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This paper examines macroeconomic issues of technological import dependence in the expansion of renewable
energy generation capacity, a key concern for policymakers amid ongoing geopolitical tensions and the urgent
need for a rapid energy transition. Despite the critical importance of understanding determinants in trade of
clean energy technologies, previous studies have lacked empirical evidence on supply-side determinants. Using a
structural gravity model, this study analyzes the relationship between technology imports and the expansion of

wind and solar photovoltaic (PV) capacities. The findings reveal significant differences in countries’ development
trajectories, showing that between 2000 and 2020, increases in renewable energy capacity did not substantially
drive technology imports. A 100 % increase in the growth rate of wind energy capacity led to a 1.9 % increase in
wind technology imports, while the same growth rate for solar PV resulted in a 6.2 % increase in PV technology
imports. These findings hold even when China, the largest producer of clean energy technologies, is excluded
from the dataset. Based on these results, it is recommended that policymakers continue to support renewable
energy expansion, as it does not necessarily lead to higher import dependency and may offer opportunities for
local industries, especially when coupled with industry-specific support measures.

Gravity model

1. Introduction political focus. As the European Union (EU) is planning a significant ex-
pansion of solar PV generation capacity from 263 GW in 2024 to almost
600 GW by 2030, concerns are growing about the economic security and
geopolitical vulnerability of the EU amid a 95 % market share of Chinese
solar PV manufacturers (McWilliams et al., 2024). In order to avoid
import dependencies and increase industrial competitiveness, the EU in-
stitutions agreed in February 2024 on the Net-Zero Industry Act. The
act specifies a self-sufficiency rate for CET of 40 % by 2030 (European
Commission, 2023). Similar programs have been launched to support do-
mestic manufacturing of CET in the US with the Inflation Reduction Act

The increasing momentum of the global energy transition over the
last two decades has led to a significant growth in the production and
international trade of clean energy technology (CET) products such as
wind turbines or solar photovoltaic (PV) modules (IRENA, 2023; Howell
et al., 2023). Although the analysis of the resulting, potentially positive,
macroeconomic effects on national economies and the related evaluation
of the CET trade dynamics have long been of interest to academics and
policy makers (Costantini and Crespi, 2008), the risks associated with a
loss of technological self-sufficiency are now increasingly moving into
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(U. Congress, 2022) or with the Indian “Production-Linked Incentive”
(PLI) for solar PV modules.

Against this geopolitical background, the motivation of this study
is to empirically assess the concept of national import dependencies
within the CET industry. Specifically, it is examined whether the ex-
pansion of renewable energy generation capacity is largely dependent
on technology imports or if national self-sufficiency within the energy
transition is feasible. Thus, this study concerns the determinants of trade
on the demand side. Previous literature shows that trade determinants
can be categorized into three subcategories: the supply side (exporter),
transportation, and the demand side (importer) (Tinbergen, 1962).

Existing studies on CET trade have predominantly examined supply-
side determinants, particularly the effects of environmental regulations
on trade, often analyzed through the lens of the Porter hypothesis.
This hypothesis posits that well-designed environmental policies can en-
hance innovation and export competitiveness (Porter and Linde, 1995).
Costantini and Crespi (2008) find a significant positive impact of en-
vironmental taxes on private sectors R&D investments and thereby
empirical evidence for the Porter hypothesis. Costantini and Mazzanti
(2012) use a gravity model to examine European trade flows, finding
that energy and environmental taxes positively affect export perfor-
mance in high-tech sectors. Groba (2013) study OECD trade in solar
technology products (1999-2007) with a gravity model, showing that
early adopters of RE policies gained a comparative advantage in solar PV
exports and longer policy duration improved this advantage. Similarly,
Sung and Song (2014) employ dynamic panel analysis, to reveal that
different CET sectors (biomass, solar PV, and wind) exhibit unique dy-
namics of policy and market interaction influencing exports and GDP in
various ways.

Some insights into demand-side determinants have been gained
through studies on the Porter hypothesis, which included control vari-
ables for the demand side without explicitly modeling it or addressing
CET import dependencies. For instance, Kuik et al. (2019) and Jing
et al. (2020) found that expansions of renewable energy generation ca-
pacity in importing countries led to only moderate increases in CET
imports. These studies relied on proxies for market size instead of direct
measures of capacity expansion rates and omitted exporter-year fixed
effects, as recommended by Yotov et al. (2016), which has limited the
robustness of their findings on demand-side determinants. Ogura (2020)
demonstrated through an empirical model that innovation and imita-
tion capacities play a critical role in substituting imports with domestic
production. Using the well-known example of China, other studies high-
lighted dynamics through which such import substitution processes can
occur. For instance, Binz et al. (2017) developed a framework to analyze
China’s catching-up dynamics in the renewable energy sector, emphasiz-
ing that generic policy support was instrumental in enabling the Chinese
PV industry to replace imports with domestic production. Similarly,
Lehmphul (2015) explored China’s strategy of substituting wind energy
imports by establishing domestically built production capacities.

Although the existing literature has shed significant light on the
supply side and has partially explored the fields of import substitu-
tion, the area of import dependency and understanding of demand-side
determinants of CET trade flows remain largely unexplored.

The contribution of this study is to bridge the existing research gap
by designing and applying an econometric gravity model to explicitly as-
sess the empirical impact of the expansion of renewable energy capacity
on technology imports. Specifically, the structural gravity framework is
employed, which has proven effective in previous studies for analyzing
the determinants of trade flows on the supply side in CET and other sec-
tors. In addition, a novel concept of import dependence is introduced to
facilitate more informed policy decisions.

2. Methodology

To address the research gap, this study employs the structural grav-
ity model, an econometric fixed-effects panel approach, to analyze
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cross-border flows of CET goods and to infer national production capac-
ities and trade patterns. This model is chosen for its strong theoretical
foundation in international trade, its ability to capture the effects of
trade costs and policy changes and its robustness in controlling for
unobserved heterogeneity through fixed effects.

A key advantage of using trade data in this context is its high level
of disaggregation (i.e., at the product level) and its reliability, as it is
systematically collected by customs authorities worldwide. The grav-
ity model of trade, detailed in the following section, has been widely
recognized as a reliable econometric method for examining the various
determinants of global trade flows (Yotov et al., 2016) and is therefore
well-suited for this study.

2.1. Gravity model of trade

The fundamental economic gravity equation (Eq. 1) is derived from
Newton’s law of universal gravitation. It predicts that economic inter-
actions between two countries (T') are proportional to the product of
their sizes, typically measured by GDP (M), and inversely related to the
distance between them (D). The constant G represents the gravitational
constant (cf. Isard, 1954).

M; - M,

T, =G —> ™

ij

Studies by Ravenstein (1889) on migration and by Tinbergen (1962)
on trade flows are prominent examples of the early use of gravity models
in economics. Initially lacking a robust theoretical foundation and met
with skepticism, Anderson (1979) initiated a pivotal shift by integrating
theoretical considerations derived from a model that assumed prod-
uct differentiation and constant elasticity of substitution expenditures.
This model was subsequently expanded by Anderson and van Wincoop
(2003) who underlined the relevance of the general equilibrium effects
of trade costs. Other theoretical contributions are Bergstrand (1985),
who incorporated monopolistic competition, and Helpman and Krugman
(1987), who introduced the concept of economies of scale to the gravity
framework. The following structural gravity model, which is used within
this paper, has been first derived from the demand side by Anderson and
van Wincoop (2003):

Yi"Ej Tl 1-o
X, = v 2
Y \IL P,

In Eq. (2) X; T stands for the export value of country i to country j, Y;
represents the domestic production of country i, E; indicates the total
expenditure of country j, Y denotes the world output, T}, is the trade
cost between country i and country j, and o represents the elasticity
of substitution between goods from different countries of origin. The
terms II; and P; express multilateral resistance within exporting and
importing nations and reflect the accessibility of the market for exports
from country i and the access of the market for imports into country j

respectively (Yotov et al., 2016).

