spillovers A*, and (v) the size of the export subsidy increase, ds;.

Elasticity of substitution.— The elasticity across varieties o governs how strongly sectoral
input use responds to an export subsidy shock. Holding the subsidy size fixed, a higher
o implies a larger reallocation of production toward the targeted sector. We set o = 3.5,

following the median estimate for 4-digit commodities in Broda and Weinstein (2006).

Pareto tail of productivity— We calibrate § using the upper tail of the factory input use
distribution. In the model, the tail exponent of input use is 5/(c — 1). A log-rank-log-size
regression in the data yields a tail estimate of 4.6, implying 8 = 11.6 given o = 3.5.

Entry friction parameter.— Parameter x governs the relative strength of extensive- versus
intensive-margin adjustment in regional input use. A higher x raises the effective cost of
entry, shifting adjustment toward an increase in the scale of incumbent firms. Proposition
8 in Section 5.2 shows that 1 — x is identified by the ratio of event-study responses of the
mass of firms and the input use following an export subsidy shock. Evaluating this ratio
for 1870 yields 0.42 (see Table A.4). We thus set x = 0.58.

Spillover elasticity.— Spillover elasticity A* governs how the fixed cost of upgrading varies
with the local share of upgraders. A* > 0 implies that individual adoption lowers the
local cost of upgrading, resulting in a positive externality. We estimate A\* = 0.14 using a
variant of specifications presented in 6 which maps to the log-linear approximation of the

equilibrium condition (4). The details of the estimation appear in Appendix D.1.

Ezport subsidy.— We observe the size of the export subsidy in the sugar industry directly
from the data. In particular, Nachrichten reports the total export subsidy payout by year.
We divide the 1870 payout by the value of exports from the Trade Returns and subtract
the input tax rate, estimated as the ratio of the excise tax collected reported in Nachrichten
and the value of production in 1870. This yields an export subsidy of 11.2%. Since there

is no export subsidy in the initial period, s, = 1, we set ds;, = 0.11.

Table 3 summarizes the externally calibrated parameters.

Table 3: Parameterization

Parameter Value Target Source
o 3.5  Elasticity of substitution across varieties Broda and Weinstein (2006)
B 12 Tail of input use (log-rank-log-size) Data, see text
K 0.58 Intensive vs extensive margin response  Table A.4
A° 0.14 Spillover elasticity in upgrading cost Table D.6
dss 0.11  Export subsidy increase Nachrichten; Trade Returns
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7.4 Calibration Procedure

Overview— We calibrate two parameters and one exogenous shock © = {f,7,dvs} to
match three moments: fixed costs ratio f, the regional difference in iceberg cost of exporting
7, and the increase in the productivity gain from upgrading to frontier technology in sugar
ds to match: (i) the heterogeneous response in regional input use, Lys — Lys; (ii) the
cross-regional adoption gap, mj, —m; and (iii) the aggregate adoption rate in sugar, m?.
Throughout, we interpret the empirical moments as conditional on two exogenous changes
between 1865 and 1870: the export subsidy in sugar, ds,, and the unobserved increase in
the productivity gain from upgrading to hot water extraction method, dvs. We assume no

change in import tariffs and non-sugar policies and technology: dt; = ds,, = dv,, = 0.

Targets and construction.— We obtain the target for the heterogeneous response in regional
input use from the event study around the introduction of export subsidies. Specifically, we
combine the 1870 coefficient on the export access interaction from the input use regression
(see Table A.4) with the cross-region difference in export access. We construct the latter
as the average export market access for firms in Bohemia less that in the rest of Austria-
Hungary. The resulting product gives the model-consistent differential response conditional
on the (dvs,dss) shocks. We build the cross-regional adoption gap target analogously: by
combining the point estimate from the regression of upgrader status on export access in
1870 with the export access difference between the two regions. Finally, the aggregate

sugar upgrader share mY for 1870 comes directly from the data.

Identification intuition.— While the parameters are determined jointly, each target is most
informative about a distinct object. From Proposition 5, the heterogeneous response in
input use is determined primarily by the difference in the iceberg costs of exporting between
the two regions. In the model, export market access determines the export share of revenue,
which acts as a measure of exposure to export subsidy shock. The cross-regional adoption
gap disciplines the ratio of fixed costs f. Finally, the aggregate adoption level determines

the technology shift dv, consistent with the observed take-up.

FEstimation routine— For any candidate © = (f, 7, d~s), we solve the system in changes

(C1)-(C10) taking dss as given to obtain model-implied moments:

Mool (9:ds,) = {j}bs — Lyy, ml, —m" me}.

We choose © to match the data by minimizing the quadratic loss with identity weighting
Mmodel (@,dss) — Mdata.

As the system is just-identified, the model matches the targets exactly. Table 4 summarizes

the estimated parameter values.
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Table 4: Estimated Parameters

Parameter Value Targeted Moment

T 0.974 Regional input use differential, Lys — Lys
f 1.293  Cross-regional adoption gap, my, — my,
drys 0.206  Aggregate sugar adoption level, m¥

Estimates and model fit— Table 4 summarizes the estimated parameter values. We com-
pare the baseline predictions to several untargeted moments. First, the model generates an
aggregate increase in sugar production of 35%. In the data, the number is 33%. Second, in
the model, the aggregate sugar exports increase 4.5-fold. This is slightly below the 5.4-fold

increase in the data.

8 Results

We solve the model under alternative combinations of two exogenous changes in the sugar
industry: the introduction of an export subsidy, ds,, and the increase in the productivity
gain from upgrading to the frontier technology, dvs. We consider three scenarios: (i)
baseline, where both export subsidy and improvement in frontier technology are set to
values estimated in Section 7 (dss = 0.11, dvys = 0.21), (ii) technology only, (dss = 0, dys =
0.21); and (iii) subsidy only, (dss = 0.11, dys = 0). We hold import tariffs and non-sugar

policies and technology fixed across all counterfactuals: : dt}* = ds,, = dvy,, = 0.

