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Abstract 

Several scholars have highlighted that energy consumption in general and consumption of 

renewable energy in particular may be a potential driver of economic growth. In this paper we 

examine the relationship between renewable energy production and economic activity in 

Canada, between May 1966 to December 2015, and in the U.S., between January 1973 to 

December 2015. By applying quantile causality, we take a nonlinear approach considering all 

quantiles of the distribution, analysing monthly data containing renewable energy production 

and Industrial Production Index. We find evidence of a nonlinear relationship in both Canada 

and the U.S., indicating that widely used linear models fail to describe important aspects of the 

renewable energy-economic growth nexus. The main Canadian results imply a unidirectional 

relationship from Industrial Production Index to renewable production in most quantiles of 

the distribution which supports the Conservation hypothesis. However, we also find weak 

evidence of a bi-directional relationship, which supports the Feedback hypothesis, for the 

lower and higher quantiles. This may indicate the renewable energy drives economic growth 

for some market conditions in Canada. For the U.S. we find evidence of a weak and negative 

feedback relationship between renewable energy and industrial production, indicating an 

inefficient production of renewable energy which not is well integrated in the overall energy 

system. Based on theory concerning the potential benefits of renewable energy, the minor role 

of renewable energy production in Canada and the U.S. could be a result of institutional 

barriers and absence of supporting infrastructure. Both countries need policies directed to 

overcome these barriers in order to benefit from the potential of renewable energy. 

Keywords: Renewable energy; Economic Growth; Nonlinear; Granger causality; Canada; 

United States 

JEL Classification: C22; O49; Q43 

  



4 
 

Sammanfattning 

Tidigare studier har indikerat att energi generellt främjar ekonomisk tillväxt, förnybar energi 

i synnerhet. I den här uppsatsen undersöker vi sambandet mellan förnybar energi och 

ekonomisk aktivitet mellan maj 1966 till december 2015 i Kanada, och mellan januari 1973 till 

december 2015 i USA. Vi använder oss av månadsdata för produktionen av förnybar energi och 

industriell produktion. Genom att tillämpa Granger kausalitet i kvantiler kunde vi identifiera 

ickelinjära samband och analysera sambanden över hela distributionen. Våra resultat 

indikerar att sambandet mellan förnybar energi och industriell produktion förändras vid olika 

marknadslägen i båda länderna. Detta innebär att de linjära modeller som normalt använts i 

liknande studier missar viktiga aspekter av dessa samband. Våra modeller för Kanada 

implicerar i huvudsak att förändringar i industriell produktion leder förändringar i 

produktionen av förnybar energi, men vi fann även att förändringar i produktionen av förnybar 

energi påverkar industriell produktion i vissa kvantiler. Våra modeller för USA visar på ett 

svagt och negativt samband mellan förnybar energi och industriell produktion vilket kan tyda 

på att produktionen av förnybar energi i USA är ineffektiv och dåligt integrerad i det 

övergripande energisystemet. Utifrån att produktionen av förnybar energi har många 

teoretiska fördelar skulle dess begränsade roll i Kanada och USA kunna bero på institutionella 

barriärer och avsaknad av välanpassad infrastruktur. Om förnybar energi ska bli en drivande 

faktor för ekonomisk tillväxt i de studerade länderna krävs därför policys som stödjer en sådan 

utveckling. 

Nyckelord: Förnybar energi; Ekonomisk tillväxt; Ickelinjär; Granger kausalitet; Kanada; 

USA 

JEL Klassificering: C22; O49; Q43 
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1 Introduction 

This paper concerns the potentially dual, and highly debated, role of energy as a potential 

bringer of both prosperity and environmental harm. Today there is a general agreement 

regarding the impact of fossil fuels on the global climate, and yet most of the worlds energy 

demand is produced by fossil fuels. Mitigation of the ongoing climate change therefore requires 

large reductions of the production of non-renewable energy, either by a reduction in energy 

consumption or by a transformation to a renewable energy system. The former solution may 

possibly have drastic consequences for the world economy. While energy is excluded from the 

traditional neoclassic growth model, some researchers regard energy services as a vital input 

for economic growth (e.g., Ayres & Warr 2009). If this notion is right, it would mean that 

mitigation of climate changes hardly can be combined with economic growth in the future 

world economy. Another more optimistic solution is a major shift towards a renewable energy 

system which replace fossil energy with renewable energy sources such as wind and solar 

power. The option of a renewable energy system is compelling in theory but far from a reality. 

International Energy Agency (IEI) project that non-renewable energy still will be the dominant 

form of energy by 2040 and on top of this global energy demand is projected to have increased 

by 30 percent in 2040 (IEI – WOE 2017). Powerful measures would be required to change the 

course of this development. 

The potential dilemma related to energy consumption means that it is important to examine 

the actual role of both energy in general and renewable energy in the world economy. 

Previously, extensive research has been conducted regarding both overall energy consumption 

and renewable energy. The notion of energy as a vital input for economic growth has gained 

some support from empirical evidence (see Tiba and Omri 2017 and Omri 2014 for research 

overviews) but the collected evidence is nevertheless inconclusive. Moreover, the potential 

importance of renewable energy has meant that a growing number of scholars have paid special 

interests to the impact of renewable energy to the economy and environment (see Sener et al. 

2018 for an overview). From a theoretical point of view, Rifkin (2015) claims that distributed 

production of green energy, like wind and solar energy, possibly could be is a vital part of a 

highly efficient economic system with increased productivity and a marginal cost of production 

close to zero. If this should be the case, then the transition towards a renewable energy system 

is not only beneficial for mitigating climate changes, but also an opportunity to develop a 

competitive economy with high productivity, efficiency and sustainable growth. However, 

similarly to research on energy production in general, the empirical evidence on the impact of 

renewable energy is inconclusive. Different results are often found for different countries and 

time periods, and occasionally even for different studies within the same country. New and 

more reliable methodology is therefore required in this research field.  
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A positive sign is that IEI reports dramatical changes in the way the world meets its expanding 

energy needs on the global level (IEI – WOE 2017). While IEI project that non-renewable 

energy still will be the dominant form of energy by 2040, they also highlight that the year 2016 

turned into a record year for renewable energy. Two-thirds of net power capacity increases in 

2016 came from renewable energy, including a 50 percent growth in solar photovoltaic system 

(PV) capacity. This increase made solar PV power the fastest growing source of energy and 

resulted in solar energy surpassing coal power in net growth rate. In addition, projections by 

IEA show that by 2022 renewable electricity increases by 43 percent, equivalent to half the 

current global capacity produced by coal power. Moreover, between 2016 to 2022, renewable 

electricity is expected to grow by more than a third, to a total of 8000-terawatt hour, a quantity 

equal to the combined energy consumption of China, India and Germany.  

The IEI also reports that the increasing energy demand is unevenly distributed globally. Most 

developed regions like North America and Europe shows a negative trend in primary energy 

demand. However, Canada and U.S. are still major energy consumers and producers globally 

and their future actions will be important for the future development of global CO2-emissions. 

In 2015 Canada ended up in second place in energy use per capita, while the U.S. came in third 

and most of their energy comes from fossil fuels (World Bank - IEA Statistics 2014). These facts 

call for further investigation of the relationship between renewable energy production and 

economic activity in Canada and the U.S and will thus be the subject of this paper. Another 

motivation for this is that Canada and the U.S. are highly interconnected and recently have 

diverged from each other with regards to energy policy and are now on different political 

trajectories towards the future. By contrasting and relating the neighbouring countries 

renewable energy structure to each other, we can then discuss the effects of the countries’ 

current energy policies. Another interesting difference between the countries is that the U.S. 

continues to reduce their consumption per capita by energy intensity improvements while 

Canada, with smaller efficiency gains, increases its energy demand (IEA-Renewables 2017).  

The leading and most recent example of the diverging energy policies between Canada and the 

U.S. is the decision by the U.S. to withdraw from the Paris Agreement on climate change. Also, 

the following Executive Order in March 2017, instructed U.S. government agencies to review, 

revise or even rescind existing regulations that potentially hinder the development of domestic 

energy resources (IEA-Renewables 2017). If there are economic benefits from producing 

renewable energy, this would mean that U.S. policy may, in fact, hinder the country's growth 

possibilities relative to Canada, possibly with adverse economic consequences. In contrast, 

Canada is still involved in the Paris Agreement, and in 2015 the regional leaders agreed on the 

so-called Responsible Resource Development plan (RRD) to mitigate CO2-emissions (IEA-

Canada 2015). In May 2015, Canada announced new targets for 2030 to cut greenhouse gas 

emissions by 30 percent below the 2005 levels.  
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Besides the previously mentioned differences in policies, the countries are comparable and 

integrated in other aspects, such as energy production and energy composition. As Figure 1 

and Figure 2 shows, the two countries energy structure are similar in composition, and a 

significant share of their energy production comes from energy sources which lead to CO2-

emissions. Nonetheless, Canada and the U.S. are very different regarding renewable energy. 

First of all, the share of renewable energy in Canada was 19 percent in 2015 according to our 

figures, while the share of renewable energy in the US only was 11 percent. Moreover, the charts 

in Figure 1 and Figure 2 reveal large differences in the country’s decomposition of renewable 

energy. Renewable energy in Canada mostly contains hydropower while renewable energy in 

the U.S., mostly contains biomass. Although, wind power and hydropower also have a minor 

role in the U.S. energy system. The differences in renewable energy composition between the 

countries opens for the possibility that the impact of renewable energy may be different in 

Canada and the U.S. Different types of energy sources are characterised by different production 

processes and these in turn may be associated with distinct transmission channels of impact 

on the real economy. This will be explained further in Section 2, which outlines the theoretical 

framework of this thesis. 

In addition, from Table 1, we can see that the countries not only are connected geographically 

but also integrated by energy trade, where Canada has been a significant energy exporter to the 

United States for decades (IEA-Renewables 2017). In 2016, Canada exported energy products 

to 155 countries amounting to $85.7 billion. While the U.S. exports some energy products, the 

country is still a large net-importer of energy (EIA 2018).  

Table 1: Energy Trade Canada & U.S. 2016    

  
% of Canadian 

production exported 
% export to 

U.S. 
% of U.S. 
imports 

% of U.S.  consumption 

Crude oil 78 99 43 33 

Refined petroleum products 26 95 29 13 

Natural gas 51 100 97 21 

Coal 49 4 10 19 

Uranium 86 33 18 - 

Electricity 9 100 89 2 

Note: Table 1 shows that Canada is a large net exporter of energy and that most of this export go to the U.S. In 
addition, energy imported from Canada account for a large share of total U.S. energy imports and consumption. 
Source: NRCAN, Energy Fact Book 2016-2017. 
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Figure 1: Canada primary energy structure in 2015 
 

Note: Primary Energy Production by Source. Data source: EIA, 2018. International Energy Statistics. Coal, 
Electricity, Petroleum, Hydrocarbon Gas Liquids, Biofuels, Natural Gas, Biomass & Waste. 

 

Figure 2: U.S. primary energy structure in 2015 
 

Note: Primary Energy Production by Source. Data source is U.S Energy Information Administration (EIA), 
Monthly Energy Review April 2018 and authors own calculation. 
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Another reason to study the renewable energy-growth nexus for Canada and the U.S. is that 

most, previous studies on renewable energy and growth assume a linear relationship between 

renewable energy and economic growth. Empirical evidence from these studies has generated 

four general hypotheses on the relationship between energy and economic activity: the Growth 

hypothesis, the Conservation hypothesis, The Feedback hypothesis and the Neutrality 

hypothesis (Menegakia & Tugcu 2017).1 However, these hypothesises are based on the 

assumption, that the relationship between energy and economic growth is constant during 

good and bad market conditions, which arguably is not realistic. Recent advances in 

econometric modelling open up for nonlinear analysis of the relationship between energy and 

economic activity. In this paper we will apply nonlinear models, namely quantile regression 

and quantile causality, to investigate the relationship between renewable energy and economic 

activity over the business cycle. The primary purpose of this is to investigate whether there is 

a relationship between economic activity and renewable energy production in Canada and the 

U.S. and whether these relationships vary over different market conditions. In addition, we 

also intend to contrast and compare the role of renewable energy in the studied countries. 

Theoretical arguments for the application of nonlinear models is presented in Section 2.5. 

As a benchmark for our further inquiries we begin our estimations by studying the long run 

relationship thru VAR and cointegration models. We then proceed to examine the nonlinear 

relations between our variables by applying the Granger non-causality (Granger causality) in 

quantiles method presented by Troster (2016) and performing quantile regressions. One of the 

most common methods for studying these dynamics is the Granger causality definition 

presented by Granger (1969). Especially, the linear version of the Granger causality model is 

widely used and, in these model, it is implied by definition, that the possible relationship is 

constant over time and over different market conditions. Because of this, the conditional mean 

models cannot study nonlinear causalities such as the extreme values of the distributions 

higher and lower quantiles. We will, therefore, apply Granger causality in quantiles developed 

by Troster to examine the possibility for nonlinear causality. Besides, as a novelty, we apply 

quantile regression to estimate the immediate effect between renewable energy production and 

economic activity within the same month. In addition, Industrial production Index is used as 

a proxy for economic development, which is motivated by the fact that industrial production is 

a vital component for economic growth in the long run and which tends to correlate with 

economic development over the business cycle. Apart from being a valid measure for economic 

                                                        
1 Growth hypothesis means a unidirectional relationship between energy consumption to economic growth. 
Conservation hypothesis means a unidirectional relationship between economic growth energy consumption. 
Feedback hypothesis means a bidirectional relationship and Neutrality hypothesis means that there is no causal 
relationship between energy consumption and economic growth. See section 2, “Theoretical framework”, for a more 
exhaustive explanation of these hypothesises. 
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activity, IPI is also as a variable that accounts for other aspects such as technologic progression 

and innovation in the production industry.  

We will focus on the following research questions: 

1) Are there linear (long-term or short-term) causality between renewable energy production 

and economic activity in Canada and the U.S? 