2.2. Model specifications

In the following, the regression model specifications are derived con-
sistently within the structural gravity framework. A detailed explanation
of this transformation is provided in Appendix A. To transition from the
theoretical structural gravity equation (Eq. 2) to an econometric specifi-
cation suitable for empirical estimation, we take the natural logarithm of
both sides, which linearizes the equation and facilitates regression anal-
ysis. The theoretical gravity model expresses trade flows as a function
of production, expenditure, and trade costs; however, the corresponding
empirical specification must account for real-world data constraints. In
particular, the multilateral resistance terms, I1; and P;, are unobserv-
able and are therefore replaced by exporter- and importer-specific fixed
effects (z; and ;(j) in the empirical model (following Hummels (1999),
Feenstra (2016), Olivero and Yotov (2012)). These fixed effects capture
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the influence of country-specific factors, such as economic size, trade
barriers, and market access, which would otherwise be reflected by the
multilateral resistance terms. Consequently, they also absorb the E;/Y
and Y;/Y terms.

While the recommendation of Yotov et al. (2016) is to use time-
varying exporter- and importer-fixed effects, in our baseline empirical
model we instead decompose the multilateral resistance into time-fixed
and time-varying components.! This approach enables us to compare
our results to earlier studies (e.g., Groba, 2013; Kuik et al., 2019). In
later specifications (Models 3 and 4), the time-invariant exporter fixed
effect (r;) is replaced again by the time-varying exporter fixed effect
(#;,), allowing for greater flexibility in controlling for exporter-specific
dynamics, such as changes in trade policies and technology-specific price
fluctuations.

The key explanatory variable of interest, In CapAdd, ,, captures the
importer’s annual addition of renewable energy capacity, measured in
kilowatts. This variable is included to examine the extent to which re-
newable energy expansion is associated with increased imports, thereby
testing the hypothesis of CET import dependency.? The empirical model
is then expressed as follows:

In X;

=Tt b ~lnCapAddI-7, +f-InY, +p;-1In Y;,

+ By - FTA, ;, + f5 - InDIST, ; + f; - CNTG, &)
+p; - LANG,.J +fg - CLNY,-J t & s Vi#j

Trade costs (7;;) are proxied by geographical distance (InDIST, ),
contiguity (CNTG, ), shared language (LANG; ), and colonial ties
(CLNY, ;). The time-varying trade cost variable, FTA, ;,, captures the
impact of free trade agreements. The term ¢, ; , represents the stochastic
error.

In Model 4 (Eq. 4), time-invariant gravity variables are replaced with
country-pair fixed effects (4 ;), which absorb all unobserved bilateral
factors affecting trade flows. As outlined above, this specification also
introduces time-varying exporter fixed effects (z;,), which comprehen-
sively capture time-varying exporter-specific characteristics, including
economic size. Consequently, the term Y, , is omitted from Eq. 4. This
results in our final model specification:

Xij=expla, + x; + pij + py-In CapAddj’, +p,-In Y,
+ Py FTA,  IXe . Vi#] (4

Since the seminal study by Santos Silva and Tenreyro (2011), the
gravity model is usually estimated in its multiplicative form using the
Pseudo-Poisson Maximum Likelihood (PPML) method. This method ef-
fectively accounts for heteroskedasticity and zero trade flows, which are
ubiquitous in trade data sets. To analyze the differences in the estima-
tion methods and to compare the results with those of earlier literature,
in addition to the PPML regressor results (Models 2-4), the equation is
also estimated with the linear OLS standard regressor (Model 1).

Although endogeneity is not a concern for most of the independent
variables, we identify a potential source of endogeneity between the
trade value of CET and the addition of renewable capacity. This issue
arises because policy decisions often drive capacity additions, and pol-
icymakers may implement strong policies only if robust domestic CET

! The time-varying component controls for changes in country-specific eco-
nomic size over time through the natural logarithms of GDP for both the exporter
(InY;,) and the importer (In Yj_,), while the time-fixed effects (r;, ;(j) capture
country-specific structural factors.

2 It is important to note that, since we introduce In CapAdd,;, as an importer-
specific, time-varying variable, we cannot simultaneously include a time-varying
importer fixed effect, as it would absorb the variation we seek to estimate.
Therefore, on the importer side, we rely on the decomposition into a time-fixed
effect (1;), a control variable for country-specific time-varying economic size
(InY;,), and the variable of interest, In CapAdd e
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manufacturing industries already exist. To investigate this effect, a re-
gression model variant is added, incorporating tariffs of the specific CET
product groups as an additional independent variable (cf. Appendix D).
This tariff variable is intended to capture the degree of country-specific
political ambition to support and protect the local CET manufacturing
industry.

A limitation of this approach is that tariff data, sourced from
Guimbard et al. (2024), are available only in three-year intervals (i.e.,
2001, 2004, 2007, 2010, 2013, 2016, 2019). Although this interval may
lead to some information loss, it is in line with recommendations from
the trade literature. Specifically, Olivero and Yotov (2012) suggest that
interval panel data allow for adjustment in bilateral trade flows in re-
sponse to trade policy changes and that gravity estimates obtained with
3-, 4-, and 5-year lags yield consistent results. Given this evidence, the
three-year interval should still capture meaningful policy changes while
maintaining estimation efficiency.3

In the regressions that include tariffs, the tariff coefficient is insignif-
icant and the results for the coefficient CapAdd;, remain unchanged
(cf. Appendix D). This suggests that the identified potential source of
endogeneity cannot be empirically proven.

Moreover, structural gravity models inherently mitigate many en-
dogeneity concerns through the inclusion of multilateral resistance
terms (MRTs). These country-pair fixed effects absorb all time-invariant
and time-variant unobserved heterogeneity between trading partners
and control for general equilibrium effects, ensuring that trade policy
impacts are correctly measured in relation to the broader trade environ-
ment. These structural components provide strong safeguards against
endogeneity issues.

To address potential concerns regarding endogeneity, we acknowl-
edge the possibility of employing instrumental variable approaches in
future work. However, the inclusion of the tariff variable does not signif-
icantly impact the estimates of CapAdd;, compared to the main results,
suggesting that the potential endogeneity issue does not substantially
affect the conclusions (cf. Appendix D).

2.3. Trade and capacity data

The variable for trade flows between countries is derived from the
BACI trade dataset, which is curated by CEPII* using raw data from
the UN Comtrade Database (Gaulier and Zignago, 2025). The curating
method, which is comprehensively described in Gaulier and Zignago
(2010), takes advantage of the “double information” provided by the
importer and exporter for each trade flow in order to obtain a more
reliable trade data set. The trade data is not deflated per se as the ex-
ports are essentially deflated by the MRT, which acts as distinct but
unobserved price indices (cf. Shepherd et al., 2019). An essential chal-
lenge when working with product-level trade data is the matching of
tariff codes (Harmonized System, HS) to the respective wind and so-
lar PV technology products. In this work, the categorization of Kuik
et al. (2019) is adapted, which applied the detailed methodology of Jha
(2009) to identify the corresponding HS codes (see Appendix B). The use
of these previously determined HS codes also enables comparison and in-
terpretation of the results in light of the relevant literature. To achieve
balanced datasets, a data-driven approach is used, selecting countries
with a renewable energy capacity share exceeding 0.1 % of the global
total within the relevant technology category. Exporters ranked in the
top 21 globally for each technology group are also included. The regres-
sion model is applied to the different technology groups separately (wind

3 To further examine whether the use of three-year intervals affects our results,
we first conducted the basic regressions using this interval before incorporating
tariffs (cf. Appendix D). The results show that for wind energy, the value for
the coefficient for InCapAdd; , does not change, and for solar PV, it changes only
slightly from 0.086***(0.017) to 0.081***(0.021). These minor changes indicate
that the three-year interval does not alter the core findings.

4 Centre d’Etudes Prospectives et d’Informations Internationales.
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Fig. 1. Yearly trade values in USD,, for exports and imports of CET-goods
against yearly capacity additions for solar PV and wind averaged over five-year
intervals within the period 2000-2020. Note the logarithmic scale of both axes.
Country codes utilized are ISO3 codes (see Table C.9). Data sources: Gaulier and
Zignago (2025) for trade data, IRENA (2023) for installed capacities, and for
technology specific price deflation, IRENA (2023) and Ritchie et al. (2023).

and solar CET-goods) to minimize aggregation biases following the rec-
ommendations of Anderson and Yotov (2012). The renewable capacity
data provided by IRENA (2023) is used to create yearly capacity expan-
sions in kilowatts as the independent variable of interest. The gravity
variables are sourced from Conte et al. (2022), which restricts the end
of our sample period to 2021, as this is the most recent year covered by
the dataset.