Table 5 summarizes the model outcomes across the three scenarios. In the baseline (column
(1)), sugar production rises by 35%. The subsidy only scenario results in a 22% increase,
suggesting that the aggregate expansion was largely due to policy rather than technology.
In turn, virtually all of the increase in production is driven by exports. To see why, note
that in 1864, sugar imports comprised 1% of domestic sugar consumption: demand was
essentially met by domestic supply. Together with Cobb-Douglas preferences, this means
that home demand moved mainly with aggregate expenditure rather than relative prices.
By contrast, Austro-Hungarian exports comprised a small share of world sugar supply,

making export volumes highly responsive to technology- and policy-induced price changes.

Next, note that the relative importance of export subsidy is not due to the greater size of
the marginal cost reduction associated with upgrading compared to the subsidy: at our
baseline calibration, upgrading entailed a higher cost reduction (21%) than did the export
subsidy (11%). Instead, the difference was driven by different rates of selection into the two

types of cost reduction: in the baseline, more firms took up exporting than did upgrading.

Finally, note that the baseline production rose by more than the sum of that in the subsidy-

only and technology-only counterfactuals. This super-additivity reflects an interaction
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Table 5: Counterfactuals

(i) Baseline (ii) (iii) Subsidy-only
Technology-only
(dss, d'}/s) (07 d’Ys) (dssa 0)
Sales (change vs. 1864, %)
Total 35 6 22
Domestic sales 1 0 0
Export sales 452 73 287
Shares (1870, % of firms)
Share of exporters 60 13 46
Share of adopters 35 19 0

Notes: Sales are percentage changes relative to 1864. Shares are percent levels in each counterfactual.
Scenarios as labeled; tuples indicate the policy/technology changes applied. Export subsidy change
is dss = 0.1, improvement in frontier technology is dvs = 0.21, as estimated in Section 7. In all
counterfactuals, non-sugar policies/technology and import tariffs are fixed: dt}'=ds, =dv,=0.

between exporting and technological upgrading: by inducing additional firms to export,
the subsidy raised average scale, making upgrading worthwhile for more firms. As a result,
Table 5 shows that upgrader share in the baseline was 16 percentage points higher than

that in the technology-only scenario.

Regional heterogeneity.— In Section 4 we document a wide gap in sugar production that
opened between high- and low export access regions in the wake of the export subsidy. To
understand its causes, we report results for Bohemia and rest of Austria-Hungary separately
in Table 6. First, we find that the increase in sugar production in the baseline was driven
almost entirely by higher production in Bohemia (69%), with virtually no contribution by
the rest of Austria-Hungary (1%). Notably, both subsidy and technology contributed to
this skew in regional production. In the technology-only case, the difference is explained
by the higher take-up of frontier technology in Bohemia, where 21 percent of firms choose
to upgrade compared to 18 in the rest of Austria-Hungary. Initially higher export market
access meant larger scale for the average Bohemian firm, so that when the new technology
arrived, more firms found it worthwhile to upgrade, leading to higher domestic and export
sales. In turn, export subsidy boosted exports in both regions but more so Bohemia. In
subsidy-only counterfactual, Bohemia also saw its domestic sales expand — at the expense
of the rest of Austria-Hungary. To see why, note that in our model export subsidies interact
with increasing returns to scale, whereby subsidy-driven growth in exports can raise the
average scale and lower average costs. As the export expansion was larger in Bohemia — the
operation of this mechanism was stronger, lowering its costs and crowding out production

elsewhere.
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Table 6: Counterfactuals, Regional Breakdown

(i) Baseline (ii) Technology-only (iii) Subsidy-only

Bohemia Rest Bohemia Rest Bohemia Rest

Sales (change vs. 1864, %)

Total 69 1 12 0 43 1

Domestic sales 22 -20 5 -5 14 -13

Export sales 518 343 72 76 324 224
Shares (1870, % of firms)

Share of exporters 75 44 17 10 58 34

Share of adopters 39 31 21 18 0 0

Notes: Sales are percentage changes relative to 1864. Shares are percent levels in each counterfactual.
Scenarios as labeled; tuples indicate the policy/technology changes applied. Export subsidy change
is dss = 0.1, improvement in frontier technology is dys = 0.21, as estimated in Section 7. In all
counterfactuals, non-sugar policies/technology and import tariffs are fixed: dt]*=ds,=d~,=0.

8.1 Welfare

We conclude by assessing the welfare effects of the export subsidy in the sugar industry.

Measurement.— We compute welfare as W = I/P, where I = w + T/L is income per
capita and P = [[, P.* is the consumer price index. Since sugar comprises a small share
of the consumption basket, even large changes in the sugar industry yield only marginal
changes in utility. For this reason, we report all welfare changes as compensating changes
in sugar consumption that yield an equivalent increase in welfare: W(Q;Sm,QiLSm) =
W (QI354Q*, Q1%6%), where W (QI370, Q18™) is the change in welfare under some counter-
factual, Q%% and Q!0 are quantities of sugar and non-sugar consumption in the initial
equilibrium, and Q: is the compensating variation we report as our welfare metric. Under

our assumption of Cobb-Douglas outer utility, Q; = Wl/es,

Efficient benchmark.— To aid welfare analysis, we construct a constrained-efficient bench-
mark. To do so, we add a fourth policy instrument — technology adoption subsidy )
(see Appendix B.4) — and search over the parameter space of 2 to find the value that
maximizes welfare conditional on (i) the initial state of economy, (ii) arrival of frontier
technology dvs = 0.21, and (iii) no export subsidy in place dss = 0. This process yields
t* = —0.013, or a subsidy of 1.3% of the fixed cost of adoption.