2) Are there nonlinear causality effects over the quantiles for the renewable energy and 

economic activity nexus in Canada and the U.S? 

 3) With regard to our theoretical framework and our results, are any of the four energy-growth 

hypotheses valid for Canada and the U.S?  

Our findings indicate that it exists a long run steady state between renewable energy and 

economic activity in Canada. Short-run quantile causality, i.e. the lagged period to the 

subsequent period, and short-run quantile regression, i.e. immediate effects within one month, 

that indicate Conservation hypothesis and potentially Feedback hypothesis. The results for the 

U.S. indicates no long-run relationship between renewable energy and economic activity. Short 

run quantile causality and regression show a negative effect running from renewable energy 

and economic activity.  

Our study contributes to the field of research in several ways. First of all, to our knowledge, we 

use unique time series over renewable energy production and Industrial Production that 

consist of monthly observations from 1966-2015 for Canada and 1973-2015 for the U.S. 

Second, in contrast to most previous studies, with an exception for Troster et al. (2018), we 

apply causality analysis on monthly data which improves the chance of capturing short run 

effects in our model. Thirdly, to our knowledge this method has only been applied on U.S. data, 

we extend the collective knowledge by including Canada in our quantile analysis on the causal 

relations between the production of renewable energy and economic activity. 

The remaining part of the paper is sectioned as follows. Section 2 outlines the theoretical 

framework. Relevant literature is presented in Section 3. In Section 4 we present the methods 

used in our study. Section 5 contains descriptive statistics and pre-estimation tests. Section 6 

includes post-estimation tests and results. Section 7 outlines our conclusions and policy 

implications. Finally, Section 8 contains a discussion of our results.  
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2 Theoretical framework 

This chapter covers our theoretical framework regarding how energy, in general, affects 

economic activity and the distinctive characteristics of renewable energy on economic growth 

aspects. 

2.1 Definition of renewable energy  

The definition of renewable energy (Verbruggen et al. 2009) in our study is energy obtained 

from naturally occurring sources in the environment and includes non-carbon sources like 

solar energy hydropower, wind, tide, waves and geothermal heat. The renewable energy 

definition also comprises carbon-neutral energy sources like biomass, but unlike the other 

renewable energy sources, biomass can be exhausted by overexploitation. In our theoretical 

model, renewable energy (Figure 3, panel 5) includes additional energy sources such as solid 

biomass, charcoal, renewable municipal waste, gas from biomass and liquid biomass (IEA, 

2018).  

2.2 Energy as a driver of economic growth 

Georgescu-Roegen (1971) was among the first to introduce the notion of a causal relationship 

between energy usage and economic performance while Kraft and Kraft (1978) were among 

the first to test this relationship empirically. Since then, many scholars have tried to establish 

whether such a relationship exists. Although several scholars have supported the idea of energy 

consumption as an important input for economic growth in the long run (e.g. Kümmel and 

Linderberg 2013; Ayres and Warr 2006), the empirical evidence is ambiguous, and no 

consensus has been reached regarding this matter. Energy consumption is excluded from to 

the neoclassical growth theory called the Solow model. According to this model, growth is 

driven by technological progress along with the production function inputs labour and capital 

(Solow 1956). However, in the traditional Solow model technological development is not well 

defined. It is merely an abstract explanation for the so-called Solow residual, which cannot be 

explained by the accumulation of capital and labour by its own. Several scholars have suggested 

energy as a third input which, entirely or partly, might explain the Solow residual. Kümmel 

and Linderberg (2013) make the theoretical argument that since economic production, like 

everything in the world, is governed by the second laws of thermodynamics, “there is no 

economic production and growth whatsoever without energy conversion”. Further, Ayres and 

Warr (2009, p 144) stress that “the second (entropy) law (of thermodynamics: authors note), 

guarantees that all economic processes are dissipative and irreversible and can only be 

maintained by a continuous flow of free energy (or exergy) from outside the system.” According 

to this view, growth is not driven by energy consumption per se but the useful work which 

might be extracted from energy transformation processes. In this case, lower energy 

consumption might be compatible with economic growth if more efficient production 
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processes compensate reductions in energy consumption. However, this notion has not 

received general support among economist’s scholars. Recently the mainstream Solow model 

has been revised by Jones & Romer (2010), and the revised model seeks to explain the Solow 

residual by accounting for the importance of ideas to economic growth and technological 

progress but excludes energy as an explanatory variable. 

The arguments, for the role of energy as an important input for economic growth, can also be 

based on empirical evidence. Historically, economic growth has been strongly correlated with 

increasing energy use (IPCC 2012). All advanced economies have based their economic growth 

on increased energy extraction. Access to relatively clean and reliable energy has historically 

been an essential factor for human development such as education, health, equality and 

environmental safety. If we use the Human development index as a measure for the 

development of the human society, it is clear that no country has achieved a high standard of 

living without a minimum amount of energy supply (IPCC 2012).  

In the feudal economy, energy came in the form of serfs, oxen and horses. In the first industrial 

revolution, coal-powered steamed technologies presented a new kind of energy mix with 

unprecedented productivity increases (Rifkin 2015). From the feudal to the modern society, 

energy use has steadily increased with economic growth. During this time, the energy 

production in the developed economies has become more and more centralised with 

characteristics of economies of scale, natural monopolies and vast distribution networks which 

has resulted in substantial increases in production capacity. Based on historical evidence, 

several scholars have highlighted energy as a vital input for the modern society and driver of 

economic growth (e.g. Raworth 2017; IPCC 2012). However, there are several indications that 

the developed countries have reached a peak in energy consumption (IEA-WEO 2016) and this 

has not been followed by a general stagnation in economic growth.  

We regard the collection of theoretical and empirical arguments convincing and in favour for 

energy as a vital input for economic growth. As already mentioned, the historical evidence 

suggests that every advanced economy also has experienced an increase in energy 

consumption. Regarding the decreasing energy demand among developed economies, we 

believe that improvements in energy efficiency is one important explanation. Advancements 

in energy efficiency can possibly be related to both technological development and the fact that 

active measures have been taken to decrease energy waste. Nonetheless, from the laws of 

thermodynamics, it follows that all production, redistribution, ordering or manipulation of the 

real world is dependent on the transformation of primary energy to energy services i.e. useful 

work. While the amount of energy required for economic growth may vary between countries 

based on the efficiency of energy transformation processes, accounting for only capital and 
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labour, as suggested by the Solow growth-model, can hardly serve as sufficient measurement 

of energy input. 

2.3 Renewable energy as a potential bringer of economic growth  

In the previous section we presented a theoretical and historical background on energy in 

general and reach the conclusion that there is strong argument for the idea that work extracted 

from energy services is an important input for economic growth. In the next subsection we will 

present the theoretical arguments which supports that, the particular characteristics of, 

renewable energy may be beneficial for economic growth. 

Along with a decreasing energy demand, a shift in the energy structure towards distributed 

renewable energy production seems to be a trend in developed economies (IEA-renewables, 

2017). While renewable energy has the same function as other forms of energy, with the same 

possible benefits, it potentially has several special characteristics. The most significant 

difference between non-renewable energy and renewable energy is that the latter form 

provides energy services to meet the human need within the limit of sustainability (IPCC 2012). 

Further, renewable energy production also leads to lower local environmental impact in 

comparison with non-renewable energy. Nonetheless, as well as having the potential to 

mitigate climate changes, several scholars have highlighted that renewable energy may provide 

additional social and economic benefits such as cost mitigation, improved productivity and 

health (ibid). The technical potential of renewable energy is theoretically unlimited due to the 

unrestricted access to solar power and wind power (IPCC 2012).2 The theoretical limit for 

energy conversion efficiency in solar power is as high as 80 percent, while the energy 

conversion efficiency for combustion engines is only 10-50 percent (Cullen & Allwood 2010). 

Moreover, technological improvements are expected to continue to lower the cost of renewable 

energy. Hence, the (theoretical) abundance of energy, in combination with the high energy 

conversion efficiency characteristics of electricity, creates opportunities for highly efficient 

production. Currently, the average price of solar energy is higher than for conventional energy. 

However, IRENA (2018) predicts that electricity from renewables will fall within the fossil fuel 

cost-range or even undercutting fossil fuels by 2020. There are even some recent studies that 

find that the levelized cost (life-cycle cost divided by energy production) of renewable 

technologies like utility-scale wind and solar are cheaper than the marginal cost of nuclear and 

coal plants (Lazard, LCOE 11.0 & LCOS 3.0. 2018). This statement is supported by the fact that 

solar energy auctions prices where as low as $ 0,03/kWh in 2016 and 2017 (IRENA 2018). The 

economic implications of these finding are that the older and non-renewable technologies 

should be eventually forced to retire. 

                                                        
2 In practice the restricted occurrence of required materials for producing solar cells will be a limitation. 
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Up to this point, the use of more efficient production options has been limited since electricity 

from fossil fuels have been less expansive then electricity from renewable sources. Nonetheless, 

if renewable energy has the same or a lower price as non-renewables, electric and more 

efficient production processes will be an option.3 However, it is worth noting that the 

theoretical benefits outlined here are mostly related to solar and wind power. While 

hydropower technically is regarded as a renewable energy source according to most definitions, 

its production dynamics are very different from solar power and wind power. Although 

hydropower has similar benefits in reducing CO2-emissions, it is traditionally characterised by 

centralised largescale production and is constrained by the availability of water streams and 

reservoirs. This fact may be important for our analysis on Canada which has a significant 

production of hydropower in its energy mix (see Section 1). Moreover, to our knowledge, there 

are no theoretical regarding the impact of bioenergy production on economic growth. Our 

notion is that bioenergy potentially could have an important role as a complement to wind 

energy and solar energy in a decentralized energy system, but on the other hand lacks the 

potential synergy effects highlighted by Rifkin among others.  

In Figure 3 we present the theoretical model we will use to describe the drivers of renewable 

energy, and how renewable energy influence economic activity and the broader concept of 

Human Development Index. It will hereafter be referred to as the Renewable energy 

establishment and contribution (REC) model. The REC model is divided into two segments. 

The first part of the figure concerns driving factors for renewable energy supply and will 

discussed briefly. The second part of the REC-model concerns the potential transmission 

channel(s) through which renewable energy influences economic activity and human 

development. 

                                                        
3 One example is energy-intensive industries like iron and steel, concrete amongst others, which can switch from 
fossil fuels to electro-thermal methods (IPCC 2012, p 682). These technologies offer distinct advantages such as 
energy savings, higher productivity and product quality.  
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Figure 3: Illustrations of the Renewable energy establishment and contribution (REC) model.  

 

Note: Figure 3 illustrates the Renewable Energy establishment and contribution model (REC). This model will 
be our theoretical framework in the upcoming analysis and is concerning a theoretical relationship between 
renewable energy, economic growth and human development. Source: Figure section 1, connectivity of driving 
factors 1,3 &5 (Verbruggen, 2009). Figure section 1, connectivity of Driving Factors 2 & 4 (Yaqoot et al. 2016). 
Figure section 2, transmission channels 6, 7, 8, 9, 10, 12, 13 (IPCC,2012). Figure section 2, transmission channels 
11 (among others: Ayres and Warr 2009) 

The first section of Figure 3 is a synopsis based on previous research by Jaffe et al. (2009), 

Verbruggen et al. (2009) and Yaqoot et al. (2016). The connectivity of driving factors provides 

an overview of how technological innovation, policies, costs and barriers affect renewable 

energy supply. Barriers (1) are man-made, intentional or unintentional, factors that separate 

actual renewable energy development from potential development or use. Barriers can come 

in the form of technological, economic, institutional and socio-cultural barriers (Yaqoot et al. 

2016), and are to some extent the result of path-dependency. For renewable energy to reach its 

full potential, it requires large investments in complementary infrastructure, as well as 

technical breakthroughs like improvements in energy storage capacity. An optimised use of 

renewable energy would require changes in the social system of the society, and one example 
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is that the current system, with centralised energy production, could be replaced by a 

decentralised energy system, including the possibility to share energy on the local market (see 

for example Rifkin 2015). The essence of the lower part of model, illustrated in Figure 3, is that 

the combined effects of costs, technological innovation, policies and policy instruments can 

either help to overcome or bring about new barriers. In other words, the key to increase 

renewable energy supply is coordination and management of several factors, not changes in 

one single element. 

Technological innovation (2) refers to technical advancements, for instance, technological 

design, installation, skill requirements and performance issues. Cost (3) in our model refers to 

how the cost to price relation affects renewable supply and boils down to opportunity cost, i.e., 

the results foregone by designating resources for one project, making them unavailable for 

another project (Verbruggen et al. 2009). The unfavourable cost to price relations have 

previously been a drawback for the expansion of renewable energy, but this may be changing, 

and according to several sources, electricity from renewables will soon be cheaper than energy 

from conventional sources (e.g. IRENA 2018; IPCC 2012). Three main cost reduction drivers 

for increasing renewable energy supply are technological development, competitive 

procurement and shared knowledge by international cooperation (IRENA, 2018) 

Policies and policy instruments (4) refer to how policy and regulation, or the absence of, affects 

renewable energy supply. Examples of policy barriers are lack of incentives to producers and 

consumers, challenging zoning and permitting processes, etc. (Yaqoot et al. 2016). Examples 

of remedial measures are conductive long-term policies, specialised institutions for research 

and development and financing, coordination between agencies (Yaqoot et al. 2016). 

The second section of the REC model constitutes the transmission channels for how renewable 

energy conceivably influence economic activity. To reach a coherent analytical framework we 

needed to make abstractions and distinctions of how renewable energy relates to economic 

activity and human development. Some features and characteristics of the transmission 

mechanisms are hard to distinguish from each other and are often closely associated with each 

other. Our distinctions are derived from several academic sources and renown organisations, 

but still prudence is advised when interpreting relations between renewable energy and 

economic growth. 

