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This study estimates the long-term effects of wind power on both geopolitical and 
economic energy security in the United States. Using structural break cointegration and 
dynamic estimation methods, we find strong evidence of a long-term equilibrium 
relationship between wind power and energy security. The results show that wind power 
significantly reduces both geopolitical and economic energy security risks in the United 
States. 

I. Introduction   

Energy security has been a critical global issue since 
the 1970s oil crisis, and its scope has continued to expand 
in response to evolving global dynamics. A wide range of 
challenges contribute to energy security risks, including 
rapid changes in international relations, epidemics, global
ization, terrorism and cyberterrorism, inequality in access 
to modern energy, natural disasters, and environmental 
degradation (Alehile et al., 2024; Khan et al., 2023; Singh 
et al., 2025). The rise of major energy consumers such as 
China, India, Russia, Brazil, and Iran has sparked renewed 
global discussions on energy security risks, making it es
sential to reassess the concept in light of these new chal
lenges (Al-Saidi, 2023). 
The most appropriate goal of energy security today is to 

ensure a stable, affordable, and sustainable energy supply. 
Achieving this requires increasing the use of renewable en
ergy sources, which can help reduce market volatility, lower 
dependence on fossil fuels, and minimize environmental 
impacts (Bello & Ch’ng, 2024; Yang & Zhan, 2024). Ac
cording to the Intergovernmental Panel on Climate Change 
(IPCC), a United Nations body for assessing the science re
lated to climate change, the main goal in addressing cli
mate change is to reduce greenhouse gas emissions and 
achieve net-zero targets in the long term. A critical step to
ward this is the transition from fossil fuels to renewable en
ergy (Hansen et al., 2023). Feasibility studies further show 
that when social and environmental costs are considered, 
renewable energy can be competitive with even the cheap
est fossil fuels (Kocak & Alnour, 2022). 

Among renewable energy sources, wind energy stands 
out for its cost-effectiveness and sustainability. Research 
has well documented the multifaceted socioeconomic im
pacts of wind power, including economic growth, employ
ment, regional development, energy demand, and social 
services (Brunner & Schwegman, 2022; Faturay et al., 
2020). The hypothesis tested in this study is grounded in 
the theory of energy diversification, which posits that ex
panding the share of domestic renewables like wind power 
can reduce exposure to external supply shocks and price 
volatility—thereby enhancing energy security. However, no 
research has provided a statistical model for the long-term 
impact of wind power on energy security. 
This paper examines the impact of wind energy on 

geopolitical and economic energy security in the United 
States. The U.S. provides a strong case study because it 
is the second-largest producer of wind energy, generating 
425 terawatt-hours, which accounts for approximately 10 
percent of its total electricity production (Wiatros-Motyka 
et al., 2024). Economically, a significant proportion of the 
U.S. economic product comes from energy, and energy price 
fluctuations directly affect all economic sectors as well as 
trade balances (EIA, 2024). 
The contribution of this study is twofold. First, rather 

than relying on a general definition of energy security, we 
focus specifically on its geopolitical and economic dimen
sions, allowing for a more targeted assessment of wind en
ergy’s strategic role. Second, to our knowledge, this is the 
first empirical study to statistically model the long-term 
impact of wind power on energy security in the U.S. con
text. This focus is particularly relevant given the grow
ing concerns about the volatility, supply risks, and envi
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Figure 1. Time series plots of geopolitical and economic energy security risk and wind energy consumption in the                 
U.S.  
Note: GESR and EESR represent geopolitical and economic energy security risk indices, respectively. Risk indices are plotted on the left axis, while wind power consumption is plotted 
on the right axis. 

ronmental consequences of fossil dependency. While other 
clean energy sources such as solar and hydro have also 
gained prominence, wind power stands out for its scalabil
ity and increasing cost competitiveness. Therefore, evaluat
ing its long-term effects contributes to the broader debate 
on diversifying the U.S. energy mix in favor of sources that 
can enhance national security and environmental sustain
ability. 

