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Abstract
The main objective of this paper is to estimate the impact of foreign research and development (R&D) spillovers on pollution and
renewable energy consumption (RE). We choose as proxies for R&D and for foreign R&D spillovers, resident patents (RP) and
non-resident patents (NRP), respectively. We use annual data for the USA spanning the period 1980–2016. We show the
presence of a long-run relationship between NRP, RP, RE, fossil energy consumption (FE), net energy imports (NEI), gross
domestic product (GDP), and carbon dioxide (CO2) emissions. There are long-run unidirectional Granger causalities running
from all considered variables to economic growth. There are short-run unidirectional causalities running from NEI to all
considered variables except RP and GDP, from GDP to RP and RE, from FE to RE, and from carbon emissions to RE. By
using the autoregressive distributed lag approach, several long-run elasticities are evaluated. In particular, RP increases carbon
emissions, whereas NRP reduces it. Both RP and NRP have a positive impact on RE and GDP. RP and NRP seem to be
complementary activities, and RE reduces NEI. Therefore, the US authorities should encourage the use of NRP because of their
beneficial effect on pollution, home innovation, renewable energy consumption, and economic growth.

Keywords Non-resident patents . Resident patents . Renewable energy consumption . Carbon dioxide emissions . Economic
growth
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Introduction

The USA is considered as one of the largest carbon dioxide
(CO2) emitters in the world. Indeed, in 2018, China accounted

for approximately 27.52% of global CO2 emissions, and the
USA, India, and Russia Federation accounted for 14.81, 7.26,
and 4.68%, respectively.1 Also, the USA is considered one of
the leading countries in research and development (R&D) and
innovation. Indeed, the top countries by gross research and
development expenditure in 2019, based on purchasing power
parity calculations, are the USA, China, Japan, and Germany,
which have invested about 581, 519, 193, and 123 billion US
$, respectively.2 Since renewable energy production is an ac-
tivity that impacts pollution while being relying on innova-
tion, studying the interplay between these interesting variables
could be of great interest particularly in the case of the USA.

Recognizing the important role that renewable energy can
play in reducing greenhouse gas emissions, by enabling a
reduction in fossil fuels use, the USA have decided several
incentives for renewable energy and energy efficiency. The

1 https://www.statista.com/statistics/271748/the-largest-emitters-of-co2-in-
the-world/.
2 https://www.statista.com/statistics/732247/worldwide-research-and-
development-gross-expenditure-top-countries/#statisticContainer.

Highlights
- There is a short-run unidirectional causality running from NEI to RE.
- In the long-run, RP increases carbon emissions, whereas NRP reduces it.
- In the long-run, both RP and NRP have a positive impact on RE and
GDP.
- RE reduces NEI in the long-run.
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American Congress has voted several major energy laws that
encourage energy efficiency and renewable energy research,
development, demonstration, and deployment (RDD&D) pro-
grams. The Department of Energy is in charge of most incen-
tive programs in efficiency and renewable energy comprising
technology transfers and grants to states (Congressional
Research Service 2019). The Department of Agriculture is in
charge of programs related to agriculture, such as bio-fuels
and assistance to rural communities supporting high energy
costs, grants, and loans for agricultural producers and rural
businesses to help them achieve energy efficiency and renew-
able energy use. The Department of the Treasury established
several incentives, such as tax credits, that could be used for
activities, such as efficient-energy home improvements or
business investments, in energy efficiency and renewable
energy.

These top decisions brought encouraging results as the
share of renewable energy in the energy mix has considerably
increased. Indeed, the consumption of bio-fuels and other
non-hydroelectric renewable energy sources has more than
doubled from 2000 to 2018, with an expected continuous
increase through 2050 (Energy Information Administration
2019). In 2018, the energy mix in the USA is comprised of
petroleum (36%), natural gas (31%), coal (13%), renewable
energy (11%), and nuclear electric power (8%). Renewable
energy consumption is divided into biomass (45%), hydro-
electric (25%), wind (21%), solar (6%), and geothermal
(2%), and it accounts for about 17% of electricity generation.

In addition, dealing with renewable energy and
environmental protection cannot be well addressed without
taking into account R&D and innovation efforts. In this
respect, the OECD/Eurostat (2018) manual is a worthy inter-
national resource which benefits of inputs from the World
Bank, the United Nations Educational, Scientific and
Cultural Organization (UNESCO), and several regional devel-
opment banks, that are engaged to support investments in
innovation for sustainable development goals. The 2018 man-
ual edition is concerned by worldwide economies, indepen-
dently of their level of economic development. It is committed
to pursue improving measurement systems for a better capture
of the main features of science, technology, and innovation.

Patent applications could be a good proxy for R&D or
innovation efforts. Indeed, several studies recommend, or
have used, patents as a proxy for innovative activity (Katila
2000; ACS et al. 2002; Wurlod and Noailly 2018; World
Bank 2019). Patent applications give exclusive rights for an
invention, a product, or process that offers a new way of doing
something or provides a new technical solution to a problem.
A patent protects the owner’s invention for a limited period of
time, in general for 20 years (World Bank 2019). Using pat-
ents as a proxy allows us to measure R&D efforts in absorp-
tion capacity or to measure the externalities of innovations.
Indeed, we will distinguish between resident patents (RP)

which are filed by residents of the considered country and
non-resident patents (NRP) which are filed by foreigners.
The latter, i.e., NRP, can be considered as a good proxy for
absorptive capacity.

The importance of granting fundamental rights for new
inventions has been recognized in the United States since
the adoption of its Constitution.3 The US patents are guided
by the Patent Act (35 U.S. Code) and the United States Patent
and Trademark Office (USPTO). The US law provides
patentees with rights to impede others benefiting freely from
the invention. For instance, utility patents have duration of
20 years beginning at the date of filing.