Cost mitigation (6) is a broad category that refers to how the cost of renewable energy, mainly 

in the form of electricity, is diminishing. While this may be the case for energy production like 

solar and wind, there are still questions whether this is the case for biomass and biofuel (IPCC 

2012). Renewable energy can also provide a low-cost alternative for high marginal cost peak-

load energy production, by distributing excess renewable energy and in turn, reduce the need 

for reinforcement investments in the energy grid. This concept is already widely used in many 
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countries and is expected to be more important in the future (IPCC 2012). The distribution 

mechanism could also be accompanied by a financial compensation system, where industry 

actors would be not only energy consumers but also energy producers of renewable energy by 

refining or harnessing the production residues and by-products like heat and waste (IPCC 

2012). Cost mitigation is closely connected to productivity, and some of the benefits from 

renewable energy come from the interaction between cost and productivity that, when 

combined, has a total effect that is greater than the sum of the individual factors (IPCC 2012). 

In addition, costs associated with energy imports can often be reduced trough the deployment 

of renewable technology. 

Economic benefits from increases productivity (7) refer to the synergies between the supply of 

renewable electricity and the subsequent adaption of industry production methods. The energy 

conversion efficiency in electric motors and generators is 70-96 percent while it is only 15-40 

percent for combustion engines (Cullen & Allwood 2010). Electricity is already the primary 

energy input in many industrial production processes (IPCC 2012). There are many options for 

producing renewable electricity, and its versatility of use makes it a likely candidate for 

replacing fuels in drying, heating curing and melting operations, e.g. electrothermal processes. 

These processes include heat pump, electric boiler, electric arcs and plasma induction (IPCC 

2012). According to Verbruggen et al. (2009), successful renewable energy deployment often 

shares certain characteristics. First of all, the production occurs close to where the energy 

service is demanded. Secondly, capacity loads are managed more thoroughly, and it goes hand 

in hand with energy efficiency at the end uses. Thirdly, there should be a mix of complementary 

renewable energy options to provide the requested service. This will often result in lower 

quantities of supplied renewable energy for meeting energy services demanded by end users. 

Overall quantities of energy traded may significantly shrink during transition to an economy 

based on renewable energy.  

Another theoretical benefit with renewable energy is potential cost savings in comparison to 

non-renewable energy, particularly in remote and poor rural areas lacking centralized energy 

access. With decentralized and local renewable energy sources, rural and remote areas can get 

access to stable energy supply without the need for investing in costly infrastructure connecting 

them the central power grid. As mentioned previously, energy access (9) is vital to human 

development. This is primarily a concern in developing countries where basic level of access to 

modern energy services are limited. Nonetheless, renewable energy is potentially relevant to 

all countries since both non-electric and electrical renewable sources offer opportunities to 

modernization of energy services (IPCC 2012).4  

                                                        
4 Some examples of potential future applications are solar energy for water heating or crop drying and 
biofuels for transportation. 
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In addition, renewable energy is a sustainable alternative to fossil fuels because it can mitigate 

climate change (8) and it improves health (10). Electricity production from fossil fuels accounts 

for a large share of global CO2-emissions and it leads to air pollution which has resulted in 

hazardous air quality in cities like Beijing. Transformation to a renewable and clean energy 

system is important factor for mitigating these environmental problems.  

In summary the model presented in Figure 3, highlight that a transmission towards a 

renewable energy system has several potential benefits for human development and economic 

growth. However, for an economy to reach such a state requires the contemporary fulfilment 

of several conditions to in order to overcome economic, institutional and socio-economical 

barriers.  

2.4 Previous hypotheses on the impact of energy on economic growth 

Up to this day, the role of energy as a cause of economic growth remains a debated topic. Still, 

the most accepted view among economists today is probably that the role of energy is different 

for different economies. Energy might have a different effect on growth in developing countries 

than in developed countries, or in countries which depend on a particular energy mix. For 

instance, several studies indicate that the impact of renewable energy might be different than 

the impact of other energy sources (Furuoka 2017; Apergis & Payne 2012). Moreover, several 

studies have highlighted that the causal effect of energy might differ in the short and the long 

run (e.g. Salim et al. 2014). The possible causal linkage between energy consumption and 

economic growth are commonly categorised into four types depending on its direction. Each 

category has been formulated as a hypothesis that brings important implications for energy 

policies. These four hypothesises are briefly explained below. In this paper we will test for the 

possibility of nonlinear relationship between renewable energy and economic activity. If this 

relationship is in fact nonlinear, it may indicate varying relationships in different market 

conditions, thus more than one hypothesis may be valid in the energy- growth nexus, with 

regards to renewable energy. 

The Growth hypothesis 

According to the Growth hypothesis, energy is a driver of economic growth, commonly as a 

complement input to labour and capital (Apergis and Payne 2012). This relationship was 

suggested by Georgescu-Roegen already in 1971, and The Growth hypothesis presented a 

developed form of it and implies a symmetric unidirectional causality relationship from energy 

consumption to economic growth. In principle, it means that lower energy consumption will 

be harmful to economic growth. If the Growth hypothesis is valid for Canada and the United 

States, it implies that reducing energy production will potentially harm the economies, if there 

is no compensation by productivity increases, an argument used when the US left the Paris 

agreement. In addition, if renewable energy production has specific beneficial economic effects 
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(technological and productivity increases) in conjunction with the Growth hypothesis it implies 

that countries with a significant share of renewable energy, for example, Canada, may benefit 

both from increased energy production and from technological advancement. If so, Canada 

which produce more renewable energy would be relatively better off in comparison with U.S. 

that produces lower amounts of renewable energy. In the case of Canada and US, there is also 

energy trade to consider as well as domestic production. Canada produces more than it 

consumes and exports a relatively large share of the generated energy to the US (EIA 2018). In 

this situation, Canada can potentially benefit from energy export as well as domestic 

consumption. 

The Conservation hypothesis 

The Conservation hypothesis suggests that economic growth is not dependent on energy 

consumption (Menegakia & Tugcu 2017). The theory explains the correlation, between energy 

consumption and economic growth, because of a symmetric unidirectional causality running 

from economic growth to energy consumption. The Conservation hypothesis implies that 

energy conservation policies will not hamper economic growth and that economies, in line with 

this hypothesis, are resilient towards energy chocks. Furthermore, it means that sustainable 

economic growth is possible. In our case, this means that increases in renewable energy 

production are a consequence of economic activity and that in a nonlinear model this would be 

represented by more substantial effects in the higher and lower quantiles of the distribution, 

where causality runs from economic activity to renewable energy production. The change in 

output should thus be proportionate to the change in economic activity. For Canada and the 

US, the Conservation hypothesis implies that a transition towards an economy based on 

renewable energy will not have an adverse effect on the economies. 

The Feedback hypothesis 

The Feedback hypothesis stipulates that there is a linear interdependence, between energy 

consumption and economic growth. According to this view, suggested by Ayres and Warr 

(2006) among others, Energy consumption leads to economic growth and vice versa. Their 

theory suggests that products become cheaper due to technological improvements in 

production. And this leads to an increased demand which in turn leads to increased output and 

to lower costs thru economies of scale and learning by doing. The lower cost in combination 

with increased capital investment and investments in research and development combines into 

a positive feedback cycle that drives economic growth. In our study, this process could be the 

implementation and deployment of more efficient (renewable) electricity-based production 

options. With increases in productivity and product quality as a result. If valid, the theory 

indicates that energy conversation policies will have a negative impact on economic growth. In 

our study, where we investigate the nonlinear relation between renewable energy and 
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economic activity, the Feedback hypothesis may be applicable for certain market situations but 

not others, implying a changing relationship over market conditions. Thus, an increase in 

either of the variables, renewable energy or economic activity, in any given market condition 

will affect the other variable differently. If this should be the case, it may be an indication of 

that the feedback relationship is varying across market situations in a nonlinear 

interdependence. The policy implication for this situation is that growth could be stimulated 

by directing resources to renewable energy production under the most favourable 

circumstances. 

The Neutrality hypothesis 

The Neutrality hypothesis supports the standard Solow-model in the way that economic 

growth does not depend on energy. According to The Neutrality hypothesis, energy 

consumption has a minor role in the economic growth process, and it implies that energy 

conservation policies would not affect growth and that growth do not affect energy 

consumption. This notion may seem counter-intuitive due to the parallel development and the 

close correlation between energy consumption and economic growth (IPCC 2012). One 

possible explanation for this situation is that the economic structure, concerning energy, 

differs between countries and that the conventional metrics of economic growth (GDP) does 

not capture the full role of energy in an economy. Using the Human Development Index (HDI) 

as an indicator of economic development shows that countries that have achieved medium or 

high levels of HDI, in general, consume large amounts of energy per capita (IPCC 2012). No 

country has been able to accomplish high or even moderate HDI without considerable access 

to energy (IPCC 2012). Another possible explanation is that other factors play a crucial role in 

economic growth, and also leads to increases in energy consumption. 

2.5 Theoretical arguments for nonlinear effects over different market 

conditions 

The Solow model is based on assumptions of linear dependence, encapsulated in the so-called 

"Cobb-Douglas function", and usually includes capital and labour as explanatory variables for 

economic growth. The notion of an economy in equilibrium which grows under smooth 

progress is at the heart of this model and have become decisive for the neoclassical view on 

economic growth. Subsequently, most efforts to examine the possibility of energy or renewable 

energy as a vital input for economic growth, have been based on the linearity assumption.5 

Nevertheless, this assumption could be criticised from several aspects. Ayres and Warr (2009) 

highlights that the development of the economic system is nonlinear, due to path-dependence 

and the butterfly effects, and states that “infinitesimal different starting conditions can lead to 

                                                        
5 See Section 3 for further information about earlier studies. 
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dramatically different outcomes”. One aspects of this idea are that radical innovations rather 

than incremental improvements determines the development of the economic system. Another 

important aspect is the possibility for threshold effects, an innovation that previously have 

been of marginal importance can suddenly have a large impact when certain conditions are 

met. Regarding our study, the threshold effect may possibly be relevant to understand the 

relation between renewable energy and potential barriers. 

Another argument for the presence of nonlinearity is grounded on the fact that human 

behaviour commonly is inconsistent over time and in different environments. One example is 

the fact that economic agents, in general, react more too negative information than to positive 

information, a fact that is well known in psychological research and behavioural economics 

(Rozin & Royzman 2010, Tversky & Kahneman 1992). 

Based on the reasons above, we regard a linear relationship between renewable energy and 

economic growth as unlikely. Rather than being constant, the relationship will probably change 

over different market conditions. In this study we will be concerned with nonlinearity in the 

short run, thus studying the effects of shocks of varying magnitude and direction. Our approach 

will allow us to analyse asymmetric causal relationship associated with different market 

conditions. This view will allow for different directionality at different quantiles of the 

distribution. Hence, the relationship between renewable energy and economic activity in one 

country do not have to be ascribed exclusively to any of the four hypothesises presented in 

Section 2.4. On the contrary, for example, the Feedback hypothesis might be existent during 

big economic shocks while the Neutrality hypothesis might be valid during normal market 

conditions. Practically this approach will be conducted by studying the effects from quantiles 

to quantiles for the variables in first difference. Another advantage with this approach is that 

it opens for the possibility of structural breaks with changed variance which in turn may lead 

to changed dependence over time. 
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3 Related literature review  

The relationship between renewable energy and economic development is a well-studied 

subject and a highly discussed topic among scholars and policymakers. The four hypotheses 

that are at the centre of the energy-growth debate are also generally accepted as a reference 

point in the discussion regarding renewable energy and economic growth. A wide range of 

econometric methods has been applied in the search for a possible relationship between 

renewable energy and economic growth. However, previous literature on renewable energy 

utilisation and economic growth has not been able to settle the question of causality. There is 

currently support for all four hypothesises. As is evident from our literature review, presented 

in our Appendix, existing studies regarding the renewable energy and economic growth nexus, 

shows inconclusive results over different sample periods, sample countries and model 

specifications. Inconsistent results are often found between studies that are similar or identical 

regarding country selection.  

3.1 Studies on energy, renewable energy and economic growth in 

Canada  

Many studies have been conducted on the relationship between energy and growth in Canada, 

and the U.S. Most Canadian studies support that consumption of energy leads to economic 

growth. One example is Rodríguez-Caballeroa and Ventosa-Santaulària (2017) who found 

evidence for the Growth hypothesis in Canada. Another example is Katırcıoğlu et al. (2016) 

who found evidence for a long-run relationship between energy consumption, international 

trade, and real income in Canada. Also, their Granger causality tests suggest that there is a 

relationship between energy consumption, international trade, and real income in the long-

run for the Canadian economy which is consistent with the Feedback hypothesis. Finally, 

Shahbaz et al. (2018b) also found weak support for the Feedback hypothesis in Canada by 

applying Quantile to Quantile analysis. All three studies suggest that energy consumption is an 

important input for economic growth. The empirical evidence regarding a relationship 

between renewable energy and economic growth in Canada is less clear. The study by Chang 

et al. (2015) supports the Neutrality hypothesis between GDP and renewable energy 

consumption in Canada. Another study by Cai et al. (2018) examined the impact of clean 

energy, including renewable energy consumption and nuclear power, on economic growth. 

They found no cointegration between real GDP per capita, clean energy consumption and CO2 

emissions. Nevertheless, their results indicate that clean energy consumption leads to real GDP 

per capita growth in Canada. 

3.2 Studies on energy, renewable energy and growth nexus in the U.S. 

The results are as inconclusive for energy and growth nexus in the U.S. A few examples of these 

numerous studies will be covered here. Two studies by Gross (2012) respective Ajmi et al. 



25 
 

(2013) supported the Feedback hypothesis between U.S. energy consumption and economic 

growth. However, those result is contradicted by several other studies, including Chiou-Wei et 

al. (2008) and Payne (2009) who found the Neutrality hypothesis to be valid. Apart from that 

most of these studies, except Chiou-Wei et al. (2008), solely applied linear models, they have 

the drawback of being based on annual data with few observations. As will be explained further 

in Section 3.5, we regard both linear models and annual data as unsuitable for this application. 