Table 7 reports changes in welfare under four counterfactual scenarios: baseline, technology-
only, subsidy-only, and efficient benchmark. First, note that the arrival of the new technol-
ogy by itself raised welfare (column (iii)). However, this increase fell short of the welfare
gains attainable under the efficient benchmark (column (iv)). To see why, note that, absent
policy intervention, upgrading was inefficiently low. In the competitive equilibrium, pri-

vate incentives to upgrade did not account for the additional social returns from lowering
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the cost of upgrading, leading to suboptimally low uptake. Despite the potential scope for
policy intervention, we find that in the baseline with the export subsidy, welfare declined:
the welfare loss due to the use of the export subsidy more than offset the welfare increase
from the arrival of frontier technology. Note further that this occurred despite the export
subsidy inducing a large increase in technology adoption. Indeed, subsidy-driven adoption

substantially exceeded that in the efficient benchmark.

Table 7
(i) Baseline (ii) (iii) Subsidy (iv) Efficient
Technology
(dss, dvs) (0, dvs) (dss, 0) (0, dvs, 1Y)
CV (%) —0.82 1.49 ~1.92 1.52
Welfare (CV%) 35 19 0 25

Notes: The table reports welfare changes under four counterfactual scenarios. Welfare is expressed as
compensating variation (CV) in sugar consumption that yields an equivalent welfare change, relative
to the initial equilibrium in 1864. Column (i) shows the baseline with both technology arrival and
the export subsidy in place; Column (ii) reports the outcome when only the new technology is
introduced; Column (iii) reports the outcome when only the export subsidy is applied; Column (iv)
presents the constrained-efficient benchmark obtained under the adoption subsidy ¢} that maximizes
welfare.

We conclude by asking: how close could a correctly sized export subsidy get to the efficient
benchmark? We do so by constructing a series of counterfactuals that vary the export
subsidy from —5 to 15 percentage points while keeping the technology improvement at its
baseline level. The constrained-optimal export subsidy that obtains from this exercise is
—0.008: an export tax of 0.8 percentage points. The negative value reflects two competing
forces. First, trade policy in our 1864 benchmark is set suboptimally. In particular, as
documented in Section 7, sugar imports face an import tariff much higher than the economy
average. By moving resources towards a sector that is already suboptimally large, export
subsidy exacerbates the misallocation caused by the import tariff. An export tax partially
corrects this. Second, an export subsidy can move adoption closer to the social optimum.
However, under our baseline calibration, the welfare losses from misallocation outweigh
the benefits from higher upgrading almost immediately. In particular, simulating a range
of export subsidies starting from an initial equilibrium recalibrated to set import tariffs at
the optimal level yields an optimal export subsidy of 0.2 percentage points. This policy
increases upgrading by 2 percentage points relative to the technology-only scenario, but it

remains well below the optimal level of upgrading.
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9 Conclusion

Can export subsidies function as industrial policy? In this paper, we re-visit this question

using a historical case of export subsidies in nineteenth-century beet-sugar industry.

In this paper, we show that, while export subsidies can induce technological upgrading, the
welfare effect is determined by whether upgrading is inefficiently low to begin with, and by
the interaction between the export subsidy and the pre-existing patterns of misallocation.
We make the case by combining evidence from a large and long-lasting historical export
subsidy, an analytical model that sharply characterizes the welfare effects of an export

subsidy, and a quantitative model that shows the these elements played out in our setting.

Our results highlight a central tradeoff for export-promotion as industrial policy: correcting
technological spillovers versus worsening resource misallocation. In the case we study,
the latter dominates. External validity depends on the strength of local spillovers, the
geography of export access, and the configuration of existing trade policies. The historical
lens and the technology snapshots we observe anchor identification and quantification but

also bound our conclusions to settings with similar features.
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A Data

Table A.1: Spread of hot water extraction method

(1) (2) (3)
Year  Austria—Hungary = Bohemia  Rest of Austria—Hungary
1865 0% 0% 0%
1866 1% 3% 0%
1867 8% 9% ™%
1868 15% 19% 12%
1869 22% 26% 18%
1870 31% 39% 19%
1871 41% 52% 22%
1872 50% 59% 35%
1873 55% 64% 38%
1874 61% 1% 43%
1875 76% 83% 63%

The table reports the upgraders to hot water extraction method as a share of operating firm for (1) all of
Austria-Hungary, (2) Bohemia, and (3) Austria-Hungary excluding of Bohemia. Sources: Hofinek (1891);
Verein zur Hebung der Zuckerfabrikation im Ko6nigreiche Bohmen (1874).

Table A.2: Sugar: Policy and Production

Year  Beets used Production Export Prod. tax Exp. rebate
1859 839,406 88.88 0.0 5.1 0.0
1860 802,802 118.48 0.0 5.8 0.0
1861 775,932 133.38 0.0 5.6 0.0
1862 956,459 91.98 0.0 7.0 0.0
1863 829,695 95.6 0.0 6.0 0.0
1864 1,097,200 102.7 3.4 7.9 0.4
1865 863,847 119.6 11.6 6.1 2.1
1866 1,145,265 135 10.2 7.9 1.2
1867 1,005,437 115.2 20.3 7.4 2.6
1868 793,438 133 7.8 5.8 24
1869 1,229,117 174.6 11.8 9.0 0.2
1870 1,593,119 220 35.1 11.7 4.9
1871 1,361,425 197.4 61.4 10.0 7.0
1872 1,733,318 211.6 34.5 12.7 6.6
1873 1,377,388 201.6 48.3 10.1 6.6

Notes: Beets processed are in metric tons. The rest is in million Austro-Hungarian Guldens. Export
rebate and production tax are annual receipts and expenditures by the government, respectively.
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A.1 Sources and variable construction

Production We assemble a firm-level production panel for Austria-Hungary covering
1851-1853, 1857, 1861, 1868-1873, and 1883. The dataset comprises newly digitized and
merged records. The panel draws on two types of sources: government statistical publica-

tions and privately published industrial reports. We describe these in turn.