In the following, a novel graphical presentation of the input data is
provided, from which additional country-specific insights can be drawn
that cannot be gained from the subsequent regression analysis. Fig. 1
therefore illustrates cross-border CET trade and annual renewable ca-
pacity addition rates for wind and solar PV over time. The figure shows
data for the five countries that are leading in terms of capacity additions
in the respective energy technology. In contrast to the regression analy-
ses (cf. Section 3), in order to represent changes in real trade volumes,
the trade value has been deflated with a technology-specific price index
(IRENA, 2023; Ritchie et al., 2023). The increasing sizes of the nodes
correspond to the five-year periods.

On the left side of the figure, the level of imports for a given level
of capacity addition rate can be evaluated. Countries with a lower share
of local CET production and high capacity growth rates appear at the
top right of each import subplot, while countries with high CET exports
and high capacity growth rates appear at the top right of each export
subplot (i.e., two subplots on the right hand side). The figure allows us
to analyze country-specific development paths of capacity expansions
together with corresponding import and export levels.

Starting with China (CHN) in the upper left figure, a clear path of
growing wind capacity additions associated with a near constant level
of imports over time can be identified. This suggests that China ful-
filled its additional demand since the year 2000 almost solely through
local production. In direct comparison, the US and Germany (DEU),
which initially experienced a much higher rate of capacity expansion
in 2001-2005, have significantly increased their imports in subsequent
periods to meet their domestic demand. For Germany, the increased
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import level at a constant rate of capacity expansion from 2011-2015
to 2016-2020 corresponds to the observable contraction of the wind
turbine industry during that time period (O’Sullivan and Edler, 2020).
An equally interesting observation emerges from the analysis of the
path for Spain (ESP). After a phase of strong growth rates in the
installation of wind turbines in the early 2000 s with increasing im-
ports, the effects of the financial crisis in 2008 led to a significant
stagnation in the expansion of wind energy capacities in the follow-
ing periods. This consequently led to a lower level of imports dur-
ing the subsequent period from 2011 to 2015. As the wind turbine
industry suffered subsequently from low national demand, local pro-
duction was substituted by imports in the following period from 2016
to 2020.

If capacity growth is interpreted as an outcome-based indicator of
(successful) domestic renewable capacity expansion policy (cf. Kuik
et al., 2019), the export figures on the right allow us to evaluate Porter’s
hypothesis. Consequently, a capacity expansion can be linked to an in-
crease in CET exports in almost all cases. Spain also experienced a sharp
rise in exports from 2000-2010 due to the high expansion of wind capac-
ity. Even during the phase in which wind capacity expansion stagnated,
Spain was apparently initially able to increase exports. A sustained in-
crease in exports to the level of Germany, the US or China could not be
achieved without a strong domestic market and exports even declined
in the last period from 2016-2020.

Combining the insights over all subplots it can be concluded, that for
solar CET, there seems to be an overall positive correlation between ex-
ports and imports, indicating that increased capacity installation leads to
higher levels of both imports and exports. Conversely, for wind energy,
the relationship is more diverse. Therefore, the proposed regression anal-
ysis and its outcomes are highly relevant, as they will provide further
insights into these complex interconnections.

3. Results

Table 2 presents the main results from the wind basic regressions
employing the various estimation models from Section 2.2. Across all
models, the coefficient estimates for the capacity expansion variable
(CapAdd, ) are positive and statistically significant (p < 0.1). In our
final model (PPML-3), the coefficient estimate is 0.027, indicating only
a small but highly significant relationship between wind capacity expan-
sions and wind technology imports. Of particular note is the difference
in the magnitudes of the coefficients of CapAdd;, between the OLS
model (0.068) and the PPML models (ranging from 0.027 to 0.033).
This discrepancy suggests a potential overestimation of the effect in the
OLS estimator due to heteroscedasticity (cf. Silva and Tenreyro, 2006).
Furthermore, the effect appears to be overestimated in a model that does
not include time-variable exporter-year fixed effects (PPML-1: 0.033 vs.
PPML-2: 0.026). When comparing the regression coefficients with those
found in the related literature, it can be observed that they are smaller,
but of a comparable order of magnitude (Ogura, 2020; Groba, 2013).
Specifically, our coefficients for wind (0.027) and PV (0.086) are close
to those reported by Kuik et al. (2019) (wind: 0.067 and PV: 0.201).
It should be noted that these earlier studies did not include exporter-
year fixed effects, potentially limiting their findings’ robustness (Yotov
et al., 2016). Thereby, this study is the first, which determines the coef-
ficient with state-of-the-art methods and for the most recent time period
available (2000-2021) (Table 1).

The positive and significant coefficients observed for the “gravity”
variables such as free trade agreements (FTA), common border (CNTG)
and language (LANG), suggest that an increase in these variables corre-
lates with a corresponding increase in trade volumes, which is consistent
with trade literature (Yotov et al., 2016). The differences in magnitude
of these effects are rather small between the models. The negative co-
efficient for distance (DIST) indicates that as the geographical distance
between countries increases, the volume of trade (imports) decreases.
This coefficient exhibits a significantly smaller magnitude in the PPML
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Table 1 Table 3
Nomenclature. Main results for solar PV.
Abbreviation Definition OLS PPML-1 PPML-2 PPML-3
BACI Base pour I’Analyse du Commerce International In(CapAdd) 0.107*** 0.073** 0.084** 0.086"**
CapAdd i, Variable for capacity addition in country j at time ¢ (0.002) (0.009) (0.009) (0.017)
CET Clean Energy Technology . )
In(GDP. 059%* 520"+
CNTG Variable: Contiguity (shared border) n(GDPryp) ?0005(?7) ?050;)2)
DIST Variable: Distance between trading partners : :
EU European Union ln(GDPImp) 0.108*** 0.126 0.066 0.062
FTA Variable: Free Trade Agreement (0.007) (0.091) (0.042) (0.049)
GDP Var%able: Gross Domestic Product In(DIST) —0.806"* —0.576" 0577
LANG Variable: Common Language (0.016) (0.019) (0.018)
MRT Multilateral Resistance Term ’ ’ '
oLS Ordinary Least Squares FTA 0.512%** ~0.008 ~0.030 0.839"
PPML Poisson Pseudo Maximum Likelihood (0.026) (0.040) (0.040) (0.105)
PV Photovoltaic CNTG 0.212%* 0.353** 0.372%*
(0.047) (0.050) (0.049)
LANG 0.467** 0.144** 0.151**
Table 2 (0.035) (0.044) (0.042)
Main results for wind. CLNY —0.188"* -0.111 -0.121
oLS PPML-1 PPML-2 PPML-3 (0.064) (0.113) (0.110)
In(CapAdd) 0.068*** 0.033*** 0.026"* 0.027"* Exporter FE Yes Yes No No
(0.002) (0.005) (0.006) (0.008) Exporter X Year FE No No Yes Yes
Importer FE Yes Yes Yes Yes
In(GDPg,) 0.115 0.825" CountryPair FE No No No Yes
(0.010) (0.075)
Observations 45,540 45,540 45,540 45,540
In(GDP,,,) 0.105* 0.098* 0.031* 0.018 R 0.788
(0.010) (0.041) (0.014) (0.014)
” . - Note: “p < 0.1; *p < 0.05; **p < 0.01.
In(DIST) —1.221 —0.658 —0.650 46 countries are included.
(0.019) (0.021) (0.021)
FTA 0.346"* 0.320%* 0.354** 1.460*
(0.034) (0.045) (0.046) (0.112)
CNTG 0.292+% 0252+ 0.251% The trade sensitivity of wind energy products to distance exceeds
(0.055) (0.049) (0.049) that of solar PV products (—0.650 vs. —0.577 in PPML-2). This ob-
LANG 0,350 0,240 02337+ servation is in line with expectations, considering that the ad valorem
(0.047) (0.058) (0.052) transportation costs of wind turbines are generally higher than those of
CLNY —0.821 —2.008% —2.000% photovoltaic modules, which is consistent with literature (Kuik et al.,
(0.190) (0.315) (0.342) 2019).
Exporter FE Yes Yes No No
Exporter x Year FE No No Yes Yes 3.1. Robustness tests
Importer FE Yes Yes Yes Yes . . .
CountryPair FE No No No Yes In Table 4 (wind) and Table 5 (solar PV), different sample configu-
Observations 43.032 43.032 43.032 43.032 rations are shown to test the robustness of the main results and to gain
R? 0.708 ’ ' ’ additional insights into CET trade dynamics.