II. Methodology   

To examine the impact of wind power on energy security, 
we employ a quadratic regression framework. This ap
proach is well-suited for capturing non-linear relationships 
that are commonly observed in energy–economy dynamics. 
Prior research suggests that energy security risks may ini
tially increase with rising income levels—due to higher en
ergy demand—but later decline as countries adopt more 
efficient technologies and diversify their energy sources. 
Unlike simple linear models, the quadratic specification al
lows for such turning points and more accurately captures 
the complex interplay between economic development and 
energy vulnerability. 
The regression equation was designed to model geopo

litical and economic energy security risks based on natural 
and socio-economic factors, and a quadratic form was em
ployed to assess the non-linear impact of wind power across 
these two dimensions. 

In Equations (1) and (2), the dependent variables are the 
Geopolitical Energy Security Risk (GESR) and Economic En
ergy Security Risk (EESR) indices, respectively. Higher in
dex values indicate increased risk. The quadratic form is 
employed to capture the potentially non-linear relationship 
between income and energy security risk, as suggested by 
previous empirical studies, which indicate that energy risk 
may initially rise with economic activity but decline beyond 
a certain threshold due to efficiency improvements or pol
icy interventions. The key explanatory variable is wind en
ergy consumption (in trillion Btu). Control variables in
clude GDP per capita (constant 2015 US$), gross fixed 
capital formation as a ratio to GDP (CAP), population 
(POP), and CO2 emissions (in million metric tons). Data 
on carbon emissions and wind energy consumption are 
sourced from the U.S. Chamber of Commerce’s Global En
ergy Institute and the U.S. Energy Information Adminis
tration (EIA), while macroeconomic indicators are sourced 
from the World Development Indicators (World Bank, 
2025). 
The sample period spans from 1983 to 2022, dictated 

by data availability. All variables are transformed into their 
natural logarithmic forms to facilitate elasticity interpre
tation and to address the right-skewed nature of variables 
such as GDP. Figure 1 plots the dynamics of the key vari
ables of interest. As shown in Figure 1, wind power con
sumption started at negligible levels in the early 1980s, 
grew gradually until the mid-2000s, and then rose expo
nentially. Both the GESR and EESR indices experienced a 
notable decrease from the late 2000s onward, except for a 
brief increase during the 2007–2008 financial crisis. This 

The Long-Term Impact of Wind Power on Geopolitical and Economic Energy Security Risks in the United St…

Energy RESEARCH LETTERS 2



Table 1. Descriptive statistics and unit root test results        

Mean Max. Min. Std. Dev. J-B ADF ΔADF Δ

GESR 4.393 4.613 4.194 0.110 1.078 -1.122 -5.487*** 

EESR 4.277 4.621 4.094 0.152 4.398 -1.331 -5.376*** 

GDP 10.769 11.048 10.370 0.187 2.872 -2.658 -6.033*** 

CAP 3.058 3.164 2.907 0.065 1.197 -0.664 -3.828*** 

POP 19.467 19.624 19.269 0.112 3.037 3.036 -3.371* 

CO2 8.570 8.699 8.384 0.086 1.684 0.307 -6.905*** 

WIND 3.154 7.302 -5.809 3.702 8.267*** -2.273 -5.012*** 

Correlation Matrix GESR EESR GDP CAP POP CO2 WIND 

GESR 1 

EESR 0.9423 1 

GDP -0.1418 0.1062 1 

CAP 0.0598 -0.1279 -0.4162 1 

POP -0.1465 0.1213 0.9889 -0.4956 1 

CO2 0.2941 0.2780 0.4185 -0.0422 0.3450 1 

WIND -0.1978 0.0423 0.9129 -0.6109 0.9190 0.4247 1 

Note: J-B refers to the Jarque-Bera (1987) normality test, and ADF denotes the unit root test of Dickey and Fuller (1979). Δ indicates the first difference of the series. *, **, and *** in
dicate statistical significance at the 10%, 5%, and 1% levels, respectively. 

overall decline coincides with the exponential rise in wind 
energy consumption. 
The upper panel of Table 1 presents descriptive statistics 

and unit root tests. Aside from wind energy, all series follow 
a normal distribution. The unit root test results show that 
all variables exhibit unit roots at their levels but are sta
tionary at their first differences. 
In the bottom panel of Table 1, the correlation matrix 

summarizes the pairwise relationships among the study 
variables. Population is negatively correlated with GESR 
(-0.1465) but positively with EESR (0.1213), suggesting dif
fering dynamics across the two dimensions, though the re
lationships are weak. GDP shows a similar pattern, with 
a negative correlation with GESR and a positive one with 
EESR. Wind energy consumption, the key variable of inter
est, is modestly negatively correlated with GESR (-0.1978), 
supporting its potential role in reducing geopolitical risk. 
These patterns provide preliminary insights and are exam
ined in greater depth through the multivariate regression 
analysis that follows. 
Estimating Equations (1–2) follows a two-stage strategy. 