As a result, from 1980 to 2016, the number of resident
patents has passed from 59,391 to 295,327 (World Bank
2019), i.e., an increase of 397.26% in 36 years, denoting the
remarkable R&D efforts made by the USA. Interestingly, for
the same period, the number of non-resident patents has con-
siderably increased passing from 42,231 to 310,244,
representing a 634.60% increase. Figure 1 shows that these
increases were almost continuous and very important proving
that making its own innovations does not necessarily prevent
from benefiting from abroad innovations. For the other con-
sidered variables in our study, the global trend is upward.
However, we remark a similar graph for net energy imports,
fossil energy consumption, and carbon dioxide emissions, as
they show a decreasing tendency from year 2007. Since 2012,
renewable energy consumption has increased almost continu-
ously. With the exception of some years like 2009, economic
growth was continuous and remarkably significant.

To the best of our knowledge, no empirical research has
been reported on the impact of foreign R&D spillovers on
pollution or renewable energy consumption. The main objec-
tive of this paper is to evaluate the impact of foreign R&D
spillovers on CO2 emissions and renewable energy consump-
tion (RE). As proxies for R&D and foreign R&D spillovers,
we choose resident patents and non-resident patents, respec-
tively. Other interesting variables are also included as fossil
energy consumption (FE), net energy imports (NEI), and
gross domestic product (GDP). Annual data for the USA
spanning the period 1980–2016 are used. The autoregressive
distributed lag (ARDL) approach is adopted for evaluating
long-run elasticities, the Johansen and Juselius (1990)
cointegration test is used for assessing the long-run
cointegration between all considered variables, and the vector
error correctionmodel (VECM) approach is used for detecting
short- and long-run causalities.

Our paper has the following structure: the “Literature re-
view” section, the “Data and econometric analysis” section,
and the “Conclusion” section with policy recommendations.

3 https://www.bitlaw.com/patent/index.html.
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Fig. 1 Plots of considered variables
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Literature review

Our review of the literature can be divided into studies that
relate to innovation, R&D and absorptive capacity, those that
relate to patents, and those that relate to renewable and non-
renewable energy consumption and carbon emissions.

Innovation, R&D, and absorptive capacity

The literature review on innovation, R&D, and research
spillovers is very rich. Some authors have addressed this
theme theoretically (D’Aspremont and Jacquemin 1988,
1990; Kamien and Zang 2000; Wiethaus 2005). Cohen
and Levinthal (1989) pioneered the absorptive capacity’s
notion in the literature of R&D. They have shown empiri-
cally that the investment in R&D improves the company’s
ability to identify, and then assimilate, and use knowledge
of the environment. Hammerschmidt (2009) proposed the
following two types of R&D: original (or inventive) R&D
creating new knowledge and absorptive R&D enabling a
firm to benefit from the original research conducted by
others. She concluded that, when the spillover parameter
is greater, firms improve their absorptive capacity by more
investments in R&D.

By using a panel of countries and R&D spending data,
Goñi and Maloney (2014) show that, on average, poor coun-
tries do much less R&D as a share of GDP than wealthy
countries. They find that the rates of return follow an inverted
U shape because they increase with the distance to the border
and then decrease, becoming potentially negative for the
poorest countries. These results are consistent with the impor-
tance of factors complementary to R&D, such as education
and the quality of scientific infrastructure, which become in-
creasingly weak with the distance from the border and whose
absence can erase the catch-up effect. They point out that,
despite the expected low returns of China and India, their
explosive growth in R&D investments can be justified by
the importation of complementary factors in the form of
multinational companies which carry out most of the
patentable research in these countries. Chung and Lee
(2015) use data from South Korea and show that a learning
process involving foreign technology, and particularly know-
how tacit knowledge, happens before firms can proceed to in-
house R&D and innovations. Giuliani et al. (2016) analyze
Brazil, India, and China cross-border inventions with the
European Union. They conclude that these inventions repre-
sent an opportunity for companies in these emerging econo-
mies to accelerate their technological progress. Ahuja and
Novelli (2017) use the existing literature on R&D overinvest-
ment to prove the need for further scientific studies on this
interesting but still blank subject.

Ho et al. (2018) use a panel of 74 countries and data during
1970–2010 to show that the main channel through which

political democratization reinforces the role of banking and
stock markets in financing innovation is the state’s increase
in openness and competitiveness in the recruitment of
executive leaders. Grabiszewski and Minor (2019) show that
the increase in counterintelligence measures may have the
searched effect of increasing national R&D and reducing
economic espionage by foreigners. Nevertheless, it is
possible to get the opposite result. Goel and Nelson (2020)
use data concerning 135 countries to show that sole proprie-
torships and firms performing R&D activities were more ex-
pected to introduce innovations, while firms located in island
countries were less expected to do so. It appears that the size
and vintage of the companies did not have a significant influ-
ence on innovation.

Milliman and Prince (1989) is one of the early studies in the
environmental R&D topic. They showed that emissions taxes
and auctioned permits are more incentive for technological
change. Other researches have followed (e.g. Jung et al.
1996; Farzin and Kort 2000; Fischer and Newell 2008). Ben
Youssef (2011) and Ben Youssef and Zaccour (2014) were
the first to use the notion of absorptive capacity in environ-
mental R&D. Ben Youssef (2011) showed that absorptive
research’s investment enables non-cooperating countries to
better internalize transboundary pollution. Ben Youssef and
Zaccour (2014) showed that when the free spillover is high
enough, a greater per-unit subsidy is given for inventive re-
search; however, when it is sufficiently low and the marginal
damage cost of pollution is high enough, absorptive research
is supported to strengthen R&D spillovers.