Note: *p < 0.1; *p < 0.05; **p < 0.01.
45 countries are included.

regression models compared to the OLS model, a finding that has also
been prominently observed in previous research Silva and Tenreyro
(2006). In the PPML-2 model, which incorporates exporter-year fixed
effects, the distance coefficient is —0.650, aligning with previous re-
search in the trade literature (Kuik et al., 2019; Kepaptsoglou et al.,
2010). Only a minimal difference results from replacing the “grav-
ity” variables with country pair fixed effects (PPML-2 versus PPML-3)
as suggested by the international trade literature on structural gravity
modeling.

Table 3 presents the main results for the solar PV regression models.
Again, all coefficients for CapAdd;, are highly significant at the 1 %
level. Notably, the coefficients associated with solar PV (0.086, PPML-
3) are larger compared to those of wind technology (0.027, PPML-3),
suggesting that solar PV capacity additions have a more pronounced
impact on trade flows. This may be due to the fact that solar PV tech-
nology is easier to transport compared to wind turbines, which require
larger and more complex logistics. Additionally, the stronger trade de-
pendency in solar PV could reflect limited access to primary resources
needed for production, leading to a higher import demand for key
components.

In the first test, the full sample is divided into two time periods:
before 2010 (Configuration 2) and after 2010 (Configuration 3). The
coefficient for CapAdd;, in wind technology remains insignificant in
the first period, suggesting that wind turbines and related components
were predominantly manufactured domestically, as capacity expansion
did not significantly impact technology imports. This aligns with Kuik
et al. (2019) and indicates an increasing globalization of CET markets
over time. In contrast, for solar PV, the coefficient for CapAdd;, is sig-
nificant in both periods. Although it is slightly higher in the first period
(before 2010: 0.074, after 2010: 0.072), the difference is not statistically
significant, preventing further interpretation.

In the next test (Configuration 4), China is excluded from the dataset,
as its dominant market position was already evident in Fig. 1. The ex-
clusion results in only a negligible change for wind technology (0.025
vs. 0.027), while for solar PV, the coefficient decreases more noticeably
(0.086 vs. 0.063). This suggests that China’s influence on the market is
stronger for solar PV products than for wind technology, likely reflecting
China’s central role in the global solar PV supply chain.

In the final robustness test (Configuration 5), an unbalanced dataset
is constructed by retaining only the five main exporters from the period
2000-2021. This approach tests the effectiveness of the exporter-year
fixed effects in capturing exporter-specific factors. The results show only
minor differences, indicating that the fixed effects adequately account
for exporter-side influences, reinforcing the robustness of the model
specification.
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Table 4
Wind robustness tests—PPML-3.

Sample configuration

Basic 2000-2010 2011-2021 No China Top 5
@ (2) 3) 4 ©)]
In(CapAdd) 0.027** —0.004 0.031** 0.025*** 0.042**
(0.008) (0.009) (0.011) (0.009) (0.014)
ln(GDPImp) 0.018 0.392* 0.024** 0.032* 0.028
(0.014) (0.218) (0.011) (0.017) (0.020)
FTA 1.460*** 1.697** 1.419%* 1.539** 1.420%*
(0.112) (0.138) (0.126) (0.135) (0.147)
Observations 43,032 21,252 21,780 41,108 4810
Notes: *p < 0.1; **p < 0.05; **p < 0.01.
Top five exporters 2000-2021: DEU, CHN, DNK, USA, ESP.
Table 5
Solar PV robustness tests—PPML-3.
Sample configuration
Basic 2000-2010 2011-2021 No China Top five
@™ ) 3) @ )
In(CapAdd) 0.086*** 0.074** 0.072** 0.063*** 0.096***
(0.017) (0.015) (0.024) (0.010) (0.023)
ln(GDPImp) 0.062 0.704** 0.018 0.062 0.074
(0.049) (0.168) (0.017) (0.040) (0.095)
FTA 0.839*** 1.224%* 0.696*** 1.091** 0.682**
(0.105) (0.101) (0.118) (0.149) (0.157)
Observations 45,540 22,770 22,770 43,560 4950

Note: *p < 0.1; **p < 0.05; **p < 0.01.
Top five exporters 2000-2021: CHN, DEU, JPN, USA, MYS.

3.2. Temporal effects

In Tables 6 and 7 different time lags for the CapAdd; variable are ex-
plored. The analysis of 7 + i allows us to investigate whether capacity
expansions in subsequent years influence trade flows in the current
year. The findings indicate that as the lag increases, the coefficients for
CapAdd,;, diminish in magnitude and lose significance. This suggests
that most CET-related imports occur in the same year as their deploy-
ment, as reflected in the highest coefficients at t. The gradual decline in
coefficient magnitude over time suggests that capacity expansions pri-
marily drive short-term trade flows, with limited long-term stockpiling
or procurement commitments.

Interestingly, the differences between wind and solar PV highlight
distinct trade dynamics. The stronger and more persistent coefficients for
solar PV reinforce our hypothesis of a higher dependence on imported
components compared to wind. Furthermore, for wind, the negative
coefficient at t+3 could indicate a possible substitution effect, where
increased capacity additions in the future correlate with lower present
trade flows, possibly due to policy adjustments, changes in sourcing
strategies, or supply chain constraints.

Table 6
Wind temporal effects—PPML-3.
CapAdd (t+1)
t—2 t—1 t t+1 t+2 t+3
In(CapAdd) 0.017**  0.016**  0.027***  0.021**  0.004 -0.011*
(0.005) (0.005) (0.008) (0.008) (0.007)  (0.006)
In(GDP,,) 0.022**  0.023*  0.018 0.018 0.030*  0.042"
(0.011) (0.012) (0.014) (0.013) (0.013)  (0.013)
Observations 39,072 41,052 43,032 41,052 39,072 37,092

Note: *p < 0.1; **p < 0.05; **p < 0.01
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Table 7
Solar PV temporal effects—PPML-3.

CapAdd (t+1)

t-2 t-1 t t+1 t+ 2 t+ 3
In(CapAdd) 0.057***  0.076**  0.086***  0.071***  0.053**  0.031**

(0.012) (0.014) (0.017) (0.016) (0.012) (0.008)
In(GDPy,,) 0.068 0.064 0.062 0.167 0.148 0.153

(0.057) (0.049) (0.049) (0.156) (0.139) (0.152)
Observations 41,400 43,470 45,540 43,470 41,400 39,330

Note: *p < 0.1; **p < 0.05; **p < 0.01

3.3. Discussion

The regression results show that an increase in annual domestic re-
newable generation capacity has only a minor impact on the volumes
of global CET imports. In particular, the estimated coefficients for the
variable CapAdd;, show that ceteris paribus, a doubling of the expan-
sion rate of wind energy leads to an increase of only 1.9 % in the
imports of wind energy technology. Similarly, a doubling of the ex-
pansion rate for solar PV leads to an increase in technology imports
of 6.2 %.° These findings suggest that most countries expanding their
renewable energy capacity do not exhibit a high dependence on tech-
nology imports, implying a significant degree of self-sufficiency in CET
production. This insight is particularly relevant for policy makers seek-
ing to balance energy security and economic benefits with the urgency
of rapid decarbonization.