Government statistical publications—The first industrial census in Austria-Hungary dates
from 1902. However, firm-level production statistics for selected industries predate these
by at least half a century — notably for excise-monitored trades such as sugar, where ad-
ministrative records were collected for taxation purposes. These statistics formed the basis
for two officially published overviews of the sugar industry: Mitteilungen aus dem Gebiete
der Statistik: Ribenzucker-Fabrication in QOesterreich 1851-1853 (1854) and Nachrichten
tber Industrie, Handel und Verkehr aus dem Statistischen Departement im K. K. Han-
delsministerium (1876).22 These publications provide firm-level production data for years
1851-1853 and 1868-1873, respectively. Since we are interested in long-run analysis, we
aggregate consecutive years by taking means, such that the years in our analysis from
these sources are 1851, 1853, 1868, 1870, 1872. The administrative nature of these reports

means they cover the universe of sugar-producing factories in Austria-Hungary.

Privately published industrial reports.—Our second source of data are non-government
reports on the sugar industry, written as practical guides and source of information for
individuals directly involved in the sugar industry. Ribenzucker-Industrie in Osterreich
beleuchtet vom Standpunkte der Volkswirtschaft und Finanzpolitik published in 1858 focuses
on the technical analysis and optimization of sugar production processes, and includes
production at the factory-level. We combine this first source with production data reported
in Bohmens Riibenzuckerfabrikation in der Campagne 1857-1858 whenever the data is
missing in the latter. We use this combined information as our main source of data for
the year 1857. Industrie-Atlas des Kionigreiches Béhmen published in 1863 covers a wide
range of industries and serves as a basis for our 1861 statistics. Finally, we use Rukouvt
pro cukrovarniky a obchodniky cukrem — a handbook for sugar manufacturers and sugar

traders published in 1884 — as a source for production data in 1883.

Technology Our sample period coincides with a major technological transition in the
industry: the switch from the older hydraulic-press-based mode of production to the newer

hot water extraction method. We construct a binary variable indicating the use of hot water

22In 1868, the state had split into two autonomous halves: Austrian crownlands and the Kingdom of
Hungary. As a result, Hungary obtained its own independent statistical bureau. We complement the
data in Nachrichten diber Industrie with firm-level production data from the corresponding issues of the
Hungarian Statistical Yearbook series.
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extraction for two years: 1870 and 1885.23 The former represents the early stage of the
spread of the new technology, when approximately 30% of firms had converted. The latter

captures an almost full transition.

Our primary source for 1870 is La diffusion de M. Jules Robert, a contemporary technical
pamphlet on the hot water extraction method, published by Joseph Adler, a long-time
collaborator of Jules Robert, inventor of the method. The volume contains a complete
list of firms that had installed diffusion batteries by 1868. A separate publication, Das
Saftgewinnungsverfahren der Diffusion, lists the number of adopters by year. It further
reports the number of new factories built with diffusion batteries installed and incumbent
factories that converted. In 1869, 13 factories entered with diffusion batteries and one
incumbent converted. Since our production data show 13 new entrants in total, we assign
all of these as using frontier technology. In 1870, 27 entrants began operations with frontier
technology, and no incumbents converted. We observe 31 entrants in 1870. To identify
the 1869 converter and the four entrants with press-based production, we consult regional
statistical reports. These allow us to identify the incumbent and three entrants directly.

The remaining entrant is treated as measurement error.?*

Our 1885 data comes from another privately published firm directory: Verzeichniss der
Zuckerfabriken (1886). The directory lists all firms in Austria-Hungary and indicates the
juice extraction technology in use. The number of firms reported matches the total number

of firms active in 1885 in official statistics. Thus, we treat this data source as complete.

Linking factories across time We link observations across years by factory location.
Since transporting sugar beets was costly, factories were located near the sugar-beet fields
that supplied them. Thus, in virtually all cases, factory locations uniquely identify fac-
tories. When multiple factories existed within the same geographic unit, we use factory
names and ownership to disambiguate. We use years of establishment to assign new firm

identifiers to firms in locations where one factory shut down and a new one reopened.

A.2 Export cost data

We construct our measure of transport costs based on the distance between the centroid
of a district/factory and the nearest railway (i.e. road transport), the distance from this

railroad point to harbours used to export the sugar (Hamburg or Triest) to the UK and

23Hydraulic presses and diffusion batteries performed the same step in sugar production — juice extraction
— and, as such, either one was used to the exclusion of the other. As a result, statistical sources classified
firms as either diffusion- or press-based.

24 A1l Austro-Hungarian chambers of commerce were tasked with collecting data from their constituent
counties for the Ministry of Commerce. However, the format of data collection was left to individual
districts. Only a handful of chambers collected detailed statistics on sugar-extraction technology. For
this reason, we do not use regional statistical reports as our primary source of technology data.
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the sea-route distance between the export harbour and London. In the case of export
via Hamburg we add the distance between border crossing and the port of Hamburg to
the distance covered by railroad.?® Following Donaldson (2018), we convert the different
transport modes into effective railroad distance in kilometers utilizing the parameters from
Donaldson (2018) whereby apruii = 1, @gea = 2.25 and apoeq = 4.5. We than find the
optimal path for export from each location. Note that as the railroad network is not yet
fully integrated, creating 4 distinct areas of exporting via the rail network that are not
connected.? Consistent with the high cost of off-loading, transport and on-loading at

terminal station, we do not allow road transport in between rail transport.

Figure A.1: Map of Austro-Hungarian rail lines and border crossings in 1864.
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Notes: Sugar factories that existed between 1851-1883 shown with blue dots. Shapefile of
1910 Austro-Hungarian bezirks and 1864 railroad lines from Tomas Cvrcek.

25 Considering that the German rail network is already very dense by 1864 and that we only have data
for railroad lines of Austria-Hungary we utilize the geographic distance between border crossing and
Hamburg.