Linear models do not take the possibility of asymmetry into account. Moreover, aggregated 

annual data not may be able to capture short-run dynamics between energy and economic 

activity. 

More uniform results are found of studies which have applied nonlinear methods to examine 

short-run effects of the energy-growth nexus in the U.S. Decomposition energy and GDP series 

in a non-stationary and a cyclical component for quarterly data, Carmona et al. (2017) found 

evidence for the Feedback hypothesis. Shahbaz et al. (2018b) also found weak support for the 

Feedback hypothesis in the U.S. by applying Quantile to Quantile analysis on quarterly. 

Regarding long-term effects, Koutzidis et al. (2018) found support for the Conservation 

hypothesis using threshold cointegration.  

Overall, the results from nonlinear models may imply that economic growth drives the long-

term demand for energy while the Feedback hypothesis is valid in the short run due to path 

dependence. However, these effects are not detected by linear models which only look for 

effects in the mean. Similarly, studies which employ linear models to examine the relationship 

between renewable energy and economic growth in the U.S. also tend to favour the Neutrality 

hypothesis (Payne 2009; Chang et al. 2015). In contrast, studies with nonlinear models 

indicate that renewable energy is a vital input for economic growth, at least in the short run. 

Dogan and Ozturk (2017) found support for the Growth hypothesis for the relationship 

between renewable energy and economic growth in the U.S. when applying Gregory and 

Hansens cointegration test which allows for one structural break. Shahbaz et al. 2016 found 

support for the Feedback hypothesis between renewable energy and economic growth by 

applying wavelet analysis. Finally, Troster et al. (2018) examined the relationship between 

renewable energy and Industrial production in the U.S. by applying a Quantile Autoregression 

model. They found the Feedback hypothesis to be valid for the lowest tail of the distribution 

and the Growth hypothesis to be valid for the highest tail of the distribution. 

3.3 Panel analysis of renewable energy studies in OECD countries 

Panel analysis is one conventional method to investigate the renewable energy and economic 

growth nexus. One significant advantage of panel studies is that it results in an increased 

number of observations. This type of study is appealing since datasets on renewable energy 

consumption in individual countries typically have few observations. However, the drawback 
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with panel studies is that the results are very general, and it is hard to make implication 

inference for individual countries based on panel studies. According to earlier research, the 

relationship between renewable energy and growth seems to differ fundamentally across 

countries. Thus, the mean effect estimated from the panel regression might disguise the fact 

that the dependence between renewable energy and economic activity is very heterogeneous 

among different types of countries. If the Neutrality hypothesis is valid in one group of 

countries and the Feedback hypothesis is valid for another group of countries, a panel would 

estimate a small dependence in all these countries. Such a regression would neither present an 

accurate picture for the energy-dependent countries nor the countries that are robust towards 

energy shocks. Furthermore, it is also fair to conclude that although many panel studies have 

studied the relationship between renewable energy and economic growth, it has not resulted 

in clarity. Commonly, contradictory results are even found for different panels that include 

similar countries. From this point of view, time series analysis is more reliable.  

There are a few seminal studies in the field of energy research worth mentioning. Aspergis and 

Payne (2012) found a bidirectional relationship between renewable energy and economic 

growth, in both the long and the short run, using a multivariate panel model for 80 countries. 

Ohler and Fetters (2015) also found a bidirectional relationship between renewable energy and 

economic growth using a panel vector error correction model on 20 OECD countries. Both 

studies support the Feedback hypothesis. Additionally, Salim et al. (2014) found a 

unidirectional relationship from renewable energy consumption to economic growth in both 

short and long run for a panel consisting of 29 OECD countries. These three studies imply that 

energy conservation policies would hurt OECD economies. In contrast, Menegaki (2010) found 

support for the Neutrality hypothesis using a panel vector error correction model in 27 

European countries. Furthermore, Cho et al. (2015) found support for the Conservation 

hypothesis for renewable energy in OECD countries with a panel vector error correction model 

in 80 countries. Kula (2014) came to the same result for renewable electricity consumption in 

19 OECD countries using PVECM.  

Based on the results of the previously mentioned studies, drawing a holistic conclusion 

regarding the relationship between renewable energy and economic growth is difficult. Four of 

the studies include only OECD countries and, Menegaki (2010) also mainly included OECD 

countries in her studies. Even if Aspergis and Payne (2012) included 80 countries many of 

them where OECD-countries. Hence, the differences in results among these six studies are not 

convincingly accounted for concerning heterogeneity in country selection. Instead, the 

bothersome task of concluding boils down to making a judgement regarding the validity of the 

methodology applied. The studies by Aspergis and Payne (2012), Salim et al. (2014) and Cho 

et al. (2015) is methodologically more advanced and more robust than the other studies due to 
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the inclusion of capital and labour as control variables. In contrast to the other studies, this 

reduces the risk of omitted variable bias. However, Aspergis and Payne (2012) do not 

differentiate between types of countries which is a potential problem. Salim et al. (2014) and 

Cho et al. (2015) are similar in methodological robustness. Although Salim et al. (2014) applied 

Paseran's long run Common Correlated Effects Mean Group (PCCEMG) and Pooled Mean 

Group (PMG) estimates which is robust even at the presence of heteroskedasticity and serial 

correlation. 

Ambiguous results are also found among panel studies focused on a smaller group of countries. 

Bilgili & Ozturk (2015) applied panel analysis and dynamic OLS for renewable energy in the 

G7 countries and found support for the Growth hypothesis. The G7 countries were also studied 

by Changa et al. (2015). With a multivariate panel framework, their study found support for 

the Growth hypothesis in Canada, France and Japan while the Neutrality hypothesis was 

supported for Germany, Italy, United Kingdom (UK) and the U.S. Thus, there is no consensus 

on the role of energy even among specific high-income countries. Tiba et al. (2015) used a 

simultaneous-equation panel data model to examine the relationship between renewable 

energy and economic growth in 24 middle-income and high-income countries. This study gave 

support for the Feedback hypothesis, both among high-income and middle-income countries. 

In conclusion, it is hard to generalise the impact of renewable energy in developed countries, 

and the results are highly inconclusive. 

A more unified picture is found from studies that focus on top producers of renewable energy. 

Bhattacharya et al. (2016) studied the relationship between renewable energy and economic 

growth in the top-38 renewable energy consuming countries. Applying fully modified OLS they 

found a unidirectional causality running from renewable energy to economic growth, which 

supports the Growth hypothesis. Furthermore, Aspergis et al. (2016) applied fully modified 

OLS (FMOLS) and panel smooth transition vector error correction model (PSTVECM) for the 

ten largest hydroelectricity consuming countries. The study included Canada and the U.S. and 

the results indicate support for the Feedback hypothesis for hydroelectricity in these countries. 

Taken together, the studies of Bhattacharya et al. (2016) and Aspergis et al. (2016) indicate 

that the growth impact from renewable energy consumption is increased when there is a high 

consumption level of renewable energy. In our case, this is indicative for Canada, which has 

had a high consumption of hydroelectricity for an extended period (EIA, 2018).  

3.4 Time series models using symmetrical models on renewable energy  

Previous studies, using time series analysis in investigating the renewable energy – economic 

growth nexus, varies in results and directions in the causality. The results of these studies 

reflect specific conditions in individual countries and are therefore easier to interpret in 
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comparison to panel studies. On the other hand, time series often have fewer observations 

which might aggravate statistical inference. Furthermore, most time series studies, up to this 

point, have assumed a symmetrical and linear relationship between economic activity and 

renewable energy. As we will explain later, in Section 3.5, this assumption is not necessarily 

realistic.  

Amongst the numerous time-series studies, there are a few worth mentioning. A study from 

2016 on the Nordic countries Denmark, Finland, Norway and Sweden (Irandoust 2016), use a 

modified version of non-granger causality test. Toda-Yamamoto developed the test in (95) and 

(98) and used it on time series for yearly data ranging from 1975 to 2012. The study finds that 

technological innovation and economic growth Granger cause renewables in all countries in 

the long run. This result is interesting for our study since it supports the Conservation 

hypothesis in the way that economic activity is causing renewable energy production. It also 

implies that technological development leads to increased renewable energy production.  

In another study, Ibrahiem (2015) investigated the linkage between renewable electricity and 

economic growth in Egypt. The study employs an Auto Regressive Distributed Lag approach 

(ARDL), a method that has properties that usually works well for small samples. Its results 

indicate a bidirectional relation between economic growth and renewable electricity. Ibrahiem 

concluded that the Feedback hypothesis is supported and that policies that enhance a 

transformation towards renewable energy should be applied. This situation will support a 

beneficial transformation towards renewable energy and increase economic growth, according 

to the author. 

3.5 Asymmetric and nonlinear relationship  

As stated before, it is evident that previous results on the relationships of renewable energy 

and growth are contradictory at best. One plausible explanation for the inconclusive results 

amongst previous studies is that the role of energy and renewable energy might be different for 

different economies. The effect of energy consumption may be dependent on several country-

specific factors, for example, the level of industrialisation, the composition of industrial 

production, as well as the energy sources (e.g. Katırcıoğlu et al. 2016). If this is the case, it 

motivates inquiries into the specific relationship between growth and energy consumption 

among different types of economies. The country-specific studies allow us to observe 

distinctions and significant differences in energy dependence between economies. 

The different effect stemming from energy consumption cannot be the fully explained by 

country-specific factors alone. For any given country the results vary with several factors, 

amongst those, are research method and sampling period. These diverse results indicate to us 

that there are some issues regarding high validity and low reliability in these studies. From our 
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point of view, a likely explanation for this inconvenience is partly because of the diverse range 

of methods used and partly because of the lack of robustness of the commonly used methods. 

For example, using linear models when empirical evidence suggests a nonlinear relationship. 

After examining previous literature, we conclude that many energy-growth nexus bivariate 

studies, uses models based on linear assumptions, for example, the Granger non-causality in 

mean tests either in times series or panel vector error correction framework. Also, as has been 

stressed by Troster (2016), these models rests on a potentially erroneous assumption of a linear 

and non-asymmetric relationship between energy and economic activity. For energy and 

economic growth studies in general, there is growing evidence of an asymmetric relationship 

between energy consumption and economic output in some countries (Chen et al. 2017; Arouri 

et al. 2014, Hatemi-J & Salah Uddin 2012). Besides, studies on renewable energy and economic 

growth also indicate asymmetric causality in some countries (Shahbaz et al. 2016, Destek 

2016). An overview of asymmetric and nonlinear relationship studies is presented in Table 2. 

As mentioned in Section 2, there are several reasons for assuming an asymmetric relationship, 

and one example is that a negative shock in energy or economic activity often has a more severe 

impact than a positive shock. One probable reason is that economic agents, in general, react 

more too negative information than to positive information, a fact that is well known in 

psychological research and behavioural economics (Rozin & Royzman 2010, Tversky & 

Kahneman 1992).  

Until recently many asymmetric Granger non-causality tests have followed the methodology 

developed by Hatemi-J (2012). The methodology isolates positive and negative energy shocks 

by applying the Granger non-causality tests on the isolated series, consisting of cumulative 

positive and negative sums of changes in energy and economic growth. One limitation of this 

method is that asymmetric causality test only accounts for differences between positive and 

negative shocks. For example, the methodology does not consider the asymmetrical effects 

across the distribution. As been stressed by Troster (2016) and Troster et al. (2018), this form 

of asymmetry concerns the effects in different quantiles of the distribution. By applying a 

Granger causality in quantiles (GCQ) in a quantile autoregression framework (QAR) on U.S. 

renewable energy consumption data and industrial production index, they showed the 

existence of bi-directional causality between changes in renewable energy consumption and 

economic production at the lowest and the highest quantiles of the distribution. This 

nonlinearity implies that extreme values have a different impact than average values. Beside 

this, Troster et al. (2018) introduced causality analysis between renewable energy production 

and economic growth on monthly data by using Industrial Production Index as a proxy variable 

for economic activity. We recognise this approach is advantageous because it allows for the use 

of monthly data, which includes more observations than annual data. Besides, monthly data 
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can be expected to capture short-run dynamics between economic activity and energy 

consumption better.  

Other recent methodological innovations concerning estimation of nonlinear relations 

between energy and economic activity are the Quantile Autoregressive Distributed lag model 

(QARDL) applied by Shahbaz et al. (2018a) and Quantile on Quantile analysis conducted by 

Shahbaz et al. (2018b). These studies estimated nonlinear causality between economic growth 

and energy consumption which further strengthen the notion of the superiority of nonlinear 

models over linear models concerned with effects in the mean. 

In summary, growing empirical evidence implies an asymmetric relationship between energy 

consumption and economic activity. Methods based on linearity assumptions might, therefore, 

be inadequate for studies on the energy and growth nexus. Previous studies have also shown 

the occurrence of nonlinear relationships for renewable energy as well. It is therefore 

appropriate to further investigate the possibility of asymmetric and nonlinear causality 

between renewable energy and economic activity. Therefore, we will account for nonlinearity 

by applying Granger causality in quantiles (GCQ) in the quantile autoregression framework 

which has been introduced by Troster (2016). Since the data available for all quantiles is 

limited, we will only be concerned with using a reduced model and examine the directionality 

between industrial production and renewable energy production and. A QARDL would have 

been an alternative model which enabled estimation of the exact parameters for the long-run 

and short-run relationship between the variables. However, this method requires more 

observations to be reliable.  

In this study, we will test for nonlinear causal relations between renewable energy (RE) and 

Industrial production index (IPI). This approach will contribute to the field of research in 

several ways. The quality of our dataset makes statistical inference more reliable because our 

time series contains between 518 to 596 observations. Second, in contrast to most previous 

studies, with an exception for Troster et al. (2018), we apply causality analysis on monthly data 

which improves the chance of capturing short runt effects in our model. Thirdly, to our 

knowledge Quantile Autoregression has only been applied on U.S. data, we extend the 

collective knowledge by including Canada in our quantile analysis on the causal relations 

between the production of RE and IPI. By contrasting two countries, that are interconnected 

and with comparable energy composition mix but diverge in energy policy, we hope to evaluate 

the possible effects of the relations between renewable energy-growth perspective. 
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Table 2: Studies focused on asymmetrical and nonlinear dependence between energy and GDP nexus.  