First, the cointegration method developed by Maki (2012) 
is used. This test provides more robust results than con
ventional cointegration methods, as it considers the struc
tural breaks that occur over time in the series. Secondly, the 
dynamic least squares (DOLS) method suggested by Stock 
and Watson (1993) is used for parameter estimation. For 
robustness, we also utilized fully modified least squares 
(FMOLS) and canonical correlation regression (CCR) esti
mators (Park, 1992; Phillips & Hansen, 1990). 

III. Results   

Table 2 shows the cointegration test results. The level 
shift with trend  and regime shifts and 

trend  statistics for Eq. (1) reject the null 
hypothesis of no cointegration. Similarly, regime shift 

 and regime shifts and trend 
 statistics for Eq. (2) also reject the null 

hypothesis of no cointegration. The results for both models 
confirm the existence of a long-run equilibrium among 
wind power, energy security risk, and control variables in 
the USA. 
Table 3 reports on the parameter estimation results. Ac

cording to the DOLS estimates for Eq. (1), wind energy 
 has a mitigating effect on geopo

litical energy security risk. FMOLS 
and CCR  estimators also support 
this result. This implies that increasing the share of wind 
energy in the energy mix can reduce a country’s exposure 
to geopolitical threats, such as price shocks and supply 
disruptions. This finding is consistent with Cergibozan’s 
(2022) results, which show that renewable energy reduces 
energy security risk in OECD countries; Tugcu and Mene
gaki’s (2024) analysis for G7 countries; Aslam et al.'s (2024) 
findings for 41 BRI Belt and Road Initiative countries; and 
Wang and Tian’s (2025) evidence for 21 selected countries, 
among others. Furthermore, our results suggest a U-shaped 
relationship between GDP per capita and geopolitical en
ergy security risk. Initially, economic growth reduces risk, 
but beyond a certain threshold ($39,735 to $45,026) risk be
gins to rise again. This indicates that while early-stage eco
nomic growth brings improvements in energy infrastruc
ture and access, developed countries may face rising risks 
due to higher energy consumption and complexity in sup
ply chains. Policymakers, therefore, should consider not 
just growth, but how energy systems evolve with increasing 
income. Additionally, physical capital, representing tech
nological development, reduces geopolitical energy secu
rity risks, emphasizing the role of energy-efficient and 
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Table 2. Cointegration test results    

Eq. (1) Statistic 0.01 0.05 0.10 Break dates 

Level shift -4.648 -6.501 -5.992 -5.714 1987, 1995, 2011 

Level shift with trend -6.651** -6.741 -6.214 -5.974 1988, 2005, 2014 

Regime shifts -7.128 -8.336 -7.803 -7.481 1988, 2008, 2011 

Regime shifts and trend -8.873*** -8.865 -8.254 -7.977 1991, 2008, 2015 

Eq. (2) Statistic 0.01 0.05 0.10 Break dates 

Level shift -4.755 -6.501 -5.992 -5.714 1985, 1995, 2007 

Level shift with trend -5.416 -6.741 -6.214 -5.974 1988, 2008, 2012 

Regime shifts -8.198** -8.336 -7.803 -7.481 1996, 2004, 2012 

Regime shifts and trend -21.475*** -8.865 -8.254 -7.977 1994, 2005, 2012 

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. 