Patents

Several researchers have been interested in patenting. Bravo-
Ortega et al. (2016) show that the stock of patents of a coun-
try affects significantly its current and future patents’
production and that there are significant spillovers from the
stock of knowledge of the rest of the world. A significant
proportion of firms face negative international spillovers.
However, more productive firms benefit from positive
spillovers. Positive spillovers from the same geographic
region and potentially negative from the rest of the world
are also detected. They also find that technology transfer is
larger for creation of new products than for the improvement
of existing ones. These authors propose public policy
interventions in developing countries to help finance
private R&D investments for bringing positive spillovers.
Wurlod and Noailly (2018) evaluate the impact of green
innovation on energy intensity by considering 17 OECD
(Organ i za t i on fo r Economic Co-ope ra t i on and
Development) countries and 14 industrial sectors during
the period 1975–2005. A stock of green patents for each
industrial sector is elaborated. They show that green
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innovation has declined energy intensity in most sectors and
that the magnitude of this effect is greater in more recent
years.

Cheng et al. (2019) use the panel ordinary least square and
panel quantile regression methods with data on the BRIICS
countries (Brazil, Russia Federation, India, Indonesia, China,
South Africa) spanning the period 2000–2013. They show
that the impacts of the considered variables on CO2 emissions
are not homogeneous across quantiles. It is shown that renew-
able energy reduces carbon emissions, and the highest effect is
reached at the 95th quantile. Environmental patents increase
CO2 emissions significantly at the 95th quantile. They
recommend for BRIICS countries to adopt policies that
encourage the creation of new environmental patents and
speed up their dissemination. Sweet and Eterovic (2019) use
data from a sample of 70 countries during the period 1965–
2009 and find that stronger patent systems have insignificant
impact on the growth of productivity for both developing and
developed countries. Their results are in accordance with the
absorptive capacity theory suggesting that it is the ability to
adapt and replicate existing innovations that induce
productivity’s growth.

Some of these researches concern the USA. Youn et al.
(2015) use US patent data from 1790 to 2010 and characterize
invention as a combinatorial process. They show that the com-
binatorial process of innovation highlights an invariant rate of
“exploitation,” i.e., improvements of existing technological
combinations, and “exploration,” i.e., the creation of new
technological combinations. They also show that despite the
very low rate of introduction of new technologies, the latter
generate an almost infinite space of technological configura-
tions. Lin and Lincoln (2017) use confidential microdata from
the US Census and several different estimate procedures to
establish that, when US firms export, improving intellectual
property rights affects the access to new varieties of products
coming from technologically advanced countries. Johnson
et al. (2019) use more than 350,000 US citations of patents
and a multivariate regression to find that physical distance is
becoming less meaningful for impacting spillovers in the
energy sector. However, this spillover effect differs from one
energy subsector to another.

Energy and CO2 emissions

Many studies have addressed the issue of renewable and non-
renewable energy consumption and their impact on carbon
emissions (Ang 2007; Belloumi 2009; Ozturk and Acaravci
2010; Apergis and Payne 2011; Sadorsky 2012; Ozcan 2013;
Al-Mulali et al. 2014; Shahbaz et al. 2014; Ito 2017; Chandio
et al. 2019). Ben Jebli and Ben Youssef (2015) highlight the
existence of short-run unidirectional causality running from
imports, exports, GDP, carbon emissions, and non-
renewable energy consumption to renewable energy

consumption, for the case of Tunisia. Inglesi-Lotz and
Dogan (2018) estimate the determinants of CO2 emissions
for the ten biggest electricity generators in Sub-Saharan
Africa by means of panel techniques robust to cross-depen-
dence. They establish that increasing renewable energy con-
sumption reduces pollution, while the opposite result is ob-
tained for non-renewable energy. Ben Jebli et al. (2020) study
the relationships between renewable energy consumption, in-
dustrial value added, service value added, economic growth,
and carbon emissions by considering a panel of 102 countries.
They show that renewable energy consumption decreases
CO2 emissions in all countries, except the lower-middle in-
come countries.

Other studies have been concerned by the USA. Payne
(2009) uses US annual data between 1949 and 2006 and
shows the absence of Granger causality between economic
growth and renewable or non-renewable energy consumption,
supporting the neutrality hypothesis. Bowden and Payne
(2009) use US annual data covering 1949–2006 and come to
the conclusion that the relationship between energy consump-
tion and economic growth is not homogeneous and depends
on the considered sectors. In particular, primary energy con-
sumption in the industrial sector Granger-causes economic
growth. Soytas et al. (2007) show the absence of long-run
causality running from GDP to carbon emissions in the
USA. However, there is a long-run causality running from
energy consumption to carbon emissions. Menyah and
Wolde-Rufael (2010) use US data for the period 1960–2007
and show the absence of causality running from renewable
energy consumption to CO2 emissions because renewable en-
ergy consumption was not sufficiently important in the US
energy mix.

Dogan and Turkekul (2016) use data on the USA for the
period 1960–2010 to invalidate the environmental Kuznets
curve (EKC) hypothesis. In the long run, energy
consumption and urbanization increase carbon emissions,
while trade reduces it. Granger causality tests show the
presence of bidirectional causalities between CO2 emissions
and the three variables GDP, energy consumption, and
urbanization, and between GDP and the two variables
urbanization and trade openness. Dogan and Ozturk (2017)
use US annual data from 1980 to 2014. Their long-run
ARDL estimates confirm that the EKC hypothesis is not ver-
ified and that an increase in non-renewable energy consump-
tion increases carbon emissions, whereas renewable energy
reduces CO2 emissions. Shahbaz et al. (2017) examine the
environmental Kuznets curve hypothesis for the US by
considering annual data between 1960 and 2016. The
relationship between economic growth and carbon emissions
is shown to be inverted U-shaped and even N-shaped.
Biomass energy consumption, exports, imports, and trade
openness reduce CO2 emissions. There is bidirectional
Granger causality between carbon emissions and biomass
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energy consumption, and GDP Granger causes carbon
emissions.