A key factor that explains the low import dependency observed is
the strategic localization of CET production. Previous research under-
scores how firms establish manufacturing facilities in target markets to
reduce trade costs and leverage synergies, thereby minimizing the need
for CET imports (cf. Lacal-Arantegui, 2019). Strategies to achieve this
(re-)locating can include joint ventures, technology licensing, or acquir-
ing local companies and expanding their production (Ball and Meckling,
2013). McWilliams et al. (2024) show that CET production in target
market countries can be ramped up quickly. This process leads to a dy-
namic wherein national CET imports are substituted by local production,
otherwise referred to as “catching-up dynamics”. This phenomenon is
further explored by Binz et al. (2017), who propose a framework to
evaluate the dynamics of Chinese catch-up in the renewable energy
sector. Their findings highlight how broadly targeted policy support
played a pivotal role in enabling the Chinese PV manufacturing industry
to replace technology imports with domestically produced alternatives.
Similarly, Lehmphul (2015) discusses China’s strategy of substituting
wind energy technology imports with domestically built production ca-
pacities. Although the catching-up process has evidently been successful
for China, this may not necessarily hold true for other countries. A recent
study by Ogura (2020) emphasizes that the effectiveness of import sub-
stitution depends on a country’s innovative or imitative capacity, which
is quantified using the number of patents registered in the respective in-
dustry. This finding is further supported by Fig. 1, which shows that the
trajectories of countries regarding import dependency vary significantly
across nations and time periods. While China has been the primary focus
of earlier research, our study highlights that it is not the only country
demonstrating such capacity. In particular, the results in Tables 4 and
5 reveal similar trends even when China is excluded from the dataset,
underscoring the global presence of innovation and imitation capacity
in the renewable energy sector.

From a policy perspective, earlier studies emphasize the importance
of targeted industrial policies that support domestic CET production.
While concerns over excessive import dependence may drive some
governments to implement protectionist measures, our results suggest

5 Calculation: 0.019 = 2°%%7 — 1 for wind and 0.062 = 2°98¢ _ | for solar PV.
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that many nations already possess the capability to localize produc-
tion over time. This has implications for international cooperation
in CET trade, as it underscores the need for a balanced approach—
one that fosters local industrial development while maintaining open
trade relationships to facilitate technology diffusion and supply chain
resilience.

In this context, international trade agreements and cooperative
frameworks can play a crucial role. Policymakers should leverage
platforms such as the WTO Environmental Goods Agreement and re-
gional trade agreements to ensure that CET supply chains remain
efficient and diversified. Furthermore, strategic partnerships between
leading CET producers and emerging markets could enhance global
production capacity and improve technology access in developing
economies. Technology-sharing initiatives, such as those seen in the
IEA’s Technology Collaboration Program, could further support the
diffusion of advanced CET solutions while minimizing trade frictions.

Finally, while this study primarily focuses on final goods trade, future
research should explore the role of critical raw material dependencies
in shaping CET supply chains (Junne et al., 2020). Policies aimed at se-
curing access to key inputs, such as lithium for batteries or polysilicon
for solar PV, may be essential for ensuring long-term self-sufficiency.
Moreover, as national policy initiatives like the EU’s Net Zero Industry
Act and the U.S. Inflation Reduction Act increasingly emphasize do-
mestic manufacturing, their long-term impact on global trade dynamics
warrants further examination.

4. Conclusion

This study examines the import dependency of renewable energy ca-
pacity expansions, a topic of critical importance given the geopolitical
context and the urgent need for a rapid energy transition in response
to the climate crisis. By applying a structural gravity model, we provide
the first empirical assessment of how national capacity additions in wind
and solar PV influence global CET imports.

The results indicate that increasing renewable energy capacity has
only a modest effect on CET import volumes. A doubling of wind energy
expansion leads to a 1.9 % increase in wind technology imports, while
the same increase in solar PV expansion results in a 6.2 % rise in solar PV
technology imports. These findings suggest that many countries remain
largely self-sufficient in CET production, with local industries playing a
substantial role in supplying domestic markets.

A key implication is that countries expanding their renewable energy
generation capacity are not necessarily increasing their reliance on im-
ported technologies. Instead, consistent with insights from the literature,
CET industries appear capable of rapidly scaling up local production
in response to demand, facilitated by strategies such as joint ventures,
technology licensing, and domestic policy support. This aligns with the
broader concept of “catching-up dynamics,” in which countries develop
or rebuild their CET industries over time, reducing reliance on foreign
imports.

For policymakers, these findings underscore that high current im-
port shares should not be seen as a long-term barrier to renewable
energy deployment. The empirical results suggest that CET imports do
not necessarily scale proportionally with capacity expansion, meaning
that fostering renewable energy capacity growth can coincide with the
development of domestic manufacturing capabilities. In particular, tar-
geted industrial policies, such as those implemented under the EU’s Net
Zero Industry Act or the U.S. Inflation Reduction Act, could accelerate
the transition from import dependence to domestic production.

Future research should further explore the role of policy interven-
tions in shaping CET trade patterns, as well as the impact of critical
raw material access on the ability of countries to develop self-sufficient
clean energy industries. Expanding the scope to include additional CETs,
such as electrolyzers and batteries, would provide a more comprehensive
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understanding of global import dependencies across the entire clean
energy value chain.
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Appendix A. Transformation from structural gravity equation to
empirical specification

To transform the theoretical structural gravity equation (Eq. 2) into
the empirical specification (Eq. 3), we proceed with the following steps.
First, we take the natural logarithm of both sides of the structural gravity
equation, which gives us:

Y, E; T
InX; =In % +(1—-0)ln TP (A1)
P

J

Expanding and grouping the terms:
InX; =Y, +E; -InY +(1 —6) (InT;; — InIT; - In P;) (A.2)

In this form, the multilateral resistance terms II; and P;, which are
theoretical constructs and not directly observable, pose challenges for es-
timation. However, as emphasized by Baldwin and Taglioni (2006), it is
essential to account for these terms in gravity models to avoid specifica-
tion errors. Building on the work of Hummels (1999) as well as Feenstra
and Romalis (2014), we address this issue by incorporating exporter- and
importer-specific fixed effects (z;, ;), which effectively capture the un-
observable multilateral resistance terms (cf. Olivero and Yotov, 2012).
Furthermore, as noted by Yotov et al. (2016), these fixed effects not
only account for the multilateral resistance terms but also absorb the
effects of country-specific size variables (E;,/Y and Y;,/Y) from the
structural gravity model. In addition, they account for all other observ-
able and unobservable country-specific characteristics that vary across
these dimensions, such as national policies, institutions, and exchange
rates. Since we estimate the model in a panel setting, we introduce a
time dimension () to reflect the time-varying nature of the data. The
equation is then reformulated as:

InX;;, =m,+x;,+(1—0)InT,, (A.3)



J. Eschmann and P. Jochem

To incorporate our variable of interest, In CapAdd; ,, which represents
the annual increase in renewable energy capacity in the importing coun-
try, we must decompose the time-varying multilateral resistance term
into two components: a time-varying economic size term (InY;,,In Yj’,)
and a time-fixed structural multilateral resistance term (x;, y;). Notably,
this fully decomposed form is introduced in the model for clarity, but
in later model specifications, we reintroduce the time-varying exporter
multilateral resistance term to adhere as closely as possible to standard
gravity model recommendations. The model can thus be written as:

InX;;,=m+y;+InY;, +InY;, +InCapAdd;, + (1 - 0)InT; ;, (A4)

Finally, we proxy the time-varying trade costs T;;, using several
observable bilateral variables:

* Free trade agreement (FTA, ;)

* Geographical distance (InDIST; )),
+ Contiguity (CNTG, )),

+ Common language (LANG; j), and
* Colonial ties (CLNY; -

These variables are either treated as logged continuous variables or
binary indicators, depending on their nature. Thus, our basic empirical
model specification is formulated as:

In X, =7+ + 0 ~lnCapAddj’,+ﬂ2~lnY,~’,+ﬂ3 ~lan,,
+ Py FTA; ;, + fs - InDIST; ; + fs - CNTG;
+ p7-LANG; ; + f3 - CLNY, ; +¢,;,, Vi#j

Ljt

(A.5)

which equals Eq. (3) above.

Appendix B. Table of used HS 2007 codes
See Table B.8.

Table B.8
HS codes and official descriptions.
Technology HS code Description
Wind 730,820 Towers and lattice masts of iron or steel
841,290 Parts of other engines and motors
850,164 AC generators (alternators) >750 kVA
850,230 Other electric generating sets (incl. wind powered)
850,300 Parts of motors, generating sets or rotary converters
Solar PV 854,140 Photosensitive Semiconductor Devices
850,440 Static converters

Appendix C. ISO 3 codes and corresponding countries

See Table C.9.