Article, 
(Year) 

Country(s) Period 
and 
frequency 

Method Variables Results Policy 
Implications/con-
clusions 

Hatemi-J & 
Uddin (2012). 

U.S. 1960-2007 
(annual) 

Asymmetric 
causality test 

E, Y SR: 𝐸− ⇒  𝑌−                   
𝐸+ ⇒  𝑌−                    
𝑌+ ⇒  𝐸− 

There seems to be an 
optimal level of 
energy consumption 
in the US. Positive 
and negative shocks 
affect GDP differently 

Arouri et al. 
(2014) 

France 1960-2011 
(Annual) 

Asymmetric 
causality test 

E, Y 𝐸−  ⇐  𝑌− GDP in France is 
robust to changes in 
energy consumption.  

Destek (2016)  Six newly 
industrialised 
countries. 

1971-2011 ARDL, Asymmetric 
causality test 

Y, K, L, RE LR: 𝑅𝐸+ ⇒  𝑌− 
in India, Turkey, 
South Africa and 
Mexico 
 

Investments in 
renewable energy are 
costly for newly 
industrialised 
countries 

Shahbaz et al. 
(2016) 

U.S. 1981-2015 Wavelet Squared 
Coherence and 
Multiple Wavelet 
Coherence 

IPI, RE 𝑅𝐸 ⟺  𝑌 Investments in 
renewable energy are 
favourable for 
economic growth. 

Chen, et al. 
(2017). 

China 1969–2013 Asymmetric 
causality test 

Y, Oil, 
Coal 

 𝑂𝑖𝑙 ⇒  𝑌     

 𝑌 ⇒  C 

𝐶+  ⇒  𝑌−   

China should limit 
their dependence on 
coal.    

Troster, et al. 
(2018) 

U.S. 1989-2016 
(monthly) 

Quantile granger 
causality 

IPI, RE RE ⇔ IPI, at the 
lowest tail of the 
distribution;  

 Renewable energy 
has a positive impact 
on the U.S. economy 
in the short run.  

          RE ⇒ IPI at the 
highest tail of the 
distribution 

  

Shahbaz et al. 
(2018a) 

Netherlands 
and Ireland 

1970-2015 
(quarterly) 

QARDL E, Y LR: 𝐸− ⇒  𝐺+  
For both 
countries 

Energy conservation 
is a way to economic 
growth.    

Shahbaz et al. 
(2018b) 

China, the 
U.S., Russia, 
India, Japan, 
Canada, 
Germany, 
Brazil, France 
and South 
Korea. 

1960-2015 
(quarterly) 

Quantile-on-
Quantile approach 

E, Y For Can and U.S.: 
𝐸 ⟺  𝑌Although 
the effect is less 
strong for the 
higher quantiles 

Canada and the U.S. 
have become fuel-
efficient economies 
with decreased 
energy demand. Peak 
Energy has been 
reached. 
 

Note: Only the most relevant finding is summarised for each study. Notation:  Y=GDP, IPI= Industrial 
production index, E= Energy Consumption, RE= Renewable energy consumption, C= Coal consumption, K= 
Kapital, L = Labour working hours. "+" denotes positive shocks and "–" denotes negative shocks. 
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4 Methodological overview 

4.1 Unit Root Test 

Many time series are non-stationary in level and this may lead to spurious regression. In 

addition, several time series tests, like cointegration tests, is only valid if the studied time series 

variables are integrated of a specific order. Therefore, unit root tests have been conducted to 

map the order of integration for the included time series. To cross-check our results several 

unit root tests have been conducted, including Augmented Dickey-Fuller (ADF), Phillips-Peron 

(PP) and Kwiatkowski–Phillips–Schmidt–Shin (KPSS).  

The equations for ADF test by Dickey and Fuller (1979), with and without trend, is the 

following: 

 
∆𝑌𝑡 =  𝛽1 +  𝛽2𝑡 +  𝛿𝑌𝑡−1 + 𝛼𝑖 ∑ Υ𝑖𝑌𝑡−i +  휀𝑡

𝑚

𝑖=1

 (1) 

 

 
∆𝑌𝑡 =  𝛽1 +  𝛿𝑌𝑡−1 + 𝛼𝑖 ∑ Υ𝑖𝑌𝑡−i + 휀𝑡

𝑚

𝑖=1

 (2) 

Where m= the optimal number of lags, ε𝑡=disturbance term known as a white noise error, t= 

time or trend variable, Y=the time series variable and ∆ is the first difference operator. The 

null hypothesis of the test is δ=0. If the coefficient is statistically different from 0, then the 

hypothesis, Yt has a unit root, is rejected. 

The Phillips & Perron (1988) test is based on a nonparametric method and are less sensitive 

for unspecified autocorrelation and structural breaks in comparison with ADF. It is therefore 

preferred to ADF when the residuals not are white noise. The Phillips-Perron test with constant 

respective with constant and trend have the following equations:  

 𝑌𝑡 =  𝛽0 +  𝛽1𝑡𝑌𝑡−1 + µ𝑡 (3) 

 

 
𝑌𝑡 =  𝛽0 +  𝛽1𝑡𝑌𝑡−1 + 𝛼(𝑡 −

1

2
𝑇) + µ𝑡 (4) 

Where, T is the number of observations and µ𝑡 is the error term such that E(µ𝑡) = 0. If H0 is 

accepted the series has a unit root. If rejected the series is stationary on the tested level. These 

test equations are identical with Dickey and Fullers test equations without augmentation. 

However, Phillips-Perrons test is non-parametric and no lag length has to be chosen. Instead 
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the results from equation (2) or equation (3) are used to calculate test statistics according to 

the following formula which is a modification of the t-statistics of equation 2 (Sjö 2017):  

 

𝑡∗ = (
𝑆𝑒

𝑆𝜋
) 𝑡𝜋 −

𝑇[𝑆𝜋
2 − 𝑆𝜖

2][
𝑠𝑡𝑑. 𝑒𝑟(�̂�)

𝑠
]

2𝑆𝜋
 (5) 

where s is the residual from the DF regression, 

 
𝑆𝜖

2 = 𝑇−1 ∑ 𝜖�̂�
2

𝑇

𝑡=1

 (6) 

And  

 
𝑆𝜋

2 = 𝑇−1 ∑ 𝜖�̂�
2

𝑇

𝑡=1

+ 2𝑇−1 ∑[1 − 𝑗(𝑙 + 1)−1]

𝑙

𝑗=1

∑ 𝜖�̂�

𝑇

𝑡=𝑗+1

𝜖�̂�−𝑗 (7) 

Where the last term is a non-parametric estimation of the residual variance, calculated by 

Bartlett’s triangular window (Sjö 2017). In this study we will apply the Phillips-Perron test as 

a cross-check for stationarity. In addition, we will also apply the test (Kwiatkowski et al. 1992) 

which is a modification of Phillips-Perron for which the series is stationary according to the 

null hypothesis. According to this method, the series is expressed as a sum of a deterministic 

trend, random walk, and stationary error, and a Lagrange Multiplier test is conducted with the 

hypothesis that the random walk has zero variance, see equation 7 (Kwiatkowski et al. 1992). 

According to Sjö (2017), the KPSS-test is conducted in the following way: 

First estimate the equation  

 𝑌𝑡= 𝛼+ 𝐵𝑡+𝑒𝑡, (8) 

Where α is a random walk and et assumed to be stationary, hence 𝑒𝑡  ∼  iid (0, 𝜎𝛼
2).  

From the estimated residual et we may construct the following LM test statistic: 

 
𝜂 = 𝑇−2 ∑(𝑆𝑡

2 /𝑠2(𝑘))

𝑡

1

 (9) 

where 

 

𝑆𝑡
2 = 𝑇−2 ∑ 𝑒𝑖

2

𝑖

𝑖=1

 (10) 

and 
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𝑠2 = 𝑇−1 ∑ 𝑒𝑖

2

𝑡

𝑖=1

+ 2𝑇−1 ∑ 𝜔(𝑠, 𝑘)

𝑘

𝑠=1

∑ �̂�𝑡�̂�𝑡−𝑠

𝑡

𝑡=𝑠+1

 (11) 

∑ 𝜔(𝑠, 𝑘)𝑘
𝑠=1 =1-[s/(k+1)] is a Bartlett type window which is used to correct the estimate test 

statistic, so it corresponds to the simulated distribution which is based on white noise 

residuals. The critical values for the test is given in Kwiatkowsky et al. (1992). Due to the null 

hypothesis of non-stationarity, the KPSS test is powerful for series that are fractionally 

integrated (Sjö 2017). One drawback with KPSS is that it usually only tests for trend 

stationarity. Therefore, the reverted hypothesis of KPSS usually is regarded as a good 

complement to Augmented Dickey-Fuller and Phillips-Perron rather than a replacement.  

Sometimes it might be structural breaks in time series data, for example due to institutional 

change or new variable definitions. In such cases the results from ADF, PP and KPSS could be 

biased. Ordinary stationarity tests cannot separate between non-stationarity and sporadic 

changes of the series mean and trend. Therefore, we have also conducted Zivot-Andrews 

endogenous structural break test which test for unit root with allowance for one structural 

break (Zivot and Andrews 1992). Zivot-Andrews is based on the same principle as ADF-test 

with the difference that one dummy for structural break is included as an endogenous variable. 

The null hypothesis of Zivot-Andrews is that the series is integrated while the alternative 

hypothesis is that the series is (trend)stationary with the occurrence of one structural break. 

T-values are estimated for all possible breaks and the structural break that are least favourable 

for the null hypothesis is chosen as a test value. Hence if the null hypothesis of the Zivot-

Andrews is rejected this is a more robust result than the ordinary AD-test. 

4.2 Var model 

First suggested by Sims (1980), Vector autoregression (VAR) is a stochastic process model that 

are used to test for dependence between time series. It is a generalization of the univariate 

Autoregressive model. It explains the evolution of variables by the use of lags while it allows 

for more than one dependent variable. All dependent variables in the model has an identical 

lag structure that includes lags of itself and lags of all other variables in the model as well as an 

error term. 

In this paper we will only use VAR models in its reduced form which may be defined as follows:  

 𝑌𝑡1 =  𝜋21𝑦𝑡1−1 + ⋯ + 𝜋22𝑦𝑡1−𝑝 + ⋯ + 𝜋23𝑦𝑡𝑘−1 + ⋯ + 𝜋𝑘𝑝𝑦𝑡𝑘−𝑝 + 휀2𝑡    

 𝑌𝑡2 =  𝜋21𝑦𝑡1−1 + ⋯ + 𝜋22𝑦𝑡1−𝑝 + ⋯ + 𝜋23𝑦𝑡𝑘−1 + ⋯ + 𝜋𝑘𝑝𝑦𝑡𝑘−𝑝 + 휀2𝑡    

 

 𝑌𝑡𝑘 =  𝜋21𝑦𝑡1−1 + ⋯ + 𝜋22𝑦𝑡1−𝑝 + ⋯ + 𝜋23𝑦𝑡𝑘−1 + ⋯ + 𝜋𝑘𝑝𝑦𝑡𝑘−𝑝 + 휀2𝑡 

(12) 
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VAR with k endogenous variables and p number of lags. Although VAR models in reduced form 

not contain unique information it still has several useful applications like cointegration test 

and test for Granger causality in mean. 

4.3 Cointegration test  

Johansen’s (1988) cointegration test have been applied to test for long run relationships 

between the variables. The trace test has the following equation:  

 
𝜆𝑇𝑟𝑎𝑐𝑒 (𝑟) = −𝑇 ∑ ln (1 − λ′)

𝑘

𝑖=𝑟+1

 (13) 

Where, T is the sample size and λ′ represents the estimated values of the characteristic root 

ranked from largest to smallest, r is the number of tested vectors. The null hypothesis of the 

trace test is that the number of cointegrating vectors are r=r*<k. The alternative hypothesis is 

that r=k.  

4.4 Granger Causality Test in mean 

We also tested for Granger (non) causality (Granger 1969). by the creation of VAR models 

including IPI and the renewable energy series This was conducted for series in first difference 

to look for short term causality between energy utilization and Industrial Production Index. 

Granger causality measures one variables ability to predict the future values of another series. 

Thus, it tests whether changes in one variable leads changes in the other variable. According 

to the definition put forward by Granger (1969), a series 𝑥𝑡 does not granger cause another 

series 𝑦𝑡 if past 𝑥𝑡 does not help to to predict future 𝑦𝑡 given the past Yt. In this paper, we 

conducted Granger non-causality test according to the following Vector Autoregressive model: 

 
𝑦𝑡 = ∑ 𝛼𝑖𝑦𝑡−𝑖 +

𝑘

𝑖=1

∑ 𝛽𝑖𝑥𝑡−𝑖

𝑘

𝑖=1

+ 𝑒𝑡 (14) 

Where the lag length k varies between the models. In equation 5, illustrating Granger causality, 

𝑦𝑡  is explained by lagged values of itself and another variable 𝑥𝑡. If all parameters related to 𝑥𝑡 

area different from zero, then 𝑥𝑡 is said to Granger cause 𝑦𝑡. If, on the other hand, all 

parameters related to the process 𝑥𝑡 are zero, 𝑥𝑡  cannot predict or cause 𝑦𝑡 (Sjö 2017). In its 

essence, Granger causality is a test of predictability rather then a test of true causality. For the 

Granger test to be reliable, the lag length should optimally be selected so the residuals of the 

VAR model are white noise, or by minimizing an information criterion (ibid). In this study, we 

have used Akaike Information Criterion (AIC) and studied LM Autocorrelation in our lag 

selection process. 
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4.5 Asymmetric Granger Causality Test  

In order to test for asymmetric causality, we used the method suggested by Hatemi-J (2012). 