26Dye to terminal stations in Vienna, Prague, and Budapest as well the Tirolean railroad line being
connected to the German network but not the remainder of the Austro-Hungarian one.
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Figure A.2: Map of effective distance to London from Austro-Hungarian district in 1864.
Notes: Effective distance calculated using rail, sea and road transport (with parametres for different
transport modes from Donaldson (2018): aprai = 1, asea = 2.25 and agroeq = 4.5). Shapefile of 1910
Austro-Hungarian district boundaries from Tomas Cvrcek.

Sugar producing municipalities
Sugar refining areas

SV )} *
L SOl %
LT regdt ¥ *
zl_: o1 i T g 3 ¥ oa
TN SFany
- a ,:-.,3%(‘..;5 /s s
B v
PR t't‘ “”
3 2. o2 =
Sl o -
L& 2 -
B
L]
o ~-
B Sugar sample No sugar

Figure A.3: Map of places with sugar processing across Austria-Hungary. Notes: Map
shows locations in the sample that have at lest one firm that does sugar processing at some point in the
sample period. Shapefile of 1910 Austro-Hungarian district boundaries from Tomas Cvrcek.
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Table A.3: Export Access and Factory Scale in 1861

Dependent Variable Processed beets (1861) Processed beets (1861)
(1) (2)

Export Access -19.04 -55.07
Controls N Y
Observations 114 114

*p < 0.05, ** p < 0.01, *** p < 0.001

Notes: This table reports the estimated effects of export access on factory scale in 1861. The dependent
variable is factory-level beets processed in 1861. Export access is measured as negative of effective rail
distance from each factory to Britain as of 1864. Estimates are obtained using OLS. Controls: (i) indicator
variable for factories in Hungarian kingdom, (ii) distance to coal reserves, (iii) distance to Zidlohovice —
the first factory to use hot water extraction method. Standard errors clustered at the municipality level.
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Figure A.4: Map of distance to coal fields across Austria-Hungary. Notes: Distance to coal
fields (hard and lignite coal mining) based on data from Fernihough and O’Rourke (2021). Shapefile of
1910 Austro-Hungarian district boundaries from Tomas Cvrcek.
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Figure A.5: Determinants of sugar processing
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Notes: The figure plots which factors are correlated with the processing of beets before the introduction
of export subsidies, namely 1861 (Panel A), 1857 (Panel B), 1853 (Panel C) and 1851 (Panel D). N=171.

Figure A.6: Effect of export subsidy on regional beet processing, non-upgraders

o |
A

Effect of export subsidy on beets processed

-10

——— All firms
———— No upgrade by 1870

18514
1853
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1872+

year

1883

Notes: The figure plots the event-study estimates for the effect of export distance rank on sugar beets
processed in the full sample and in the subsample restricted to firms that have not upgraded by 1870.
Estimates are obtained using OLS. Controls: Municipality and region-year fixed effects. Standard errors

clustered at the municipality level.
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Figure A.7: Effect of export subsidy on processing per firm, incumbents only
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Notes: The figure plots the event-study estimates for the effect of export distance rank on sugar beets

processed per firm in a sample restricted to firms that existed before 1868. Estimates are obtained using
OLS. Controls: Municipality and year fixed effects. Standard errors clustered at the municipality level.

Table A.4: PPML

1) 2) 3)
Total beets Number of Beets per
processed firms firm
1851 -0.00075 0.00025 -0.00091*
(0.00053) (0.00033) (0.00050)
1853 0.00007 -0.00018 -0.00023
(0.00035) (0.00023) (0.00041)
1857 -0.00019 -0.00008 -0.00046**
(0.00024) (0.00010) (0.00023)
1868 0.00076** 0.00015 0.00024
(0.00032) (0.00032) (0.00036)
1870 0.00108%*** 0.00046 0.00027
(0.00038) (0.00037) (0.00042)
1872 0.001717#%* 0.00078* 0.00084*
(0.00047) (0.00042) (0.00046)
1883 0.00240%** 0.00189*** 0.00257#+*
(0.00056) (0.00048) (0.00063)
Observations 1,352 1,368 1,352
Clusters (municipality) 169 171 169
Pseudo R2 0.7566 0.3083 0.5640

Notes: The table presents the event-study estimates for the effect of export market access on (1) beets
processed, (2) number of firms, (3) beets processed per firm, estimated using Poisson Pseudo Maximum
Likelihood (PPML). Controls: Municipality and year fixed effects, distance to first use of hot water
extraction methodx Year and distance to coalxYear. Standard errors clustered at the municipality level.
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B Theory Appendix

B.1 Model derivations

This appendix derives the equilibrium conditions in Section 5.

Demand. Preferences are Cobb—Douglas across sectors with expenditure shares oy and
CES within each sector with elasticity ¢ > 1. CES utility implies demand for any variety

w in sector k sold domestically at price p,(w):
qu(W) = OékRP]gilprk(w)iaa (19)

with sectoral price index

P :/ (W) 7 dw. (20)
wer
Foreign demand is specified analogously:
¢ (w) = Dppyr(w) ™7, Dy = af RE(PF)" L, (21)

Domestic firms take Dy as given.