Table C.9

ISO 3 codes and corresponding countries.
ISO 3 code Country
CHN China
DEU Germany
ESP Spain
IND India
USA United States
JPN Japan

Appendix D. Regressions with tariff
See Tables D.10-D.13.
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Table D.10
Wind regressions with tariffs: 3 yr sampling.
OLS PPML-1 PPML-2 PPML-3
(€8] (2) ®3) “@
In(CapAdd) 0.073*** 0.032** 0.026*** 0.027**
(0.005) (0.010) (0.009) (0.011)
In(GDPy,,) 0.100*** 0.734**
(0.017) (0.176)
In(GDPy,,) 0.103*** 0.228* 0.063** 0.049*
(0.018) (0.136) (0.028) (0.029)
Tarrif 4.151** —1.014 —0.159 0.614
(0.704) (1.273) (1.259) (1.522)
In(DIST) —1.232% —0.683** —0.674"*
(0.034) (0.040) (0.041)
FTA 0.403*** 0.310*** 0.363*** 1.528**
(0.062) (0.088) (0.088) (0.113)
CNTG 0.324** 0.227** 0.229**
(0.097) (0.096) (0.095)
LANG 0.255*** 0.229** 0.217**
(0.084) (0.095) (0.087)
CLNY —0.390 —2.397%* —2.400"**
(0.337) (0.593) (0.530)
Exporter FE Yes Yes No No
ExporterYear FE No No Yes Yes
Importer FE Yes Yes Yes Yes
CountryPair FE No No No Yes
Observations 13,684 13,684 13,684 13,684
RrR? 0.707
Note: *p < 0.1; *p < 0.05; **p < 0.01.
45 countries are included.
Table D.11
Wind basic regressions: 3 yr sampling.
OLS PPML-1 PPML-2 PPML-3
@ () 3) “
In(CapAdd) 0.072** 0.032*** 0.026*** 0.027**
(0.005) (0.010) (0.009) (0.011)
In(GDPy,;) 0.097*** 0.736***
(0.017) (0.177)
In(GDPy,,) 0.099*** 0.238* 0.064** 0.048
(0.018) (0.138) (0.029) (0.030)
In(DIST) —1.241%* —0.681"* —0.674"*
(0.034) (0.040) (0.041)
FTA 0.316*** 0.333** 0.367** 1.516%*
(0.060) (0.082) (0.084) (0.114)
CNTG 0.303*** 0.229** 0.230**
(0.097) (0.096) (0.096)
LANG 0.271** 0.225"* 0.217*
(0.084) (0.095) (0.088)
CLNY —0.419 —2.411" —2.402"*
(0.337) (0.593) (0.530)
Exporter FE Yes Yes No No
Exporter x Year FE No No Yes Yes
Importer FE Yes Yes Yes Yes
CountryPair FE No No No Yes
Observations 13,684 13,684 13,684 13,684
R? 0.706

Note: *p < 0.1; **p < 0.05; **p < 0.01.
45 countries are included.
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Table D.12
Solar PV regressions with tariffs: 3 yr sampling.
OLS PPML-1 PPML-2 PPML-3
@ ) 3 @
In(CapAdd) 0.101*** 0.067*** 0.080*** 0.081***
(0.003) (0.017) (0.016) (0.021)
In(GDPy, ;) 0.086*** 0.466**
(0.014) (0.084)
In(GDPy,,) 0.141** 0.248* 0.152 0.141
(0.014) (0.138) (0.106) (0.108)
Tariff —2.382%* —2.229 —-1.187 —-1.129
(0.752) (1.630) (1.574) (2.041)
In(DIST) —0.832%* —0.585"** —0.582%*
(0.028) (0.034) (0.031)
FTA 0.406*** —0.023 —0.022 0.862***
(0.047) (0.072) (0.070) (0.105)
CNTG 0.212** 0.349** 0.364**
(0.082) (0.091) (0.087)
LANG 0.406*** 0.128* 0.131*
(0.061) (0.077) (0.073)
CLNY —0.365"* —0.222 —0.243
(0.112) (0.199) (0.198)
Exporter FE Yes Yes No No
ExporterYear FE No No Yes Yes
Importer FE Yes Yes Yes Yes
CountryPair FE No No No Yes
Observations 14,490 14,490 14,490 14,490
RrR? 0.792
Note: *p < 0.1; *p < 0.05; ***p < 0.01.
45 countries are included.
Table D.13
Solar PV basic regressions: 3 yr sampling.
OLS PPML-1 PPML-2 PPML-3
(€Y] @ 3 4
In(CapAdd) 0.103*** 0.067*** 0.080*** 0.081***
(0.003) (0.017) (0.015) (0.021)
In(GDPy, ;) 0.087*** 0.464**
(0.014) (0.084)
In(GDPy,,) 0.143** 0.278** 0.160 0.150
(0.014) (0.137) (0.111) (0.113)
In(DIST) —0.829*** —0.585"* —0.582**
(0.028) (0.034) (0.031)
FTA 0.429** —0.009 —0.014 0.870***
(0.046) (0.071) (0.069) (0.106)
CNTG 0.218"** 0.349** 0.363***
(0.082) (0.090) (0.087)
LANG 0.407*** 0.126 0.130*
(0.061) (0.077) (0.073)
CLNY —0.360*** —0.222 —0.244
(0.112) (0.199) (0.198)
Exporter FE Yes Yes No No
ExporterYear FE No No Yes Yes
Importer FE Yes Yes Yes Yes
CountryPair FE No No No Yes
Observations 14,490 14,490 14,490 14,490
R? 0.792

Note: *p < 0.1; *p < 0.05; **p < 0.01.
45 countries are included.
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Appendix E. Summary statistics

See Tables E.14 and E.15.

Table E.14
Summary statistics of wind regressions input data.
X, CapAdd,, DIST, Y,

mean 13,051.38 741,832.00 6453.69 1.21e+09
std 61,208.37 3,309,382.00 5105.22 2.66e+09
min 0.00 0.00 117.00 0.00
25 % 4.72 500.00 1631.00 1.52e+08
50 % 249.21 71,683.00 6138.00 3.53e+08
75 % 3807.52 404,000.00 9939.00 1.20e+09
max 1,921,585.00 72,530,760.00 19,629.00 2.14e+10

Table E.15
Summary statistics of solar PV regressions input data.
X, CapAdd,, DIST, Y,

mean 32,534.09 747,830.50 6461.97 1.23e+09
std 214,038.50 3,495,477.00 4498.48 2.67e+09
min 0.00 1.00 111.00 1.00
25 % 48.75 1.00 2140.00 1.77e+08
50 % 883.47 6339.00 6609.00 3.51e+08
75 % 7452.51 246,961.00 9433.00 1.22e+09
max 8,597,985.00 53,013,490.00 18,861.00 2.14e+10

Data availability

Data will be made available on request.

References

IRENA, 2023. Renewable power generation costs in 2022. https://www.irena.org/Data/
View-data-by-topic/Costs/Wind-Costs, Abu Dhabi.

Howell, K., Lanz, R., Tresa, E., Black, S., 2023. Chapter 9 trade in low-carbon technology
products. In: Data for a Greener World: A Guide for Practitioners and Policymakers,
International Monetary Fund, pp. 161-180. https://www.elibrary.imf.org/display/
book/9798400217296,/CH009.xml.

Costantini, V., Crespi, F., 2008. Environmental regulation and the export dynamics of en-
ergy technologies. Ecol. Econ. 66, 447-460. https://doi.org/10.1016/j.ecolecon.2007.
10.008

McWilliams, B., Tagliapietra, S., Trasi, C., 2024. Smarter European Union Industrial pol-
icy for solar panels. Bruegel. https://www.bruegel.org/policy-brief/smarter-european-
union-industrial-policy-solar-panels

European Commission, 2023. Net Zero Industry Act. https://single-market-economy.ec.
europa.eu/publications/net-zero-industry-act_en

U. Congress, 2022. Inflation Reduction Act of 2022. https://www.congress.gov/bill/
117th-congress/house-bill/5376/text/eas

Tinbergen, J., 1962. Shaping the World Economy; Suggestions for an International
Economic Policy. Twentieth Century Fund, New York. https://repub.eur.nl/pub/
16826

Porter, M.E., Linde, C.V.D., 1995. Toward a new conception of the environment-
competitiveness relationship. J. Econ. Perspect. 9, 97-118. https://doi.org/10.1257/
jep.9.4.97. https://pubs.aeaweb.org/doi/10.1257/jep.9.4.97

Costantini, V., Mazzanti, M., 2012. On the green and innovative side of trade competitive-
ness? The impact of environmental policies and innovation on EU exports. Res. Policy
41, 132-153. https://doi.org/10.1016/j.respol.2011.08.004. North-Holland.