Our literature review highlights the need for econometric
studies linking foreign R&D externalities to polluting emis-
sions and the consumption of renewable energy. Several other
interesting questions related to the empirical relationships be-
tween R&D, foreign R&D externalities, the consumption of
renewable energy, and net energy imports are also worth ex-
amining and will be assessed in this study.

Data and econometric analysis

Data and stationary tests

Our annual data collected on the United States go from 1980
to 2016 and include the following variables: (a) resident patent
applications (RP, rp); (b) non-resident patent applications
(NRP, nrp) are from applicants outside the USA; (c) gross
domestic product (GDP, y) in constant 2010 US $; (d) net
energy imports (NEI, nei), measured in oil equivalents, are
in 1000 barrels per day (bbl/d) and are estimated as energy
use less production; (e) renewable electricity (RE, re) net gen-
eration is measured in billion kilowatt hours (kwh); (f) fossil
energy consumption (FE, fe), measured in Quad Btu, com-
prises coal, natural gas, petroleum, and other liquids; and (g)
carbon dioxide emissions (CO2, e), in million metric tons
(MM tons), comprise emissions coming from the consump-
tion of petroleum, natural gas, coal, and natural gas flaring.

All data are obtained from the World Bank (2019) except
those about renewable energy, fossil energy, and carbon emis-
sions, which are obtained from the US Energy Information
Administration (2019). We were limited by the availability
of data, and it was not possible to use monthly or quarterly
data. Data are expressed in natural logarithmic form before
conducting the econometric analysis. All computations are
done with Eviews 10 software.

Our econometric study begins by testing the stationary of
our variables. The following two tests are considered: aug-
mented Dickey and Fuller (1979) and Phillips and Perron
(1988) unit root tests. For both tests, the three cases of inter-
cept, intercept and trend, and no intercept and trend are con-
sidered and they come to the same conclusions. However,
only the case of intercept and trend is provided in Table 1. It
is shown that all our considered variables are not stationary at
level but they become stationary after first difference.
Therefore, we can conclude that all our considered variables
are integrated of order one, i.e., are I (1).

Cointegration and long-run elasticities

This study tries to evaluate some interesting elasticities be-
tween variables. However, considering all our seven variables

in the same model does not provide statistically significant
results because of, among other things, the high correlation
between some considered variables. For this reason, models
1–10 are considered and estimated:

et ¼ c1 þ α1ret þ β1nrpt þ γ1rpt þ λ1neit þ ε1t ð1Þ
ret ¼ c2 þ α2nrpt þ β2neit þ γ2et þ ε2t ð2Þ
ret ¼ c3 þ α3rpt þ β3neit þ γ3et þ ε3t ð3Þ
ret ¼ c4 þ α4rpt þ β4neit þ γ4fet þ ε4t ð4Þ
yt ¼ c5 þ α5rpt þ β5neit þ γ5fet þ ε5t ð5Þ
yt ¼ c6 þ α6rpt þ β6ret þ γ6et þ ε6t ð6Þ
yt ¼ c7 þ α7nrpt þ β7et þ ε7t ð7Þ
rpt ¼ c8 þ α8nrpt þ β8neit þ γ8yt þ ε8t ð8Þ
nrpt ¼ c9 þ α9rpt þ β9neit þ γ9yt þ ε9t ð9Þ
neit ¼ c10 þ α10nrpt þ β10rpt þ γ10ret þ λ10fet þ ε10t ð10Þ

Where ci are the constant terms; αi, βi, γi, and λi represent
the elasticity of the dependent variable with respect to the
corresponding independent variable; εit are the residual terms.

For each equation, long-run cointegration between vari-
ables and long-run elasticities are determined by using the
autoregressive distributed lag approach developed by
Pesaran and Pesaran (1997), Pesaran and Smith (1998), and
Pesaran et al. (2001). This ARDL technique has several ad-
vantages with respect to other cointegration techniques be-
cause it can provide good estimate results even with small
samples, and endogeneity problems are avoided. It has been
used in several papers like Dogan (2016), Shahbaz et al.
(2017), and Chandio et al. (2019). When Zt is the dependent
variable and Xit, i = 1, …k are the independent variables, the
ARDL equation can be written as:

Table 1 Unit root tests

Variables ADF stat P-P stat
Level k 1st diff k Level k 1st diff k

e − 0.315 0 − 6.150a 1 − 0.283 2 − 5.476 a 2

re − 2.284 0 − 6.085a 0 − 2.284 0 − 6.692 a 6

fe − 1.028 0 − 6.140a 1 − 1.223 3 − 5.272 a 1

rp − 2.444 0 − 5.963a 0 − 2.444 0 − 6.055 a 6

nrp − 2.412 0 − 5.573a 0 − 2.553 3 − 6.585 a 12

y − 1.197 1 − 4.343a 0 − 0.789 3 − 4.136b 7

nei − 0.614 0 − 4.012b 3 − 1.240 3 − 4.146b 3

Only the case of intercept and trend is provided. ADF and P-P denote
augmented Dickey-Fuller and Phillips-Perron tests, respectively. For the
ADF test, k is the optimal lag length based on the Schwarz information
criterion (SIC), with a maximum lag of 4. For the PP test, k is the Newey-
West bandwidth using Bartlett Kernel
a Indicates statistical significance at the 1% level
b Indicates statistical significance at the 5% level
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ΔZt ¼ cþ ∑
i¼1