Pricing, revenues, and profits. CES demand at home and abroad results in firms
optimally setting a constant markup p~! over their marginal cost. Combining this optimal
pricing rule with domestic and foreign demand schedules gives rise to the following domestic

and foreign revenues and net profits:

dl
i _ W dil _ o—1 o—1 di _ Tk
Prk = 250 Toe = klRE (pp/w)™™, my = 5 —whp,
d,h
dh _ TrW dh _ o o—1 dh _ Trk A
Prr = _0%07 Trp = ksk(PSﬁ/Trw) v T = o _wfp rks
N
:p,l o w {L‘,l . R‘Pa'fl o—1 .T,l . r:‘k
p’r‘k ) Trk; = Qg k (’ypg@/’lﬂ) 9 ﬂ-’rk - - wfp:m
Py o
h
z,h TrWw z,h D.s? o—1 z,h Tfk
Prp = P Trp — ksk(’YPSO/Trw) v T = — W fpa,

where superscripts d and x denote domestic and export markets and [ and h stand for
no-upgrade and upgrade respectively. The cutoff condition (2) obtains by having marginal
producer earn zero profits domestically; (3) by having marginal exporter earn zero profits

from exporting; (4) by having marginal upgrader indifferent between upgrading and not.
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Mass of firms. The expression for average net profits,

Emy, = My! [/ . (W) dow + / Wfk(“’)dwl = (0 = Dw (fp + mfo + myypinrfp)
weNy, weNr,

obtains by aggregating over the domestic and foreign profits of firms, plugging in revenues
from the conditions above and substituting domestic and foreign demand shifters using
the cutoff conditions (2) and (3). Combining this with free entry condition yields labor
employed in entry:

e = (0 =1) (fp + mupfo + My pion fp) My

Aggregating over fixed cost expenditures across firms yields labor employed for fixed costs:
L = (fy + mii o + mipnnfy) M.
Finally, aggregating labor used in production across firms yields
LYy = 0(0 — 1) (fp +mi fo + mypirn fp) M.

Adding up these three uses of labor and combining with the free entry condition yields the

expression for the mass of firms:

0—1

My = Lo(08 (fy + 1% fo + mginsf,) " = L (

on ) Ly"
o0

bk fe .

Revenues. To obtain domestic revenue, begin with the price index of domestic varieties

in r, k pair:

Pdi—o — /Oopd ©), Mr g(g&) d(,D
< O g

rk

Plugging in the expressions for optimal price, marginal producer and mass of firms yields

—o 0—1 B o— %_1 pbk ’ Li_ﬁ
Pdik - o (Uwfp)l -1 (Ofk:RPk 1) . (;) f’z fVﬁk?

where 74, = 1+ (v7~1 — 1)m%. /%, Next, obtain the imported varieties price index:

o) F
Pml—a _ / tkpm @ kMF g (gp) dQO

Tk
Plugging in the marginal foreign exporter and mass of foreign exporters to home yields

0—1 sy pbf Y’
prie = Loty (e ) ()

o TEwF
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ofs

O' JE—
simply Xﬁk = pppop R, where p,p = (P;i,g / Pk)l_o and where P is the domestic price index

where ( = 1 — . Next, note that expenditure on domestic varieties in r, k pair is

P77 =3 P47 41 77P™ % Plugging in the expression for price indices yields

B 71—
9_ er’{ d

1 B o1\ 225 [ POk
(Uwfp)l 7t (O‘kRPk» 1)0 ! <?) fe Yrk =
Aw™ Ly "
Zq Akw*<L;;””y;lk + AF (tka)fg

d _
er_

OékR,

where Ay, = b2 f,77/f. and AF = (bF /7F)PFT5. Import expenditure is obtained analo-
gously:
m o Ag (tka) <

k= Avw—CLir~d 1 AF F *CakR'
Zq kW qu Vak T Ak (trw™)

Export revenue can be obtained by aggregating export values across exporters, yielding
X = A, P (w/s1) ™ Ly "5 D,

B8
where 7% = 14 (17— 1) (22)"" and Dy = =2 (2£) 777 popr Tt Ry N
o= 14+(y 1) (= and D), = p°D7~" . Finally, condition

rk o fp

e (g)ﬁ _ s X (m)
k 90£k X;ik fp’ng

obtains by combining the cutoff conditions (2) and (3) with domestic and export revenues

conditions derived above.

B.2 Comparative Statics

We obtain the change in exporter share in Proposition 3 by first rewriting condition (12)

with domestic and export revenues substituted in:

_B_
T _ ( Diysi/ [« )01
- oszP;;’*l/fp

Log-differentiation yields

P . (odsy — (dIn R+ (0 — 1)dIn P)).

dlnmy, =dlnmj =
o'_
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The regional difference in the change in upgrader shares obtains by log-differentiating
condition (4):
o—1

T B/ (o — 1)fp+mfk%1fx

dInmy;, dInmg,

and subtracting across regions.

The regional difference in the change in region-sector employment obtains by log-differentiating
condition (8):

dinw +dn Ly, = (1 — 2,4)dIn X% + 2, (dIn s, +dIn X%), where z,4 = 7
WLk

Log-differentiating the domestic and export revenues yields
dlnw+dIn L, = —(dlnw + (1 — k)dIn L+

(1 —z,1) (%dln RP;™' +dn vfk) + Ty (UU—_ﬁldln Sk, + dlnfyfk> :

Collecting the terms and taking difference between regions r and g,

Trk — Tqk

1
dln Ly — dln Ly, = dinm? + — (dIny,y, — dlng),
I

Yo — 1 As
Yh 0 —1—0)

where dln~,, = (1 — z,4)dIny% + zpdIn% = 2., dlnm?, . Thus, for

no spillovers case (As = 0),
dIn Ly, — dIn Ly, = 2 — 29 g1n s,
K

whereas for A\; > 0,

LTriVrk — LqkVqk
din Ly, —dIn Ly = il 1 qdlnmi,
K

Yo — 1 As
yE 0 —1—0Xs

where v, = 1+

B.3 Welfare
Welfare is W = R/P, where P =[], P.*. Log-differentiating,

dinW =dlnR —dlnP =dlnR — ZakdlnPk.
k
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Express household income as R = wL+T =", (P4Q% + P5Q%.) + >, (tv — 1) P Q}.
Change in sectoral price index is P, = > pudIn P + (1 =3 ppx) dIn (¢ P7) . Multi-
plying both sides by R and log-differentiating,

Rdln W = Z derk + ng@fkdln Pfk + PrdQyy, + PQrpdin Pfk) +

Z (tkP,;“Q;”dln (te P + (t), — 1) PdQT — PdQdIn P) —
k

Z e Rd In P;i,c — Z (1 — Z ,urk> arRdIn (t,P) .