It will briefly be explained here. Statistically, Hatemi-J:s method is based on the Toda and 

Yamamotos (1995) procedure for testing of granger (non-)causality. To separate the effect of 

positive and negative shocks, new times series was created from the first difference series of 

both IPI and renewable energy production. This is done by adding up the cumulative sums of 

positive and negative shocks separately over the time series period. The new time series then 

contains of the cumulative sum of positive or negative shocks at the time of every given 

observation.  

Let say that we will test if the causality nexus between energy production per capita and GDP 

per capita. If these are integrated, then they can be described as the following random walk 

processes. 

 
𝑅𝐸𝑡 =  𝑅𝐸𝑡−1 + 휀1𝑡 = 𝑅𝐸0 + ∑ 휀1𝑡

𝑡

𝑖=1

 (15) 

and, 

 
𝐼𝑃𝐼𝑡 =  𝐼𝑃𝐼𝑡−1 + 휀2𝑡 =  𝐼𝑃𝐼0  + ∑ 휀2𝑡

𝑡

𝑖=1

 (16) 

Where t= 1,2,,,,,T. The constants RE0 and IPI0 are the initial values, and the variables e1i and 

e2i indicate white noise error terms, Positive and negative shocks can be identified by looking 

at the sign of white noise error term, Furthermore, positive and negative white noise error term 

may be separated giving the following expressions: 

 
𝑅𝐸𝑡 =  𝑅𝐸𝑡−1 + 휀1𝑡 = 𝑅𝐸0 + ∑ 휀1𝑖

+

𝑡

𝑖=1

+ ∑ 휀1𝑖
−

𝑡

𝑖=1

 (17) 

And 

 
𝐼𝑃𝐼𝑡 =  𝐼𝑃𝐼𝑡−1 + 휀2𝑡 = 𝐼𝑃𝐼0 + ∑ 휀2𝑖

+

𝑡

𝑖=1

+ ∑ 휀2𝑖
−

𝑡

𝑖=1

 (18) 

Hence, 𝐼𝑃𝐼𝑡
+ =  ∑ 휀2𝑖

+𝑡
𝑖=1 , 𝐼𝑃𝐼𝑡

− =  ∑ 휀2𝑖
−𝑡

𝑖=1  ,  𝑅𝐸𝑡
+ =  ∑ 휀1𝑖

+𝑡
𝑖=1  and 𝑅𝐸𝑡

− =  ∑ 휀1𝑖
−𝑡

𝑖=1  can be defined 

as the positive and negative chocks in cumulative form. These can be used to test for 

asymmetric causality. For example, the VAR model 𝑌𝑡
+ = (𝑅𝐸𝑡

+, 𝐼𝑃𝐼𝑡
+) can be used to test for 



37 
 

causality between positive chocks, Likewise, causal relationships between negative chocks can 

be tested with the VAR model 𝑍𝑡
− = (𝑅𝐸𝑡

−, 𝐼𝑃𝐼𝑡
−). VAR models including asymmetric residuals 

were created for all our variables and thereafter we checked for granger causality between 

renewable energy chocks and chocks in Industrial Production. Asymmetric residual series were 

created by separating positive and negative first difference residuals for all variables. 

Thereafter we calculated the cumulative sum of these. Hence, two new time series were created 

for each variable where every observation consisted of the sum of all positive respective 

negative residuals up to that year. 

4.6 Quantile regression 

Further we tested for the possibility of immediate correlation between changes in industrial 

production and renewable energy production by applying quantile regression. This method 

allows for nonlinear relations and causal relations in conditional quantiles. A novelty in 

comparison to earlier studies is that our quantile regression includes the current change rate 

of the explanatory variable. This is based on the assumption that the influence of renewable 

energy on industrial production and vice versa is immediate rather than delayed. In 

comparison, quantile causality which will be introduced later, test for causality from the lagged 

change of one variable to the current change in the other variable. While this difference may 

seem small, it potentially covers different potential mechanism. However, it is important to 

bear in mind that quantile regression shows correlation rather than causality. Its major role 

will therefore be to help us interpret the sign of potential relationships and it is mainly a 

complement to quantile causality analysis.  

As been shown by Portnoy (1991), time series needs to be stationary for quantile regression to 

be valid. To deal with non-stationarity, we differentiated the logarithmic series. This means 

that all coefficients should be interpreted as elasticities. Hence the coefficients for a given 

quantile can be interpreted as the percentage change in the dependent variable caused by one 

percentage change in the independent variable. Apart from this, the estimated coefficients can 

be interpreted as in an ordinary OLS. With regard to a given market condition, they estimate 

how increases in the independent variable affects the dependent variable.  

We estimated the following models: 

 𝑄𝜏
∆𝑅𝐸(∆𝑅𝐸𝑡│𝐼𝜏

∆𝑅𝐸 , 𝐼𝜏
∆𝐼𝑃𝐼)

) =  𝐶(𝜏) + 𝛽1(𝜏)∆𝑅𝐸𝑡−1 + 𝛽2(𝜏)∆𝐼𝑃𝐼𝑡 + 휀𝑡(𝜏) (19) 

 

 𝑄𝜏
∆𝑅𝐸(∆𝑅𝐸𝑡│𝐼𝜏

∆𝑅𝐸 , 𝐼𝜏
∆𝐼𝑃𝐼)

)

=  𝐶(𝜏) +  𝛽1(𝜏)∆𝑅𝐸𝑡−1 +  𝛽2(𝜏)∆𝑅𝐸𝑡−2 +  𝛽3(𝜏)∆𝐼𝑃𝐼𝑡 + 휀𝑡(𝜏) 
(20) 
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 𝑄𝜏
∆𝑅𝐸(∆𝑅𝐸𝑡│𝐼𝜏

∆𝑅𝐸 , 𝐼𝜏
∆𝐼𝑃𝐼)

) =  𝐶(𝜏) + 𝛽1(𝜏)∆𝑅𝐸𝑡−1 +  𝛽2(𝜏)∆𝑅𝐸𝑡−2 +

𝛽3(𝜏)∆𝑅𝐸𝑡−3 +                                                      𝛽4(𝜏)∆𝐼𝑃𝐼𝑡 + 휀𝑡(𝜏)                
(21) 

 

 𝑄𝜏
∆𝐼𝑃𝐼(∆𝐼𝑃𝐼𝑡│𝐼𝜏

∆𝐼𝑃𝐼 , 𝐼𝜏
∆𝑅𝐸)

) =  𝐶(𝜏) + 𝛽1(𝜏)∆𝐼𝑃𝐼𝑡−1 + 𝛽2(𝜏)∆𝑅𝐸𝑡 + 휀𝑡(𝜏) (22) 

 

 𝑄𝜏
∆𝐼𝑃𝐼(∆𝐼𝑃𝐼𝑡│𝐼𝜏

∆𝐼𝑃𝐼 , 𝐼𝜏
∆𝑅𝐸)

)

=  𝐶(𝜏) +  𝛽1(𝜏)∆𝐼𝑃𝐼𝑡−1 + 𝛽2(𝜏)∆𝐼𝑃𝐼𝑡−2 + 𝛽3(𝜏)∆𝑅𝐸𝑡 + 휀𝑡(𝜏) 
(23) 

 

𝑄𝜏
∆𝐼𝑃𝐼(∆𝐼𝑃𝐼𝑡│𝐼𝜏

∆𝐼𝑃𝐼 , 𝐼𝜏
∆𝑅𝐸) = 𝐶(𝜏) +  𝛽1(𝜏)∆𝐼𝑃𝐼𝑡−1 + 𝛽2(𝜏)∆𝐼𝑃𝐼𝑡−2 + 

                                                                          𝛽3(𝜏)∆𝐼𝑃𝐼𝑡−3 + 𝛽3(𝜏)∆𝑅𝐸𝑡 + 휀𝑡(𝜏) 

(24) 

Where the 𝛽-parameters are specific for each quantile and are estimated by maximum 

likelyhood in an equally spaced grid of quantiles. The left-hand side of the equations constitute 

that the dependent variable is predicted from information sets including its own lagged values 

and the value of the explanatory variable. Note that the explanatory variable is in its unlagged 

form in all equations.  

4.7 Quantile autoregressive model and quantile causality 

In addition, we also tested for granger causality in following the methodology developed by 

Troster (2016). He proposed a parametric test for Granger causality in quantiles in a quantile 

autoregressive framework. In contrast to most studies earlier studies which has applied 

causality with the assumption of linear dependence in the mean, this method allows for 

nonlinear causalities and causal relations in conditional quantiles. In contrast to our quantile 

regression model, our test for quantile causality is based on the assumptions that earlier values 

of one variable has explanatory power for the current change rate in another variable. This 

approach allows distinction between causality affecting the median and the tails of the 

distribution and does not rest the assumption of linear dependence. This will allow us to test 

for the causality between renewable energy production and economic activity during different 

market conditions. Another advantage with this method is that it is less sensitive to non-

normality of the data. 

The quantile causality test strongly resembles ordinary causality tests in interpretation. It tells 

us whether earlier values in a specific quantile one variable is useful for predicting the future 

values of the same quantile of another variable. We include lags of the dependent variable to 

control for spurious relationships. Nevertheless, a drawback with causality tests is that their 
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inability to reveal the sign of the estimated relationship. As previously mentioned, we will 

therefore complement our study with quantile regression estimations.  

To test for granger causality in quantiles we will perform the following tests: 

𝐻0
△𝐼𝑃𝐼↛△𝑅𝐸: 𝐸 {1 [△ 𝑅𝐸𝑡  ≤ 𝑚 (𝐼𝑡

△𝑅𝐸 , 𝜃0(𝜏))] 𝐼𝑡
△RE, 𝐼𝑡

△𝐼𝑃𝐼} =  𝜏 , 𝑎. 𝑠. 𝑓𝑜𝑟 𝑎𝑙𝑙 𝜏 ∈ Τ (25) 

versus: 

𝐻𝐴
△𝐼𝑃𝐼↛△𝑅𝐸: 𝐸 {1 [△ 𝑅𝐸𝑡  ≤ 𝑚 (𝐼𝑡

△𝑅𝐸 , 𝜃0(𝜏))] 𝐼𝑡
△RE, 𝐼𝑡

△𝐼𝑃𝐼} ≠  𝜏 , 𝑎. 𝑠. 𝑓𝑜𝑟 some 𝜏 ∈ Τ (26) 

And: 

𝐻0
△RE↛△IPI: 𝐸 {1 [△ IPI𝑡  ≤ 𝑚 (𝐼𝑡

△IPI, 𝜃0(𝜏))] 𝐼𝑡
△RE, 𝐼𝑡

△𝐼𝑃𝐼} =  𝜏 , 𝑎. 𝑠. 𝑓𝑜𝑟 𝑎𝑙𝑙 𝜏 ∈ Τ (27) 

versus 

𝐻𝐴
△RE↛△IPI: 𝐸 {1 [△ IPI𝑡  ≤ 𝑚 (𝐼𝑡

△IPI, 𝜃0(𝜏))] 𝐼𝑡
△RE, 𝐼𝑡

△𝐼𝑃𝐼} ≠  𝜏 , 𝑎. 𝑠. 𝑓𝑜𝑟 some 𝜏 ∈ Τ (28) 

Where  𝑚 (𝐼𝑡
△IPI, 𝜃0(𝜏)) correctly specifies the true conditional 𝑄𝜏

𝑌(⋅ │𝐼𝑡
𝑌), for all 𝜏 ∈ Τ. Hence, 

the null hypothesis of linear Granger causality is tested against the alternative hypothesis of 

nonlinear Granger causality. Further, in accordance with the model specification introduced 

by Troster et al. (2018), we will apply the following test statistics, (first proposed in Troster 

2016):6 

 𝑆𝑇 ∶=  ∫𝜏∫𝑤
|𝑣𝑡(𝝎, 𝜏)|2𝑑𝐹𝜔(𝜔)𝑑𝐹𝜏(𝜏), (29) 

Where 𝐹𝜔(⋅) is the conditional distribution function of a d-variate standard normal vector, 𝐹𝜏(⋅

) follows a uniform discrete distribution over a grid of Τ in n equally spaced points, 

 Τ𝑛 =  {𝜏𝑗}
𝑗=1

𝑛
, and the vector of weights of 𝝎 ∈  ℝ𝑑 is drawn from a standard normal 

distribution. The test statistic in Equation 29 can be estimated using its sample analog. Let ψ 

be a T x n matrix with elements 𝜓𝑖,𝑗 =  Ψ𝜏𝑗(𝑌𝑖 − 𝑚 (𝐼𝑖
𝑌, 𝜃𝑇(𝜏𝑗))) and Ψ𝜏𝑗(⋅) is the function Ψ𝜏𝑗(휀)

∶=  1(휀 ≤ 0) −  𝜏𝑗. Then the following test statistic is applied: 

 
𝑆𝑇 =  

1

𝑇𝑛
∑|𝜓 ∙ 𝑗𝑾𝜓 ∙ 𝑗́ |

𝑛

𝑗=1

 (30) 

 

Where W is the T x T matrix with elements 𝒘𝑡,𝑠 = exp [−0,5(𝐼𝑡 − 𝐼𝑠)2, and 𝜓 ∙ 𝑗 denotes the j-th 

column of ψ. 

                                                        
6 See Troster et al. (2018) or Troster (2016) for an extensive derivation of the Quantile Autoregression 
model 
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4.8 Methodological limitations  

In order to answer our research questions, we will apply econometric models in reduced form 

on macroeconomic time series data. This approach has a few limitations worth mentioning. 