p0

δ0iΔZt−i þ ∑
i¼0

p1

δ1iΔX 1;t−i þ ∑
i¼0

p2

δ2iΔX 2;t−i þ…þ ∑
i¼0

pk

δkiΔX k;t−iþ
θ0Zt−1 þ θ1X 1;t−1 þ θ2X 2;t−1 þ…þ θkX k;t−1 þ εt

ð11Þ

Where the first differences and the error terms are denoted
byΔ and εt, respectively. The numbers of lags are denoted by
pj, j = 0, 1, …, k, and the estimated coefficients are c, δji, θj.
The optimal number of lags could be chosen by using the
Akaike information criterion (AIC). According to Pesaran
et al. (2001), we compare the estimated Fisher-statistics (F)
of the Wald’s test to the following two critical values: when it
is higher than the upper value I(1), there is cointegration be-
tween variables; when it is weaker than the lower value I(0),
there is no cointegration; lastly, when the Fisher statistics is
between I(0) and I(1), this test is inconclusive. For the robust-
ness of our results, we check for normality, heteroskedasticity,
and serial correlation of residues. Table 2 gives the results of
our cointegration analysis showing that for each considered
Eqs. (1)–(10), there is long-run cointegration between the con-
sidered variables.

In Table 3, long-run elasticities are established and most of
them are statistically significant. Because the number of elas-
ticities is very high (31, without the constants), only some of
them will be discussed. Increasing non-resident patents re-
duces carbon dioxide emissions in the long-run in the USA.
This shows the presence of an important green absorptive
capacity as foreign research and development efforts, i.e.,
R&D externalities, are significant in the USA and serve to
reduce pollution and protect the environment. This
constitutes an interesting finding as, to the best of our

knowledge, no preceding empirical study has evaluated the
impact of foreign R&D investments on home pollution.
More interestingly, increasing resident patents increases
carbon emissions in the USA. This shows that the foreign
technologies used in the USA are cleaner than those
developed in this country perhaps because there are
insufficient incentives for research in cleaner technologies.
This result is similar to that of Cheng et al. (2019) who found
that environmental patents increase CO2 emissions signifi-
cantly at the 95th quantile for the BRIICS countries. As ex-
pected, the increase in net imports in energy, which are com-
prised mainly by fossil energy, increases carbon emissions.
The long-run impact of renewable energy use on emissions
is negative but not statistically significant because the propor-
tion of renewable energy used with respect to fossil energy is
still weak in the USA. Indeed, in 1990 and 2015, the percent-
age of renewable energy consumption with respect to total
final energy consumption was 4.175 and 8.717, respectively
(World Bank 2019). Our result is in accordance with those of
Dogan and Ozturk (2017) and Shahbaz et al. (2017) studies on
the USA and that of Ben Jebli et al. (2020) study on a panel of
102 countries showing that renewable energy consumption
reduces carbon missions.

Three models are used to express the long-run impact on
renewable energy consumption (models 2–4) because it was
econometrically impossible to take some exogenous variables,
like NRP and RP, in the same model. Both non-resident and
resident patents contribute to increase renewable energy con-
sumption in the USA. This constitutes an interesting result not
reached before by the literature. However, the increase in CO2

emissions or in fossil energy consumption seems to reduce

Table 2 ARDL bounds for cointegration

Estimated model Optimal lag length F-statistics Normality test LM-test BPG-test Conclusion

F1(e/re,nrp,rp,nei) 4,0,0,1,0 4.849b 0.487 0.546 0.061 Cointegration

F2(re/nrp,nei,e) 2,4,3,4 7.319a 0.661 0.856 0.259 Cointegration

F3(re/rp,nei,e) 1,4,3,4 8.481a 0.554 0.229 0.639 Cointegration

F4(re/rp,nei,fe) 1,4,3,4 4.539b 0.746 0.635 0.715 Cointegration

F5(y/rp,nei,fe) 1,4,1,3 25.535a 0.991 0.732 0.624 Cointegration

F6(y/rp,re,e) 1,4,3,3 35.845a 0.524 0.888 0.753 Cointegration

F7(y/nrp,e) 3,2,4 9.182a 0.653 0.190 0.555 Cointegration

F8(rp/nrp,nei,y) 3,4,4,0 7.718a 0.708 0.414 0.700 Cointegration

F9(nrp/rp,nei,y) 4,2,4,4 8.704a 0.804 0.871 0.609 Cointegration

F10(nei/nrp,rp,re,fe) 4,4,1,1,2 7.619a 0.311 0.944 0.548 Cointegration

The F(.) statistics are estimated for the case of intercept and trend. Critical values are obtained fromPesaran et al. (2001) for the case of a finite sample n =
35. The maximum number of lags selected is equal to 4, and the optimal lags are selected with the Akaike information criterion (AIC). Diagnostic tests
cover serial correlation (Breusch-Godfrey serial correlation LM test), heteroskedasticity (Breusch-Pagan-Godfrey (BPG) test), and normality (Jarque-
Bera test); the corresponding presented numbers are the probability of rejecting the null hypothesis. The LM test is conducted with lag = 2, except for
models 7 and 10, we used lag = 1
a Indicates statistical significance at the 1% level
b Indicates statistical significance at the 5% level
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renewable energy consumption denoting the fact that RE and
FE are still substitute goods in the USA. This result is in
accordance with that reached by Ito (2017) study on a panel
of 42 developing countries. Interestingly, the increase in net
energy imports increases renewable energy consumption.
This expresses the long-run interest of the USA about its en-
ergy security and the heavy fossil energy bill it has to pay
when its net fossil energy imports are increased. Again, this
is a new and worth considering result.