rk k

From equilibrium conditions, >, t, PQ'dIn (¢, P") = >, (1 = > pri) apRdIn (¢, PT})
and Y, P4Q%dIn P% =" popRdIn P%. This leaves

RAITW = 37 (PdQh + PAdQS+ PRQRdn P3) + 37 (6 — DPPAQ — PPdQy dn YY)
k

Denote € = —dInP% /dQ7, and € = dIn PJ*/dQ}" elasticities of export demand and
import supply. Aggregating quantities of exported varieties gives Q%, = P% =7 D,j. Since

D, is constant, €/ = 1/0. Import price index can be expressed as

m -1 _ s [ pbl o\ b
B = ( . (oF) "7 (T_ﬁ) me 'y,
B

Thus, €' = Z — 1. Plugging in,

Al

RdlnW =Y PadQh +> (1 — ) P5dQs + ) (s — 1 — ) PldQy.
rk rk k

aer

Subtracting w ), dL,y =w ), 201,

—dQY +w,, 0Q;k dQ?%. = 0 and collecting terms,

w aer 7 w aer T T m
RdlnW =) (1 - PT%W) PRAQL+Y (1 %~ P o ) P dQ® k+z te—1—M P dQy.
rk T rk r

We next derive 9L, /0Q%, and 0L, /0Q%,. First, rewrite P4 and P2:

S|

0 — B4 iz 1
P = ( feo (Ufp> = (Pb’f)ﬁ) (@] Loy ¢ i Cw,
-1 ~¢
. - __B_ Bl R 1w
Prk = < feO' (afx)l 7t (pbk)ﬁ) [ rk]c ' er ‘ Trk CS_]C.
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Plugging into the goods market clearing condition and simplifying yields

=
A=

s (0—1 __B_ - . B
f«lkg‘"( feo (fo)l ot (Pbk)ﬁ%kz) Qi<

ke 0—1 __B8
quﬂlj(l e = (ch(Ufp)l o=t (Pbk)ﬁ ”Yf«lk)

Taking a partial derivative yields

OLyy _ s Py 1— l 0 Qb i sk X5, OV Qo
an«lk l—rk+Cw p ank 'Vf}k Xﬁlk 8Q?k Yok 7
OLyy _ s Sk, (1 1 <8’779~6k Q7 + Xi O ka)) '

oQy, l—rk+¢ w BNOQ Vi sk Xiy 0Q7, ’ng

yd and 4%, are functions of m¥, only (directly and indirectly via m?,):

Te=1+(""-1) m M,
Yo =1+ (’Ya_l -1) m/° (mxk)_l/07

T

d
¥ —-11
dlnryd, = ——=dlnm}
N Yk ’)/d 0 nm,g,
o—1
=11 (xm—1 OXNs 1 e P e
dln~vyy, = %km - (X b + ) dlnmy,., where . = ek il .
Vo 0 Xrk 0 —1 xrk fr+mi 7 fa
Multiplying respective terms by X% and s, X% and adding up:
Xfdndh + s, X5dIn s, =
d 11 r—11 (xm—1 OXs 1
X k2 g, + s X5 A2 (X BT 4 ) dlnmt, =
Vrk 0 Vrk 0 Xrk -1 Xrk
v —11( X% 4% — 19" =1 0N 1
Skak%kx s ( Tkx %;;k V_Zk — + ) dInmyy, =
Vrk 0 Serk Vrk — 1 Vrk Xrk 0—1 Xrk
Yok — 1 As
X7 dlnm?,.
L T 7 W
Plugging into the sectoral employment partial derivatives yields
0Ly, s B s X 1 As Omyy, Qfy
QL  1—k+Cw g X4 4m 0—1—0X00Q% m% )’

OLyy p k% 1 Ty —1 As Omyy Q7
Q% 1—k+(¢ w BovE 0—1—0X0Q% m¥ )’

In turn, plugging these into the welfare total derivative yields

ﬁ x ﬂ x x
rk rk
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11 A
E (ty — 1 —€™) PdQy + E Vrlfyx = b s, X% dIlnm?,.
k rk -

Add >, (sk — sg) P5.dQ7,. = 0, and collect

Z(l—w%)ﬂjkd@ Z( C+1— )Skpderk:

rk

s g s
<1 — m) Z (P3.dQY, + s, P5dQY,) = <1 - Hl——ﬁ) ;Wd[/rk =0,

rk

which yields

RAmW = (1 — € — si,) P4dQ%, + Z bty — 1 — ) PrdQy+
k

— 1 1 )\s
§ :’-YTk _cr SkX kdlnmk
rk ,yrk )\S

From the trade balance condition,

> (1= €) PrdQi, =Y (1+ ) PrdQy

rk k

qlte
_Ekzp Z kl kPdek7
k
as €} does not vary by sector. Substituting in place of —ef >~ . P%dQ%, yields

1
RAmW =Y (1 - s,) P4dQ7, + Z <tk T 6: > PrdQm+
rk

k

1 1 AL
3 ek —11 = E o X5 dInm?,.
rk ’yrk - )\k

B.4 Adding Adoption Subsidy

We let the government tax (subsidize) adoption via charging additional 1 in proportion to
the fixed cost of upgrading
A = (L4 m)Aomyy ™

With A\, re-defined, the only further difference in the equilibrium conditions of the model

is the net tax revenue:

m T Ui U
k rk

rk
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C Spillovers

C.1 Construction of controls

Weather (summer rainfall). Source: Pauling et al. (2006). Construction: annual summer

precipitation at the region/municipality level; matched to municipalities; included as level.

Proximity to technology suppliers. Source: Liste générale reports machine shops installing
hydraulic presses and diffusion batteries. Construction: distance from municipality cen-

troid to nearest shop; included and interacted with year fixed effects.