Firstly, like all statistical analysis, econometric models are based on calculation of probabilities 

of correlation rather than the observation of actual causality or actual mechanisms. This means 

that it is not possible to be sure about actual causality between variables and even less about 

the actual mechanisms that is responsible for the assumed causality. Instead econometric 

analysis is based on probabilities which give us indications on which actual causal relationships 

that might exist. Further, our approach involves econometric models in reduced form which 

put further limitations on the interpretation of our models. In contrast to econometric models 

in structural form, which have deep parameters that are invariant to changes in economic 

environment, reduced models do not reveal the exact relationship between the studied 

variables. Rather, reduced models are designed to give indications of whether there possibly a 

relationship at all between variables might be. Some reduced models can also reveal if the 

relationship between two variables is positive or negative, but this is not always the case. The 

benefits from applying reduced models are that the models are much more practical to use, 

and they make it easier to interpret complex macroeconomic relations. For macroeconomic 

problems, it is usually hard to include all the relevant variables and estimate the variables 

individual contribution correctly. On this basis, it may still be valuable to examine whether 

there exists a causal relationship between two variables using a reduced model.  
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5 Data and summary statistics 

In this paper we analyse the causal relationship between renewable energy production and 

economic activity in Canada and the U.S. Our time series consists of monthly data on 

renewable energy production and Industrial Production Indices (IPI).7 We believe that the IPI 

variable corresponds to, and contains, the theoretical aspects and arguments presented in our 

theoretical model. Therefore, we use the industrial production index not only as a proxy for 

GDP and economic growth but also as a variable that accounts for other aspects such as 

technologic progression and innovation in the production industry. The economic arguments 

for this are that renewable energy may be a vital component for high productivity (Rifkin, 

2015), economic growth and that renewable energy production is dependent on technologic 

advancement and innovation (Verbruggen et al. 2009; Johnstone, 2010). Hence IPI can be 

expected to be a valid measure of economic activity in the economy sectors that may be 

expected to be influenced by renewable energy. Moreover, while IPI and renewable energy 

production possibly has an endogenous relationship, our approach is robust against this 

problem since we mainly apply reduced models. We will focus on overall directionality rather 

than exact interpretation of coefficients.  

Renewable energy data for the U.S., was collected from the Energy Information Agency (EIA) 

and Canadian renewable energy data was collected from Statistics Canada.8 We removed the 

seasonal dependence from the renewable energy data with X12-ARIMA. Industrial Production 

Index data for both countries was collected from the OECD database. These series are adjusted 

with X11-ARIMA and contains no seasonal effects. Our time series consists of 596 observations 

for Canada covering the years 1966-2015 and 518 observations for the U.S. covering the period 

1973-2015. The U.S. time series data includes hydroelectric power, tidal power, wind power, 

solar power, biomass and waste power generation. The Canadian series comprises 

hydroelectric power, tidal power, wind power and solar power generation and excludes 

biomass and waste energy production because there is no way for us to distinguish renewable 

biomass and waste power generation from non-renewable energy production.  

 

 

 

                                                        
7 OECD gives the following definition of IPI: “Industrial production refers to the output of industrial 
establishments and covers sectors such as mining, manufacturing, electricity, gas and steam and air-
conditioning. This indicator is measured in an index based on a reference period that expresses change 
in the volume of production output.” 
8 The Canadian series consists of two combined series, one from 1950 up to 2007 (table 127-001), where 
the first series was terminated, and the measurement continued in another series (table 127-002). The 
difference is that prior to January 2008 hydro included wind and tidal generation, from January 2008 
and on wind and tidal generation are reported separately. Hence, we had to include them in the 
aggregated series. 
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Figure 4: Renewable energy production and Industrial Production Index in level and in first difference 
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Note: Graphs of renewable series and Industrial Production Index in level and in first difference indicates that 

our series is non-stationary in level and stationary in first difference. Renewable energy is in MWh and all series 

is taken in natural logarithm. DLog = ln(Pt ) - ln(Pt-1). 
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For our analysis, this will be a limited problem because the total share of the biomass and waste 

electricity production in Canada is small, unlike the in U.S., where geothermal, biomass and 

waste make out a larger share of total renewable energy (EIA, 2018). As is shown in Figure 1 

and Figure 2 in Section 1, biomass and geothermal constitute 51.4 percent of total renewable 

energy production in the U.S. but only 3 percent in the Canadian series. 

Figure 4 illustrates graphs of industrial production index and renewable energy production in 

Canada (1966 onwards) and the U.S. (1973 onwards). The series on renewable energy 

production are characterised by larger variance. A break with increased variance for the 

renewable energy series in Canada is notable around 2010 which can be seen from observing 

both the series in level and in first difference. This may possibly also be associated with a 

structural break in the dependence between our variables and is thus an argument for our 

nonlinear approach. When conducting quantile analysis, the large post-2010 deviations, for 

the series in first difference, will be included in the largest and the highest quantiles and 

therefore be separated from the effect of the other observations.  

Moreover, several large downfalls can be seen for the indices on Industrial Production. Three 

of the shifts in the series can be identified as a result of the early 1980s recession, the dot-com 

bubble from the early 2000s and the Great Recession of 2008. This makes sense since indices 

on industrial production is closely related to GDP. The renewable energy series for Canada is 

characterized by few shifts. Although, the variance of the series is increasing after 2010. The 

renewable energy series for U.S. has two shifts in 1977 and 2001. In addition, the series in level 

appears to be non-stationary while the series in first difference seems to be stationary around 

a stable mean. We can therefore suspect that the series are integrated of the first order.  

Descriptive statistics in Table 3 are in natural logarithm. Our time series are not normally 

distributed, as indicated by the Jarque-Bera test, and this gives us reason to suspect asymmetry 

and non-normality in our data which could result in less efficient estimates. Due to this 

suspicion, we also conducted a BDS-tests which is presented in Table 4. With this post-

estimation test, we investigate if there is evidence of nonlinear aspects in our model. The 

results clearly suggest that our data is nonlinear and substantiate the use of nonlinear methods 

in our analysis. Nonlinear models like quantile autoregressive models is therefore be a 

preferable analytical approach compared to ordinary linear models.  
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Table 3: Descriptive statistics for renewable energy series and industrial production indices in natural logarithm. 

  RECan IPICan REU.S. IPIU.S. 

 Mean 10.04 4.34 11.93 4.33 

 Median 10.15 4.37 11.92 4.32 

 Maximum 10.51 4.74 12.41 4.73 

 Minimum 9.25 3.63 11.43 3.78 

 Std. Dev. 0.30 0.31 0.20 0.29 

 Skewness -1.07 -0.43 0.41 -0.17 

 Kurtosis 3.11 2.07 3.03 1.54 

 Jarque-Bera    114.48***    40.04***       14.20***     48.27*** 

 Observations 596 518 

Note: Table over descriptive statistics indicates asymmetry and non-normality in the data. Industrial 
production index source: OECD database. Renewable energy consumption in Canada source: Statistics Canada 
and authors calculations. Renewable energy consumption in U.S. source: U.S. Energy Information 
Administration and authors calculations. The notation *, ** and *** indicates rejection of the null hypothesis at 
the 10%, 5% and 1% significance level. The period covered is 1966.05 - 2015.12 for the Canadian series and 
1973.01 - 2017.10 for the U.S. series.  

Table 4: BDS independence test 

                                CAN                            U.S. 

   Resid 1 Resid 2 Resid 1 Resid 2 

  Dim BDS Statistic BDS Statistic BDS Statistic BDS Statistic 

Log 

2 0.0063** 0.0228*** 0.0270*** 0.0157*** 

3 0.0124*** 0.0360*** 0.0459*** 0.0218*** 

4 0.0171*** 0.0415*** 0.0535*** 0.0260*** 

5 0.0163*** 0.0437*** 0.0537*** 0.0241*** 

6 0.0166*** 0.0420*** 0.0498*** 0.0207*** 

Log & 1st Diff 

2 0.0071** 0.0244*** 0.0266*** 0.0163*** 

3 0.0128*** 0.0387*** 0.0435*** 0.0235*** 

4 0.0168*** 0.0440*** 0.0503*** 0.0282*** 

5 0.0156*** 0.0463*** 0.0498*** 0.0263*** 

6 0.0159*** 0.0441*** 0.0456*** 0.0229*** 

Note: BDS-test on residual series from VAR-models in log and log and 1st Diff. Test method used: fraction of 
pairs, value 0.7 and dimensions 6. The notations *, ** and *** indicate rejections of the null-hypothesis at 10%, 
5% and 1% significance level. The null-hypothesis: residuals are iid and test indicate that the null can be rejected 
at the 1% significance level (exception, residual 1, dim 2 for Canadian series: rejection at 5% significance level). 

It is also important to verify the integration order of our series. Results from three different 

unit root tests are presented in Table 5. As we could suspect from examined the graphs in 

Figure 4, these tests reveal all series to be stationary in first difference and integrated of order 

one. Consequently, we can proceed to examine the series for cointegration. Moreover, 

differentiation of the series is required in order for ordinary Granger causality and quantile 

autoregression tests to be valid. 
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Table 5: Stationarity 

    
Augmented Dickey-Fuller test Philips-Perron test 

Kwiatkowski–Phillips– 
Schmidt–Shin test 

        ADF(δ)       ADF(φ)     PP(δ)     PP(φ)   KPSS(δ)    KPSS(φ) 

I(0) 

REcan -3.101(12) -2.138(12) -2.627(20) -2.516(14) 2.753(18)*** 0.692(18)*** 

REU.S. -0.073(13) -2.236(2) -1.037(5) -2.753(8) 2.025(17)*** 0.257(17)*** 

IPIcan -0.908(12) -2.038(15) -1.256(13) -1.946(13) 2.773(17)*** 0.345(17)*** 

IPIU.S. -0.973(5) -2.036(5) -0.964(13) -1.785(13) 2.883(17)*** 0.323(17)*** 

 

 

      

I(1) 

REcan -10.011(11)*** -10.339(11)*** -31.080(20)*** -32.549(21)*** 0.399(20)* 0.041(22) 

REU.S. -8.487(12)*** -8.513(12)*** -27.499(3)*** -27.478(3)*** 0.055(2) 0.040(2) 

IPIcan -5.467(14)*** -6.882(11)*** -24.731(13)*** -24.722(13)*** 0.096(13) 0.048(13) 

IPIU.S. -7.294(4)*** -7.305(4)*** -17.495(11)*** -17.495(11)*** 0.103(13) 0.070(13) 

Note: All series are stationary in first difference. ADF(δ). PP(δ) and KPSS(δ) represent test model with intercept. 
ADF(φ). PP(φ) and KPSS(φ) represent test model with intercept and trend. The notations *. ** and *** indicate 
the rejection of the null-hypothesis at 10%. 5% and 1% significance level. For ADF and PP the null-hypothesis is 
no unit root process. while the null-hypothesis in the KPSS is unit root process. Numeric values in parenthesis 
indicate selected lag length in ADF and bandwidth in PP and KPSS tests. The tests have been performed with 
automatic lag selection. with a maximum lag of 14 and AIC as information criterion. All tests indicate stationary 
series in first difference. 

However, the results from ADF, PP and KPSS could be biased in presence of structural breaks. 

Consequently, we cross-checked our results with Zivot-Andrews unit root tests which accounts 

for one structural breaks in intercept and trend. The results from the Zivot-Andrews test, 

presented in Table 6, confirms that all series is stationary in first difference and integrated of 

the first order. 

Table 6: Zivot-Andrews structural break test 

    ZA(δ) Time break ZA(φ) Time break 

I(0) 

REcan 2.99(12) 1977M03 -3.98 (12) 1983M12 

REU.S. -3.41(2) 2004M05 4.80(2) 1974M11 

IPIcan -4.63(15) 2009M03 4.59(15) 2000M05 

IPIU.S. -4.32(3) 2001M08 -4.54(3) 1984M01 

I(1) 
 

REcan 10.5(11)*** 2008M08 10.58(11)*** 1998M08 

REU.S. -8.96(12)*** 1982M11 8.99(12)*** 1982M11 

IPIcan -6.00(14)*** 2008M01 -6.23(14)*** 1996M02 

IPIU.S. -7.62(4)*** 1983M01 -7.63(4)*** 1983M01 
Note: Zivot-Andrews Structural Break test indicates that all series is I(1). ZA(δ) indicate model with intercept 
and ZA(φ) indicate model with intercept and trend. The null-hypothesis is no unit root process. The test is 
performed with a maximum number of lags of 20. The notation *, ** and *** indicates rejection of the null 
hypothesis at the 10%, 5% and 1% significance level. Figures in parenthesis indicate the selected lag length. 

Finally, Bai-Perron tests were conducted to look for structural breaks in our data presented in 

Table 7. Three or four statistically significant break points were found for each time series and 

the series have several breaks in common. The most recent breaks can be identified as the Great 

Recession (for the breaks 2008-2009) and the dot-com bubble (for the breaks 2000-2001). 
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These breaks further motivate our nonlinear approach since they may have resulted in 

structural shifts which would make linear models less reliable. 

Table 7: Structural breaks. 

RECan IPICan  RENU.S. IPIU.S. 
Sequential Repartition Sequential Repartition Sequential Repartition Sequential Repartition 

1977M10 1972M10 1984M05 1971M08 2008M03 1980M01 1994M08 1984M03 

1992M10 1985M10 1997M01 1984M05 1980M01 1995M03 1984M03 1994M08 

2004M11 2004M11 1971M08 1997M05 1995M03 2001M09 2001M01 2001M01 

  2008M01 2008M01 2001M08 2009M03 2008M10 2008M10 

Note: Structural breaks identified by Bai-Perron test.  
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6 Results 

In this section we first present our linear estimations as a benchmark for our nonlinear models, 

where the results are presented in a methodological order. In the following nonlinear analysis, 

we present the results by country. 

6.1 Cointegration and symmetrical causality  

We started our investigation by examining the possibility of long-run and short-run causality 

in mean between renewable energy production and economic activity in Canada and the U.S. 

This was tested in a traditional VAR-framework under the assumption of linearity. As already 

discussed, such assumptions are not necessarily realistic. The linear approach relates this 

paper to previous studies on energy and growth in Canada and the U.S. In addition, it will serve 

as a complement to the nonlinear approaches that are the main focus of this study. 