Groba, F., 2013. Determinants of trade with solar energy technology components: evidence
on the porter hypothesis? Appl. Econ. Lett. 46, 503-526. https://doi.org/10.1080/
00036846.2013.857005

Sung, B., Song, W.-Y., 2014. How government policies affect the export dynamics of re-
newable energy technologies: a subsectoral analysis. Energy 69, 843-859. https://doi.
org/10.1016/j.energy.2014.03.082. https://www.sciencedirect.com/science/article/
pii/S0360544214003466

Kuik, O., Branger, F., Quirion, P., 2019. Competitive advantage in the renewable energy
industry: evidence from a gravity model. Renew. Energy 131, 472-481. https://doi.
0rg/10.1016/j.renene.2018.07.046. https://www.sciencedirect.com/science/article/
pii/S0960148118308437


https://www.irena.org/Data/View-data-by-topic/Costs/Wind-Costs
https://www.irena.org/Data/View-data-by-topic/Costs/Wind-Costs
https://www.elibrary.imf.org/display/book/9798400217296/CH009.xml
https://www.elibrary.imf.org/display/book/9798400217296/CH009.xml
https://doi.org/10.1016/j.ecolecon.2007.10.008
https://doi.org/10.1016/j.ecolecon.2007.10.008
https://www.bruegel.org/policy-brief/smarter-european-union-industrial-policy-solar-panels
https://www.bruegel.org/policy-brief/smarter-european-union-industrial-policy-solar-panels
https://single-market-economy.ec.europa.eu/publications/net-zero-industry-act_en
https://single-market-economy.ec.europa.eu/publications/net-zero-industry-act_en
https://www.congress.gov/bill/117th-congress/house-bill/5376/text/eas
https://www.congress.gov/bill/117th-congress/house-bill/5376/text/eas
https://repub.eur.nl/pub/16826
https://repub.eur.nl/pub/16826
https://doi.org/10.1257/jep.9.4.97
https://doi.org/10.1257/jep.9.4.97
https://pubs.aeaweb.org/doi/10.1257/jep.9.4.97
https://doi.org/10.1016/j.respol.2011.08.004
https://doi.org/10.1080/00036846.2013.857005
https://doi.org/10.1080/00036846.2013.857005
https://doi.org/10.1016/j.energy.2014.03.082
https://doi.org/10.1016/j.energy.2014.03.082
https://www.sciencedirect.com/science/article/pii/S0360544214003466
https://www.sciencedirect.com/science/article/pii/S0360544214003466
https://doi.org/10.1016/j.renene.2018.07.046
https://doi.org/10.1016/j.renene.2018.07.046
https://www.sciencedirect.com/science/article/pii/S0960148118308437
https://www.sciencedirect.com/science/article/pii/S0960148118308437

J. Eschmann and P. Jochem

Jing, S., Zhihui, L., Jinhua, C., Zhiyao, S., 2020. China’s renewable energy trade poten-
tial in the “belt-and-road” countries: a gravity model analysis. Renew. Energy 161,
1025-1035. https://doi.org/10.1016/j.renene.2020.06.134

Yotov, Y., Piermartini, R., Monteiro, J.-A., Larch, M., 2016. An advanced guide to
trade policy analysis. https://unctad.org/publication/advanced-guide-trade-policy-
analysis-structural-gravity-model-volume-2

Ogura, Y., 2020. Policy as a “porter” of RE component export or import? Evidence
from PV/wind energy in OECD and BRICS. Energy Econ. 86, 104630. https://doi.
org/10.1016/j.enec0.2019.104630. https://www.sciencedirect.com/science/article/
pii/S014098831930427X

Binz, C., Gosens, J., Hansen, T., Hansen, U.E., 2017. Toward technology-
sensitive catching-up policies: insights from renewable energy in China.
World Dev. 96, 418-437. https://doi.org/10.1016/j.worlddev.2017.03.027.

https://www.sciencedirect.com/science/article/pii/S0305750X1730102X

Lehmphul, K., 2015. Die Umweltschutzwirtschaft in Deutschland 2015,
Umweltbundesamt, https://www.umweltbundesamt.de/publikationen/die-
umweltschutzwirtschaft-in-deutschland-2015

Isard, W., 1954. Location theory and trade theory: short-run analysis. Q. J. Econ. 68,
305-320. https://doi.org/10.2307,/1884452

Ravenstein, E.G., 1889. The laws of migration. J. R. Stat. Soc. 52, 241-305. Wiley, Royal
Statistical Society. https://doi.org/10.2307/2979333. https://www.jstor.org/stable/
2979333

Anderson, J.E., 1979. A theoretical foundation for the gravity equation. Am. Econ. Rev. 69,
106-116. American Economic Association. https://www.jstor.org/stable/1802501.

Anderson, J.E., van Wincoop, E., 2003. Gravity with Gravitas: a solution to the border
puzzle. Am. Econ. Rev. 93, 170-192. https://doi.org/10.1257/000282803321455214.
https://www.aeaweb.org/articles?id = 10.1257,/000282803321455214

Bergstrand, J.H., 1985. The gravity equation in International trade: some microeconomic
foundations and empirical evidence. Rev. Econ. Stat. 67, 474. https://doi.org/10.
2307/1925976. https://www.jstor.org/stable/1925976?origin = crossref

Helpman, E., Krugman, P., 1987. Market Structure and Foreign Trade, The MIT
Press, Cambridge, MA, https://mitpress.mit.edu/9780262580878/market-structure-
and-foreign-trade/

Hummels, D., 1999. Toward a geography of trade costs. GTAP Working Papers. https:
//docs.lib.purdue.edu/gtapwp/17

Feenstra, R.C., 2016. Advanced International Trade: Theory and Evidence, 2nd ed.
Princeton University Press, Princeton, Oxford.

Olivero, M.P., Yotov, Y.V., 2012. Dynamic gravity: endogenous country size and as-
set accumulation. Can. J. Econ. 45, 64-92. https://doi.org/10.1111/j.1540-5982.
2011.01687.x. eprint:  https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1540-
5982.2011.01687.x

Silva, J.M.C.S., Tenreyro, S., 2011. Further simulation evidence on the performance of the
poisson pseudo-maximum likelihood estimator. Econ. Lett. 112, 220-222. https://doi.
org/10.1016/j.econlet.2011.05.008. https://www.sciencedirect.com/science/article/
pii/S0165176511001741

Guimbard, H., Jean, S., Mimouni, M., Pichot, X., 2024. MAcMap-HS6. https://doi.org/
10.1016/52110-7017(13)60046-3. http://www.cepii.fr/CEPII/en/bdd_modele/bdd_
modele_item.asp?id =12

Gaulier, G., Zignago, S., 2025. BACI HS6 - Data on bilateral trade flows for 200 countries at
the product level. http://www.cepii.fr/CEPIl/en/bdd_modele/bdd_modele_item.asp?
id=37

10

Energy Policy 205 (2025) 114697

Gaulier, G., Zignago, S., 2010. BACI: International trade database at the product-level
(the 1994-2007 version). SSRN Electron. J. https://doi.org/10.2139/ssrn.1994500.
http://www.ssrn.com/abstract =1994500

Shepherd, B., Doytchinova, H.S., Kravchenko, A., 2019. The Gravity Model of
International Trade: A User Guide [R Version], United Nations ESCAP, Bangkok,
https://www.unescap.org/resources/gravity-model-international-trade-user-guide-r-
version

Jha, V., 2009. Trade flows, barriers and market drivers in renewable energy supply goods:
the need to level the playing field. Technical Report. ICTSD Trade and Environment
Issue Paper 10, International Centre for Trade and Sustainable Development, Geneva,
Switzerland.