Export market access. Construction: logarithm of the shortest distance from each munici-

pality to London; included and interacted with year fixed effects.

C.2 Extra Figures

Figure C.8: Diffusion adoption share in France 1879-1889

Adoption of diffusion technology in France
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Notes: The figure plots the share of firms that have adopted diffusion in France between 1879 and 1889.
National average (bold black line) represents the adoption share for the full French sample. Regional
shares (dashed grey-lines) are for departments that had at least 5 firms throughout the sample period.
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Figure C.10: Sugar factories across municipalities
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Notes: The figure plots the number of municipalities by number of sugar factories in 1879.

Figure C.11: Sugar factories in neighboring municipalities
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Notes: The figure plots the number of sugar factories in neighboring municipalities (within a 10km
radius) for municipalities that had at least one sugar factory by 1879.

62



A 15 2 25
L | | L

.05

OLS: Technology spillover on local adoption share

0
|

Figure C.12: Technology spillovers (Robustness)
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(b) Conley std. errors
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Notes: The figure shows the robustness of estimates of technology adoption spillovers for: i) no controls
(apart from municipality and year fixed effects), ii) Conley clustered standard errors, iii) controlling
additionally for lagged nr. of firms and lagged nr. of diffusion adopters, iv) PPML estimator, v)
controlling for department-year fixed effects vi) using the full municipality sample including areas that
zero firms throughout the whole sample period. 90% confidence intervals clustered at the municipality

level.
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Figure C.13: Technology spillovers (Event-study: Robustness)
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Notes: The figure plots the event-study estimates for the first neighboring firm using different estimators.
Controls: Municipality fixed effects, distance to manufacturer of pressesx Year, distance to manufacturer
of diffusionx Year, distance to UK export market x Year, and summer-rainfall (from Pauling et al. 2006).

90% confidence intervals clustered at the municipality level.

Figure C.14: Incumbents & lagged adoption
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Notes: The figure shows the robustness of event-study estimates of technology adoption spillovers when
a) restricting the sample to areas that have at least one firm throughout the whole sample period, b)
when controlling for local lagged adoption of diffusion and number of firms. Controls: Municipality fixed
effects, distance to manufacturer of pressesx Year, distance to manufacturer of diffusionx Year, distance
to UK export marketx Year, and summer-rainfall (from Pauling et al. 2006). 90 & 95% confidence
intervals clustered at the municipality level.
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Figure C.15: Technology spillovers (IV)
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Notes: The figure plots the IV estimates for lagged number of adopters in neighboring municipalities on
number of adopters in the municipality. Neighboring adoption instrumented with number of neighboring
firms by 1879xleave-one-out national adoption. x-axis denotes inclusive neighborhood bands (10-40) as
well as two donuts, 10-50km and 60-100km. Controls: Municipality & region-year fixed effects, distance
to manufacturer of presses/diffusion batteriesx Year, export market accessx Year, and summer-rainfall
variation (Pauling et al., 2006). 90% confidence intervals clustered at the municipality level.

Figure C.16: Technology spillovers (IV Robustness)

2 Mean Dep.Var.=0.60, # obs.=635, F-stat(15km)=154.26

IV: Technology spillover on local adoption share
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Notes: The figure plots the falsification test for IV estimates for lagged number of adopters in

neighboring municipalities on number of twice-lagged adopters in the municipality. 90% confidence
intervals clustered at the municipality level.
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D Quantification

D.1 External calibration: spillover

In order to estimate the elasticity of cost of upgrading to share of local adopters, we run a
variant of the specifications used in Section 6 that is consistent with our model. We begin
by taking a stance on the timing of spillovers in equation (1). In particular, we assume
that the regional cost of upgrading this year is a function of the share of upgraders in the
last year

u —A°
>\7",t = )\Tmr,tf 1

Additionally, we allow the costs of upgrading to vary across regions: \.. The share of

upgraders is determined by the equilibrium condition (4):

_B_
m:f,t = ((7?71 - 1>>‘;1m:~€t71/\s (1 + mft7f>) o (22)

Next, equilibrium conditions (9), (11) and (12) can be used to show that the regional
exporter shares can be expressed as a function of iceberg trade costs from the region and
some common factor my which varies over time but not across regions: my, = myT,” 5,
Finally, we allow the marginal cost improvement associated with upgrading to change over

time: v = ~;. Under these assumptions, equation (22) can be approximated as

Inm,, = alnm, ; + ZBsDt+s In7, +0d; + 0y (23)
1 o=t mZ%f
where 8, = - In ((7;7- —1) <1+m§ 7 f)) o = L In\, and B, = R

We estimate equation (23) using Poisson Pseudo-Maximum Likelihood regression. As in
Section 6, we use lagged adoption share in the neighbor municipalities that fall withing
10-kilometer-radius m:f”tlfl, control for municipality and year fixed effects, distance to man-
ufacturers of presses, distance to manufacturers of diffusion batteries and export market
access, all interacted with time, as well as summer-rainfall variation. Our coefficient of

interest, a, estimates the compound parameter o = %/\5.

Our estimates of o are reported in Table D.6. The point estimate is a = 0.66, implying an

elasticity of the cost of upgrading with respect to upgrader share of A\* = "Tgl x 0.66 = 0.14.
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Table D.6: Neighbor Adoption and Local Diffusion (PPML)
(1)
Lagged neighbor diffusion share (10km)  0.658%**

(0.192)
Controls Y
Municipality FE Y
Year FE Y
Observations 768
Clusters (id) 128
Pseudo R? 0.188

Notes: The table reports the PPML estimates for lagged share of adopters in 10-kilometer-radius
neighbor municipalities on adopter share in the municipality. Controls: Municipality & year fixed effects,
distance to manufacturer of pressesx Year, distance to manufacturer of diffusion batteriesx Year, export
market accessx Year, and summer-rainfall variation (Pauling et al., 2006). 90% confidence intervals
clustered at the municipality level. Standard errors in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.
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