Models 5–7 consider economic growth as dependent vari-
able. As expected, both NRP and RP have a positive long-run
impact on GDP. Thus, administrative facilities should be pro-
vided to use non-resident patents, and both administrative
facilities and R&D subsidies should be provided for resident
patents use. Both renewable and fossil energy consumptions
increase economic growth. These results are similar to those
achieved by Dogan (2016) and Pao and Fu (2013) studies on
Turkey and Brazil, respectively, and showing that non-

Table 3 Long-run elasticities

Independent variables

Model/dependent variable c nrp rp re fe nei y e

Model 1: e 6.635
(0.000)a

− 0.217
(0.002)a

0.254
(0.002)a

− 0.053
(0.125)

– 0.204
(0.000)a

– –

Model 2: re 25.279
(0.001)a

0.314
(0.000)a

– – – 0.718
(0.025)b

– − 3.405
(0.004)a

Model 3: re 49.615
(0.000)a

– 0.279
(0.005)a

– – 1.839
(0.000)a

– − 7.352
(0.000)a

Model 4: re 18.349
(0.005)a

– 0.656
(0.002)a

– − 7.860
(0.013)b

1.609
(0.021)b

– –

Model 5: y 20.693
(0.000)a

– 0.389
(0.000)a

– 1.557
(0.022)b

− 0.215
(0.086)c

– –

Model 6: y 20.181
(0.000)a

– 0.423
(0.000)a

0.183
(0.022)b

– – – 0.456
(0.004)a

Model 7: y 20.476
(0.000)a

0.396
(0.000)a

– – – – – 0.540
(0.122)

Model 8: rp − 25.598
(0.000)a

0.337
(0.000)a

– – – 0.113
(0.011)a

1.078
(0.000)a

–

Model 9: nrp 0.960
(0.959)

– 1.309
(0.006)a

– – − 0.417
(0.000)a

− 0.027
(0.973)

–

Model 10: nei − 4.708
(0.032)b

0.592
(0.059)b

− 0.643
(0.141)

− 0.574
(0.014)b

4.085
(0.000)a

– – –

a Indicates statistical significance at the 1% level
b Indicates statistical significance at the 5% level
c Indicates statistical significance at the 10% level

Fig. 2 CUSUM and CUSUM of squares of recursive residuals for CO2 emissions (model 1)
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renewable energy and renewable energy consumption, respec-
tively, increase economic growth in the long-run. However,
net energy imports reduce economic growth because of their
heavy bill. Since more carbon emissions means more fossil
energy consumption, economic growth is boosted by the
former.

In model 8, we learn that non-resident patents have a long-
run positive impact on resident patents. Thus, foreign R&D
spillovers encourage home innovation and patenting in the
USA. This constitutes a new and interesting result not reached
before by the literature for the USA case or anywhere. In the
long-run, an increase in net energy imports increases resident
patents because this pushes the USA to more R&D efforts for
energy efficiency and renewable energy use. Economic
growth enables to get the necessary money for R&D invest-
ments and thus increases resident patents.

Model 9 shows that an increase in resident patents in-
creases the ability of firms to use the innovations developed
abroad and thus increases their used non-resident patents. An

increase in net energy imports incites the USA to more R&D
efforts for energy efficiency and renewable energy use, and
this seems to decrease the used non- resident patents.

In the long-run, non-resident patents’ increase may imply
more fossil energy use and thus more net energy imports.
Despite this, non-resident patents ends to be less polluting as
shown by model 1 because they induce less polluting technol-
ogies use. As expected, an increase in renewable energy con-
sumption reduces net energy imports, and the contrary occurs
with an increase in fossil energy consumption.

The stability of our long-run estimated coefficients is ver-
ified by using the cumulative sum (CUSUM) and the cumu-
lative sum of squares (CUSUM of squares) statistics devel-
oped by Brown et al. (1975). When the graphs for these sta-
tistics are within the critical limits of 5%, we can assume that
the estimated coefficients of a given regression are stable. The
results of these statistical tests are shown graphically in Figs.
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, indicating that the statistics are well
within the critical values at the 5% level of significance. Thus,

Fig. 4 CUSUM and CUSUM of squares of recursive residuals for re (model 3)

Fig. 3 CUSUM and CUSUM of squares of recursive residuals for re (model 2)
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all the estimated long-term coefficients of our ARDL regres-
sions are stable.

Granger causality

It is worth considering knowing the causalities between our
variables, and their directions by following the Engle and
Granger (1987) procedure. For this purpose, and since all
our variables are integrated of order one, i.e., are I(1), we will
use the vector error correction model. When a given model
comprises k variables Xi, i = 1, …k,to construct its VECM
representation, we have to take at each time one variable as
dependent and the other variables become independent giving
an error correction model (ECM) representation. Suppose Xm,
m = 1, …, k is the dependent variable, then the ECM repre-
sentation of our model is:

ΔXm;t ¼ ϕm þ ∑
q

i¼0
ψm;1;iΔX 1;t−i þ…

þ ∑
q

i¼1
ψm;m;iΔXm;t−i þ…þ ∑

q

i¼0
ψm;k;iΔX k;t−i

þ τmECTt−1 þ υm;t ð12Þ

WhereΔ denotes the first difference operator; q designates
the vector autoregressive (VAR) lag length; ECTt − 1 is the
lagged error correction term; τm designates the adjustment
speed from the short to the long-run equilibrium; υm, t denotes
the residual term.

A precondition for running the VECM model is that vari-
ables are cointegrated in the long-run. We will follow the
following three steps. First, we determine the optimal lag
length by running the standard vector autoregressive model
with a maximum lag equal to two, and by using the following

Fig. 6 CUSUM and CUSUM of squares of recursive residuals for y (model 5)

Fig. 5 CUSUM and CUSUM of squares of recursive residuals for re (model 4)
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several criteria: Hannan-Quinn (HQ) information criterion,
log likelihood (LogL), log likelihood ratio (LR), final predic-
tion error (FPE), Akaike information criterion, and Schwarz
information criterion (SIC). Table 4 shows that the optimal lag
to be considered is one.