Anderson, J., Yotov, Y., 2012. Gold Standard Gravity, NBER Working Paper 17835.
National Bureau of Economic Research, Inc, https://econpapers.repec.org/paper/
nbrnberwo/17835.htm

IRENA, 2023. Installed electricity capacity (MW) by Country/area, technology, grid con-
nection and year. https://pxweb.irena.org:443/pxweb/en/IRENASTAT/IRENASTAT_
_PowerCapacityandGeneration/ELECCAP_2023_cycle2.px/

Conte, M., Cotterlaz, P., Mayer, T., 2022. The CEPII gravity database. Technical Report
2022-05. CEPII Working Paper.

Ritchie, H., Rosado, P., Roser, M., 2023. Data Page: solar (photovoltaic) panel prices - Data
adapted from International Renewable Energy Agency, Nemet, Farmer and Lafond.
https://ourworldindata.org/grapher/solar-pv-prices.

O’Sullivan, M., Edler, D., 2020. Gross employment effects in the renewable energy
industry in Germany-an input-output analysis from 2000 to 2018. Sustainability
(Switzerland) 12 (15), 6163. Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/s5u12156163. https://www.mdpi.com/2071-1050/12/
15/6163

Silva, J.M.C.S., Tenreyro, S., 2006. The log of gravity. Rev. Econ. Stat. 88 (4), 641-658.
https://doi.org/10.1162/rest.88.4.641

Kepaptsoglou, K., Karlaftis, M.G., Tsamboulas, D., 2010. The gravity model specification
for modeling international trade flows and free trade agreement effects: a 10-year
review of empirical studies. Open Econ. J. 3 (1), 1-13. https://benthamopen.com/
ABSTRACT/TOECONSJ-3-1

Lacal-Arantegui, R., 2019. Globalization in the wind energy industry: contribution and
economic impact of European companies. Renew. Energy 134, 612-628. https://doi.
org/10.1016/j.renene.2018.10.087

Ball, J., Meckling, J., 2013. Avoiding sunstroke: assessing national competi-
tiveness in the global solar race. Technical Report. Stanford Law School,
https://law.stanford.edu/publications/avoiding-sunstroke-assessing-national-
competitiveness-in-the-global-solar-race/

Junne, T., Wulff, N., Breyer, C., Naegler, T., 2020. Critical materials in global low-
carbon energy scenarios: the case for neodymium, dysprosium, lithium, and cobalt.
Energy 211, 118532. https://doi.org/10.1016/j.energy.2020.118532. https://www.
sciencedirect.com/science/article/pii/S0360544220316406

Baldwin, R., Taglioni, D., 2006. Gravity for dummies and dummies for gravity
equations. Working Paper 12516. National Bureau of Economic Research, Inc, https:
//EconPapers.repec.org/RePEc:nbr:nberwo:12516

Feenstra, R., Romalis, J., 2014. International prices and endogenous quality. Q. J. Econ.
129 (2), 477-527. President and Fellows of Harvard College. https://doi.org/10.1093/
qje/qju001. https://EconPapers.repec.org/RePEc:oup:gjecon:v:129:y:2014:i:2:p:477-
527


https://doi.org/10.1016/j.renene.2020.06.134
https://unctad.org/publication/advanced-guide-trade-policy-analysis-structural-gravity-model-volume-2
https://unctad.org/publication/advanced-guide-trade-policy-analysis-structural-gravity-model-volume-2
https://doi.org/10.1016/j.eneco.2019.104630
https://doi.org/10.1016/j.eneco.2019.104630
https://www.sciencedirect.com/science/article/pii/S014098831930427X
https://www.sciencedirect.com/science/article/pii/S014098831930427X
https://doi.org/10.1016/j.worlddev.2017.03.027
https://www.sciencedirect.com/science/article/pii/S0305750X1730102X
https://www.umweltbundesamt.de/publikationen/die-umweltschutzwirtschaft-in-deutschland-2015
https://www.umweltbundesamt.de/publikationen/die-umweltschutzwirtschaft-in-deutschland-2015
https://doi.org/10.2307/1884452
https://doi.org/10.2307/2979333
https://www.jstor.org/stable/2979333
https://www.jstor.org/stable/2979333
https://www.jstor.org/stable/1802501
https://doi.org/10.1257/000282803321455214
https://www.aeaweb.org/articles?id=10.1257/000282803321455214
https://doi.org/10.2307/1925976
https://doi.org/10.2307/1925976
https://www.jstor.org/stable/1925976?origin=crossref
https://mitpress.mit.edu/9780262580878/market-structure-and-foreign-trade/
https://mitpress.mit.edu/9780262580878/market-structure-and-foreign-trade/
https://docs.lib.purdue.edu/gtapwp/17
https://docs.lib.purdue.edu/gtapwp/17
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0125
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0125
https://doi.org/10.1111/j.1540-5982.2011.01687.x
https://doi.org/10.1111/j.1540-5982.2011.01687.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1540-5982.2011.01687.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1540-5982.2011.01687.x
https://doi.org/10.1016/j.econlet.2011.05.008
https://doi.org/10.1016/j.econlet.2011.05.008
https://www.sciencedirect.com/science/article/pii/S0165176511001741
https://www.sciencedirect.com/science/article/pii/S0165176511001741
https://doi.org/10.1016/S2110-7017(13)60046-3
https://doi.org/10.1016/S2110-7017(13)60046-3
http://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=12
http://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=12
http://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=37
http://www.cepii.fr/CEPII/en/bdd_modele/bdd_modele_item.asp?id=37
https://doi.org/10.2139/ssrn.1994500
http://www.ssrn.com/abstract=1994500
https://www.unescap.org/resources/gravity-model-international-trade-user-guide-r-version
https://www.unescap.org/resources/gravity-model-international-trade-user-guide-r-version
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0160
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0160
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0160
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0160
https://econpapers.repec.org/paper/nbrnberwo/17835.htm
https://econpapers.repec.org/paper/nbrnberwo/17835.htm
https://pxweb.irena.org:443/pxweb/en/IRENASTAT/IRENASTAT__PowerCapacityandGeneration/ELECCAP_2023_cycle2.px/
https://pxweb.irena.org:443/pxweb/en/IRENASTAT/IRENASTAT__PowerCapacityandGeneration/ELECCAP_2023_cycle2.px/
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0175
http://refhub.elsevier.com/S0301-4215(25)00204-6/sbr0175
https://ourworldindata.org/grapher/solar-pv-prices
https://doi.org/10.3390/su12156163
https://www.mdpi.com/2071-1050/12/15/6163
https://www.mdpi.com/2071-1050/12/15/6163
https://doi.org/10.1162/rest.88.4.641
https://benthamopen.com/ABSTRACT/TOECONSJ-3-1
https://benthamopen.com/ABSTRACT/TOECONSJ-3-1
https://doi.org/10.1016/j.renene.2018.10.087
https://doi.org/10.1016/j.renene.2018.10.087
https://law.stanford.edu/publications/avoiding-sunstroke-assessing-national-competitiveness-in-the-global-solar-race/
https://law.stanford.edu/publications/avoiding-sunstroke-assessing-national-competitiveness-in-the-global-solar-race/
https://doi.org/10.1016/j.energy.2020.118532
https://www.sciencedirect.com/science/article/pii/S0360544220316406
https://www.sciencedirect.com/science/article/pii/S0360544220316406
https://EconPapers.repec.org/RePEc:nbr:nberwo:12516
https://EconPapers.repec.org/RePEc:nbr:nberwo:12516
https://doi.org/10.1093/qje/qju001
https://doi.org/10.1093/qje/qju001
https://EconPapers.repec.org/RePEc:oup:qjecon:v:129:y:2014:i:2:p:477-527
https://EconPapers.repec.org/RePEc:oup:qjecon:v:129:y:2014:i:2:p:477-527

	Assessing import dependencies in the accelerating energy transition: A~structural gravity model analysis
	1 Introduction
	2 Methodology
	2.1 Gravity model of trade
	2.2 Model specifications
	2.3 Trade and capacity data

	3 Results
	3.1 Robustness tests
	3.2 Temporal effects
	3.3 Discussion

	4 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	A Transformation from structural gravity equation to empirical specification
	B Table of used HS 2007 codes
	C ISO 3 codes and corresponding countries
	D Regressions with tariff
	E Summary statistics
	Data availability
	References