clean technologies in building a secure energy future. CO2 
emissions increase geopolitical energy security risk, reflect
ing the environmental vulnerabilities associated with fossil 
fuels. Population has no significant effect, suggesting that 
energy risk is driven more by energy systems and structures 
than by population size. 
All estimators for Eq. (2) consistently show that wind en

ergy reduces economic-based energy security risk, thereby 
reinforcing the findings of Eq. (1). This suggests that wind 
energy helps stabilize market prices and decreases the 
economy’s vulnerability to energy price shocks, ultimately 
promoting macroeconomic stability. The U-shaped rela
tionship between GDP and economic-based energy security 
risk is again observed, with the turning point occurring be
tween $42,616 and $49,020. This pattern supports the no
tion that initial stages of economic development enhance 
energy access and affordability, while more advanced 
economies may face increasing risks due to heightened de
mand pressures. Additionally, the analysis reveals that CO2 
emissions raise economic-based energy security risk, 
whereas physical capital reduces it, underscoring the im
portance of investing in clean energy technologies. Pop
ulation remains statistically insignificant in affecting eco
nomic-based energy security risk. 
Overall, these findings show that wind energy strength

ens energy security by reducing both geopolitical and eco
nomic vulnerabilities. In practice, this suggests that ex
panding wind power capacity not only contributes to 
decarbonization but also enhances national energy re
silience, supporting both environmental and energy policy 
goals. 

IV. Conclusion   

This study reframes the concept of energy security by 
demonstrating that renewables—particularly wind en
ergy—are not just environmentally beneficial but also 
strategically vital. To examine this evolving role, we mod
eled the long-term impact of wind power on geopolitical 
and economic energy security in the United States. Using 
robust estimation strategies, our findings confirm a signif
icant mitigating impact of wind energy on energy security 
risk. These results support policy initiatives aimed at scal

ing up wind energy as part of a broader national security 
and economic strategy. 
Importantly, the evidence highlights a paradigm shift: 

wind energy is not only a tool for environmental sustain
ability but also a key instrument in reducing geopolitical 
risks. This shift moves beyond traditional notions of energy 
security, revealing the capacity of renewables to stabilize 
not only energy markets but also political landscapes. The 
strong inverse relationship between wind energy consump
tion and threats to secure energy supply emphasizes the 
untapped potential of renewables to reduce dependence 
on politically unstable regions for energy supply—a par
ticularly significant insight in the context of global energy 
geopolitics. 
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Table 3. Long-term parameter estimates    

FM-OLS D-OLS CCR 

Variables Eq. (1) Eq. (2) Eq. (1) Eq. (2) Eq. (1) Eq. (2) 

GDP -80.327** 

(36.331) 
-123.859*** 

(48.174) 
-158.276*** 

(29.778) 
-199.010*** 

(51.472) 
-61.378* 

(31.658) 
-102.938** 

(43.821) 

GDP2 3.679** 

(1.677) 
5.769** 

(2.351) 
7.448* 

(1.346) 
9.326*** 

(2.327) 
2.860* 

(1.507) 
4.765** 

(2.085) 

CAP -0.971* 

(0.548) 
-1.510** 

(0.716) 
-3.212*** 

(0.474) 
-5.015*** 

(0.823) 
-1.022* 

(0.601) 
-1.675* 

(0.932) 

POP 2.259 
(1.966) 

3.439 
(2.704) 

3.307 
(2.899) 

0.965 
(5.012) 

1.953 
(2.414) 

3.165 
(3.324) 

CO2 2.345*** 

(0.604) 
3.281*** 

(0.831) 
3.417*** 

(0.447) 
4.322*** 

(0.774) 
2.173*** 

(0.526) 
3.109*** 

(0.730) 

WIND -0.037** 

(0.017) 
-0.049** 

(0.023) 
-0.183*** 

(0.036) 
-0.213*** 

(0.062) 
-0.042** 

(0.020) 
-0.054* 

(0.028) 

Constant 381.594** 

(191.303) 
599.185** 

(263.145) 
772.785*** 

(127.864) 
1025.308*** 

(221.021) 
285.958 
(193.944) 

487.195* 

(267.916) 

Turning point ($) 39,735 45,706 40,945 42,616 45,026 49,020 

S. E. of regression 0.097 0.114 0.037 0.063 0.098 0.116 

R-squared 0.361 0.350 0.878 0.830 0.325 0.317 

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Standard errors are reported in parentheses. 
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