For the second step, we use the Johansen and Juselius
(1990) cointegration test to prove the existence of a long-run
cointegration between our variables. Table 5 gives the results
for the intercept and no trend case for the trace statistic. It
shows that there are four cointegrating equations at the 5%
significance level. We obtain the same conclusion with the
Max-eigenvalue test. Thus, we conclude that there is a long-
run relationship between our variables and we can run the
VECM model.

For each equation related to the dependent variable Xm, in
system Eq. (12), the Wald test (Fisher statistics) is used on
the estimated parameters ψm, j, i to prove the existence of a
short-run causality running from the variable Xj to Xm. When
the estimated parameter τm is negative and significant (t
Student), we conclude to the existence of a long-run causal-
ity running from all the independent variables to Xm. The
robustness of the VECM is checked by the Portmanteau au-
tocorrelation test for residuals. For instance, there is no re-
sidual autocorrelation up to lag 3 as the Q-statistic is equal to
118.145 with a probability of rejecting the null hypothesis of
0.91, and the adjusted Q-statistic is equal to 126.464 with a
probability of 0.787. Our short and long-run causalities are
reported in Table 6.

Fig. 8 CUSUM and CUSUM of squares of recursive residuals for y (model 7)

Fig. 7 CUSUM and CUSUM of squares of recursive residuals for y (model 6)
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Table 6 shows that only the error correction term of the
economic growth equation is negative and statistically
significant, meaning the presence of a long-run unidirec-
tional causality running from all considered variables to
economic growth. This confirms our long-term elasticities
established in the “Cointegration and long-run elasticities”
section for Eqs. (5), (6), and (7), to say that non-resident
patents, resident patents, renewable energy consumption,
fossil energy consumption, and carbon emissions have a
positive unidirectional long-run causality on economic
growth. However, net energy imports have a negative
unidirectional long-run causality on economic growth.
Our results are contrary to those of Dogan and Turkekul
(2016) and Shahbaz et al. (2017) who found a long-run
unidirectional causality running from economic growth to

energy or biomass energy consumption, respectively, in
the USA. Moreover, Chandio et al. (2019) established
short-run bidirectional causality between industrial oil
consumption and economic growth for the case of
Pakistan.

There are short-run unidirectional causalities running
from net energy imports to fossil energy consumption
and to carbon emissions. Indeed, more imports of energy
imply more fossil energy consumption and its correspond-
ing emission of pollution. We find a short-run unidirec-
tional causality running from net energy imports to non-
resident patents. When NEI are reduced because of sever-
al reasons including an increase in fossil fuel prices or
military conflicts, there is an increase in non-resident pat-
ents use for more energy efficiency or cleaner energy

Fig. 9 CUSUM and CUSUM of squares of recursive residuals for rp (model 8)

Fig. 10 CUSUM and CUSUM of squares of recursive residuals for nrp (model 9)
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processes. This may be explained by the lower cost of
fossil energy imported from the Middle East compared
to the cost of fossil energy produced in the USA. Again,
this is a worth considering result not addressed before by
the literature. A short-run unidirectional causality running
from NEI to renewable energy consumption exists be-
cause the high bill of fossil energy imports incites the
USA to consume alternative energies like renewable
energy.

There is a short-run unidirectional causality running
from economic growth to renewable energy consumption
because growth needs more energy and renewable energy.
This result is similar to that reached by Menyah and
Wolde-Rufael (2010) for the USA. We find a short-run
unidirectional causality running from economic growth to
resident patents use because economic growth enables to
get the necessary funds for making R&D. Finally, a uni-
directional causality running from fossil energy to renew-
able energy is found and explains the substitutability be-
tween these two energy sources even in the short-run.
This result differs from that reached by Apergis and
Payne (2012) study on a panel of 80 countries showing
the presence of short-run bidirectional causality between
renewable and non-renewable energy consumption, and
from that reached by Dogan (2016) study on Turkey
showing the absence of short-run causality between re-
newable and non-renewable energy consumption.

Conclusion

This research evaluates the relationships between non-resident
patents, resident patents, renewable energy consumption, fos-
sil energy consumption, net energy imports, carbon emissions,
and economic growth. It uses annual data on the USA cover-
ing the period 1980–2016. To evaluate long-run elasticities,
10 models have been estimated with the autoregressive dis-
tributed lag approach. Our variables are shown to be
cointegrated in the long-run, and a unique vector error correc-
tionmodel has been considered for Granger causality analysis.
Several obtained results are interesting and have not been
achieved before in literature.

An increase in non-resident patents reduces CO2 emissions
in the long-run in the USA. This denotes the existence of an
important green absorptive capacity as foreign research and
development efforts, i.e., R&D externalities, are significant in
the USA and promote pollution reduction and environment
protection. This is an interesting finding because, to the best
of our knowledge, no previous econometric study has evalu-
ated the impact of foreign R&D externalities on home pollu-
tion. More curious, an increase in resident patents led to an
increase in carbon emissions in the USA. This shows that the
foreign technologies used in the United States are cleaner than
those developed in that country, perhaps because the incen-
tives for research in cleaner technologies are insufficient.
There are short-term unidirectional causalities ranging from

Fig. 11 CUSUM and CUSUM of squares of recursive residuals for nei (model 10)

Table 4 VAR lag order selection

Lag LogL LR FPE AIC SIC HQ

1 566.8333 NA 3.45e−22a − 29.59047a − 27.41299a − 28.83880a

2 614.2635 56.91631 5.06e−22 − 29.50077 − 25.14580 − 27.99744

a Indicates the lag order selected by the criterion
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net energy imports to fossil fuel consumption and to carbon
emissions. Indeed, the increase in net energy imports implies a
greater consumption of fossil energy and its corresponding
pollution emissions. That is why we find that, in the long-
run, NEI increase carbon emissions. The long-term impact
of the use of renewable energies on emissions is negative
but not statistically significant because the proportion of the
used renewable energy, compared with fossil fuels, is still low
in the USA.

Non-resident and resident patents are increasing the con-
sumption of renewable energy in the United States. This is an
interesting result that the literature has not achieved before. In
addition, a unidirectional causality ranging from fossil energy
to renewable energy is found, and the long-run impact of
increasing FE is to reduce RE. This indicates that renewable
energy and fossil energy are still substitutes in the USA, even

in the short-run. Interestingly, a short-run unidirectional cau-
sality running from NEI to renewable energy consumption
exists, and in the long-run, the increase in net energy imports
increases the consumption of renewable energy. This ex-
presses the long-term interest of the United States in its energy
security and the hefty fossil fuel bill that it has to pay when its
net imports of fossil energy increase, inciting the USA to
consume alternative energies like renewable energy. Again,
this is a new and interesting result to consider.

We show that all our considered variables have a long-run
unidirectional causality on economic growth. However, there
is a short-term unidirectional causality ranging from economic
growth to renewable energy consumption because growth
needs more energy and renewable energy, and to resident
patents because growth enables to get the required funds for
doing R&D. As expected, both NRP and RP have a long-term
positive impact on economic growth. Thus, administrative
facilities should be provided for the use of non-resident pat-
ents, and administrative facilities and R&D grants should be
provided for the creation and use of resident patents.While the
consumption of renewable and fossil energy increase econom-
ic growth, net energy imports reduce economic growth due to
their high cost.

We learn that non-resident patents have a positive long-
term impact on resident patents. Therefore, spillovers from
foreign R&D encourage domestic innovation and patenting
in the United States. This constitutes a new and interesting
result that has not been reported before in literature. In the
long run, an increase in net energy imports increases residents

Table 6 Granger causality tests

Dependent variables Short-run ECT

Δnrp Δrp Δre Δfe Δnei Δy Δe

Δnrp – 0.518
(0.471)

1.211
(0.271)

0.034
(0.853)

4.134
(0.042)b

0.051
(0.820)

0.208
(0.648)

− 0.099
[− 0.986]

Δrp 0.300
(0.584)

– 0.066
(0.797)

0.004
(0.946)

0.522
(0.470)

7.665
(0.006)a

0.219
(0.640)

0.224
[2.152]b

Δre 1.524
(0.217)

1.461
(0.227)

– 7.500
(0.006)a

10.960
(0.001)a

3.251
(0.071)c

6.843
(0.009)a

0.784
[4.757]a

Δfe 0.006
(0.936)

0.093
(0.760)

0.687
(0.407)

– 4.786
(0.029)b

0.231
(0.630)

1.444
(0.229)

− 0.058
[− 1.131]

Δnei 0.078
(0.779)

0.614
(0.433)

1.555
(0.212)

0.209
(0.648)

– 0.739
(0.390)

0.055
(0.815)

− 0.183
[− 1.053]

Δy 0.343
(0.558)

0.516
(0.473)

0.068
(0.793)

0.644
(0.422)

1.594
(0.207)

– 0.284
(0.594)

− 0.075
[− 2.086]b

Δe 0.033
(0.856)

0.025
(0.875)

0.556
(0.456)

0.750
(0.386)

4.009
(0.045)b

0.259
(0.610)

– − 0.073
[− 1.282]

The optimal lag used is equal to 1. P values are within parenthesis and t statistics are within brackets
a Indicates statistical significance at the 1% level
b Indicates statistical significance at the 5% level
c Indicates statistical significance at the 10% level

Table 5 Johansen-Juselius cointegration test

Hypothesized Trace 0.05
No. of CE(s) Eigenvalue Statistic Critical value Prob.

Nonea 0.807642 190.7340 125.6154 0.0000

At most 1a 0.702318 133.0402 95.75366 0.0000

At most 2a 0.683154 90.62956 69.81889 0.0005

At most 3a 0.582506 50.40266 47.85613 0.0282

At most 4 0.318350 19.83065 29.79707 0.4344

At most 5 0.130483 6.417280 15.49471 0.6462

At most 6 0.042599 1.523653 3.841466 0.2171

aDenotes the rejection of the hypothesis at the 5% significance level
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patents, as it pushes the United States into more R&D efforts
for energy efficiency and use of renewable energy. On the
other hand, an increase in resident patents increases the capac-
ity of companies to use innovations developed abroad, and
therefore increases their used non-resident patents. We find a
short-term unidirectional causality ranging from net energy
imports to non-resident patents, and we show that NEI reduce
NRP in the long-run. Indeed, when NEI are reduced for a
number of reasons, including higher fossil fuel prices or mil-
itary conflicts, there is an increase in the use of non-resident
patents for cleaner energy processes or more energy efficien-
cy. This can be explained by the lower cost of fossil fuels
coming from the Middle East compared to those produced
in the United States. Again, this is a result to consider that
has not been addressed before in literature.

The huge number of obtained results led to several policy
recommendations. Our main recommendations are the follow-
ing: (a) the USA should encourage companies to benefit from
foreign R&D spillovers through non-resident patents use. This
can be done by facilitating administrative formalities. This
will reduce carbon emissions, increase the consumption of
renewable energy, boost R&D through more resident patents
use, and increase economic growth; (b) the USA should en-
courage R&D, and particularly R&D in cleaner technologies,
and the use of resident patents should be made more accessi-
ble and less costly. This will induce more use of non-resident
patents and renewable energy, and more economic growth; (c)
encouraging renewable energy use by the appropriate eco-
nomic instruments like subsidies or pollution taxation induces
less fossil fuel imports and increases economic growth.
Ultimately, global warming could be combated when renew-
able energy becomes more important in the US energy mix.
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