In Section 5 we concluded that both renewable energy production and Industrial Production 

Index time series for both countries are integrated of order one and this implies the possibility 

of cointegration. To investigate whether there is a long run cointegrating relationship between 

renewable energy production and Industrial Production Index in the respective countries, we 

applied Johansen’s test for cointegration to see whether there exist linear combinations of the 

series that are stationary in level. Descriptive statistics for our optimized VAR-models in level 

is presented Table 8. The presence of autocorrelation was stronger in the Canadian VAR-model 

and this resulted in 13 lags in comparison with 4 lags in the U.S.-model. Moreover, from the 

Jarque-Bera values we can conclude that the VAR-residuals not are normally distributed. This 

motivates our nonlinear approach since the presence of non-normality could otherwise result 

in non-efficient estimations. 

Table 8: Descriptive statistics of VAR models with series in level. 

Variable in VAR Optimal lag order LM test value Jarque-Bera test value 

IPICAN and RECAN 13 8.492* 178.385*** 

IPIU.S. and REU.S. 4 3.314 608.297*** 
Note: The residuals are normality distributed according to the null hypothesis of the Jarque-Bera test. LM test 
for serial correlation is based on a χ2- distribution with the null-hypothesis: No serial correlation. All series is 
taken in natural logarithm and first difference. We based our choice of lag length on AIC and by observing LM 
Autocorrelation, allowing for a maximum lag length of 20 months. The notation *. ** and *** indicates rejection 
of the null hypothesis at the 10%. 5% and 1% significance level. 

Our results from Johansen’s test of cointegration are presented in Table 9. One cointegration 

vector was identified in the Canadian model, thus indicating the presence of a long run steady 

state between the variables. However, we should be careful when drawing conclusions from 

these results due to non-normality and weak serial correlation. For our U.S model no 

cointegrating vector was found. A possible explanation for these results is that Canadas share 

of renewable energy in its energy mix is higher, which is evident from Figure 2 in the 

introduction section. This can be interpreted as dependence on renewables as a source of 
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energy for the economy. This explanation is supported by the facts that Canada has relied on 

hydroelectric power for over a century and that it accounts for around 60 percent of the 

electricity produced in Canada (Canadian Hydropower Association 2018).  

Table 9: Cointegration test 

 Trace statistics Max. eigenvalue statistic 

 
H0: rank=0 (20.262) H0: rank=0 (15.89210) 

IPICAN vs RECAN 26.028 (13)** 21.849(13)** 

IPIU.S. vs REU.S. 11.178(4) 7.659(4) 

Note: This table reports cointegration test with intercept in the cointegration of Johansen (1991. 1995). One 
cointegrating vector was found between industrial production index and renewable energy consumption in 
Canada. All series is taken in natural logarithm. The reported model contains intercept in cointegration 
equation and no intercept in VAR. We based our choice of lag length on AIC and by observing LM 
Autocorrelation. allowing for a maximum lag length of 20 months. LM test for serial correlation is based on a 
χ2- distribution with the null-hypothesis: No serial correlation. Numbers in parentheses next to rank=0 
represent the 5 % (**) critical values and numbers in parentheses next to trace statistics represents the chosen 
lag length. 

To test for short run causality in mean we also created VAR models for the series in first 

difference. Descriptive statistics for these VAR-models is shown in Table 10. Similarly, to the 

models in level, more lags was required for the model containing the Canadian series. It is 

worth noting that the Jarque-Bera null hypothesis of white noise was strongly rejected for both 

models. This could indicate asymmetry in the data and might possibly violate assumptions of 

linearity. 

Table 10: VAR models with differentiated variables for Granger (non) causality test. 

Variable in VAR Optimal lag order LM test value Jarque-Bera test value 

∆ IPICAN and ∆ RECAN 12 12.215** 165.493*** 

∆ IPIU.S. and ∆ REU.S. 3 1.650 659.255*** 

Note: The residuals are normality distributed according to the null hypothesis of the Jarque-Bera test. LM test 
for serial correlation is based on a χ2- distribution with the null-hypothesis: No serial correlation. All series is 
taken in natural logarithm and first difference. We based our choice of lag length on AIC and by observing LM 
Autocorrelation, allowing for a maximum lag length of 20 months. The notation *. ** and *** indicates rejection 
of the null hypothesis at the 10%. 5% and 1% significance level. 
 

Based on the VAR models presented in Table 10 we thereafter tested for short run causality in 

mean. The results from the Wald-test, presented in Table 11, shows no indication of short run 

causality between renewable energy production or Industrial Production Index, neither in 

Canada or the U.S. Hence these tests indicate no causal relationship between the mean of these 

variables. Still, the results should be interpreted with caution due to nonlinearity of the data.  
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Table 11: Short term Granger (non) causality test in mean 

  Canada U.S. 

Null hypothesis Chi-sq Lags Chi-sq Lags 

RE ⇏ IPI 5.149 12 1.390 3 

IPI ⇏ RE 8.946 12 1.429 3 

Null-hypothesis: No Granger causality. We based our choice of lag length on AIC and by observing LM 
Autocorrelation. allowing for a maximum lag length of 20 months. The notation *. ** and *** indicates rejection 
of the null hypothesis at the 10%, 5% and 1% significance level. 

6.2 Asymmetric causality  

We also conducted asymmetric granger causality tests first presented by Hatemi-J (2012). The 

purpose was to test for asymmetric causality between renewable energy consumption and IPI 

in Canada and the U.S. More specifically, this method analyses the impact of positive and 

negative shocks separately. It opens for the possibility that one type of energy shocks influences 

the economy while the economy is unaffected to the other type of shock.  

Unit root tests on the cumulative sums of the positive and negative shocks revealed that all 

series were integrated I(1). It is therefore important to include an extra lag as an external 

variable in the VAR model. This ensures that the Wald test statistics will be asymptotically chi-

square distributed. In addition, due to strong seasonal variation in the renewable series, 

seasonal dummies were included as external variables in the VAR model. Lag order was 

selected with guidance from AIC-values. Apart from this, we also ensured that the presence of 

autocorrelation in the model was limited. 

Table 12 shows the results from asymmetric Granger causality tests for both Canada and the 

U.S. The null hypothesis of no Granger causality could not be rejected for any combination of 

shocks or any of the countries. The U.S. results seemingly contradicts the findings of Hatemi-

J and Uddin (2012) which found Granger causality between negative shocks, as well as from 

between negative and positive shocks. Their study included data for the period 1960-2007 

which to a large extent overlaps the time period studied here. However, one major difference 

is that they used annual data which capture potential dependence in the immediate term while 

we are concerned with short term dependence by the use of monthly data. 
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Table 12: Asymmetric (non) causality tests in Canada and the U.S 

  Canada U.S. 

  Chi-sq Lags Chi-sq Lags 

RE+ ⇒ IPI+ 5.780 13 7.508 7 

IPI+⇒ RE+ 12.200 13 3.782 7 

RE+⇒ IPI- 6.684 5 3.529 6 

IPI- ⇒ RE+ 1.675 5 2.659 6 

IPI+⇒ RE- 7.536 13 2.073 4 

RE- ⇒ IPI+ 2.174 13 7.389 4 

RE- ⇒ IPI- 2.215 5 3.024 6 

IPI- ⇒ RE- 2.753 5 5.023 6 

Note: Table 12 shows results from asymmetric granger causality tests. Null-hypothesis: No Granger causality 
in. No asymmetric causality was supported by these tests. We based our choice of lag length on AIC and by 
observing LM Autocorrelation. allowing for a maximum lag length of 20 months. The notation *. ** and *** 
indicates rejection of the null hypothesis at the 10%. 5% and 1% significance level. 
 
 
 

6.3 Quantile analysis Canada 

In Table 13 we present the results from the quantile regression for Canada. The effects running 

from economic activity (IPI) to renewables (RE) is strong β = {0.386 in τ = 0.85 to 0.786 in τ 

= 0.1} and significant over most quantiles τ = {0.1 – 0.9} at the 1% significance level. Effects 

running from RE to IPI is also significant, at the 1% and at the 5% significance level, in the 

same quantiles τ = {0.1 – 0.9}. But the effects are much weaker than the effects running from 

IPI to renewables. Our interpretation of this is that economic activity has a larger impact on 

renewable energy production than the other way around. Based on the quantile regression 

alone and despite the small effects, these results support the Feedback hypothesis since energy 

production is a consequence of economic activity and the other way around. Interestingly, this 

results for renewable energy resembles the results for overall energy consumption previously 

estimated by Katırcıoğlu et al. (2016) and Shahbaz et al. (2018b). Hence there is weak support 

for a symbiotic relationship between energy production and economic activity in the short run 

in Canada, irrespective of energy source. However, caution should be taken in these 

interpretations, since quantile regression shows correlation rather true causality. 
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Table 13: Quantile regression of Industrial production index and renewable energy production in Canada 

 ∆ IPICAN  to ∆ RECAN ∆ RECAN to ∆ IPICAN  

Τ 𝐼∆𝑅𝐸𝑡 = 1 𝐼∆𝑅𝐸𝑡 = 2 𝐼∆𝑅𝐸𝑡 = 3 𝐼∆𝐼𝑃𝐼𝑡 = 1 𝐼∆𝐼𝑃𝐼𝑡 = 2 𝐼∆𝐼𝑃𝐼𝑡 = 3 

0.05 0.411 0.464* 0.430 0.036 0.053 0.066*** 

0.10 0.786*** 0.859*** 0.749*** 0.068*** 0.069*** 0.0746*** 

0.15 0.679*** 0.668*** 0.690*** 0.069*** 0.060*** 0.0564*** 

0.20 0.653*** 0.628*** 0.661*** 0.040** 0.049*** 0.049*** 

0.25 0.524*** 0.541*** 0.496*** 0.047** 0.036** 0.057*** 

0.30 0.491*** 0.496*** 0.461*** 0.047** 0.045** 0.052*** 

0.35 0.454*** 0.511*** 0.518*** 0.052** 0.042** 0.067*** 

0.40 0.508*** 0.512*** 0.520*** 0.050** 0.061*** 0.060*** 

0.45 0.517*** 0.496*** 0.514*** 0.060*** 0.068*** 0.063*** 

0.50 0.497*** 0.492*** 0.511*** 0.060*** 0.060*** 0.066*** 

0.55 0.462*** 0.474*** 0.456*** 0.054*** 0.052*** 0.061*** 

0.60 0.435*** 0.417*** 0.420*** 0.056*** 0.052*** 0.047*** 

0.65 0.448*** 0.493*** 0.485*** 0.054*** 0.058*** 0.040*** 

0.70 0.455*** 0.435*** 0.443*** 0.060*** 0.055** 0.051*** 

0.75 0.501*** 0.439*** 0.453*** 0.057** 0.058** 0.047** 

0.80 0.397*** 0.453*** 0.454*** 0.056** 0.057** 0.048* 

0.85 0.386** 0.469*** 0.463*** 0.053** 0.056** 0.039* 

0.90 0.179 0.274 0.252 0.051** 0.050** 0.054** 

0.95 0.268 0.144 0.182 0.083*** 0.087*** 0.082*** 

Note: Table 13 shows quantile regression for Canada according to equation (19-24). For Canada there are 

strong and significant effects running from IPI to RE and significant but weaker effects running from RE to 

IPI over almost all quantiles. The table shows correlation between Canadian renewable energy production and 

Industrial Production Index over almost all quantiles. All series are taken in natural logarithm and then in first 

difference and so the coefficient should be interpreted as elasticities. Intercepts was included in the regressions. 

The Huber Sandwich method are used as estimation method when computing covariances. Bandwidth method: 

Hall-Sheather. The notations *. ** and *** indicates rejection of the null hypothesis at the 10%. 5% and 1% 

significance level. 

Table 14 reports the p-values of the Granger-causality in quantiles test. Considering all the 

quantiles there is Granger-causality ranging from IPI to RE at the 1% significance level in all 

models. If we only consider the middle quantiles in the test τ = {0.45 – 0.55}, it shows no causal 

relationship running from IPI to RE. However, we find evidence of Granger-causality at the 

upper and lower tails of the distribution τ = {0.15 – 0.35 and 0.65 – 0.95} at 1% significance 

level. These results are also robust for model specification 1-3 of the auto-regressive model. 

This indicates that large positive or negative changes in economic activity lead large or extreme 

changes in renewable energy production. 

When analysing the causality running from RE to IPI In Canada and considering all quantiles 

there is Granger-causality in model 1 at 5% significance level. But there are variations of 

causality in the distribution. There are a few significant quantiles in the lower tail of the 

distribution τ = {0.15 – 0.2} at 1% significance level, and one to a few in the upper tail τ = {0.9} 

depending on model specification, but only at 5% or 10% significance level. These results 

suggest that mainly some of the lowest negative values of renewable energy production 
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Granger cause negative variations in economic activity. The results are also robust for model 

specification 1-3 of the auto-regressive model. 

Table 14: Quantile Granger (non) Causality test Canada 

  ∆IPICAN to ∆RECAN ∆RECAN to ∆IPICAN  

Τ 𝐼∆𝑅𝐸𝑡 = 1 𝐼∆𝑅𝐸𝑡 = 2 𝐼∆𝑅𝐸𝑡 = 3 𝐼∆𝐼𝑃𝐼𝑡 = 1 𝐼∆𝐼𝑃𝐼𝑡 = 2 𝐼∆𝐼𝑃𝐼𝑡 = 3 

0.05 0.240 0.679 0.704 0.019** 0.136 0.296 

0.10 0.443 0.413 0.428 0.366 0.413 1.000 

0.15 0.002*** 0.002*** 0.002*** 0.004*** 0.036** 0.387 

0.20 0.002*** 0.002*** 0.002*** 0.002*** 0.055* 0.002*** 

0.25 0.002*** 0.002*** 0.002*** 0.017** 0.058* 0.021** 

0.30 0.002*** 0.002*** 0.002*** 0.094* 0.472 0.638 

0.35 0.002*** 0.002*** 0.002*** 0.162 0.236 0.604 

0.40 0.058* 0.002*** 0.002*** 0.302 0.317 1.000 

0.45 0.181 0.109 0.028** 0.719 0.379 0.862 

0.50 0.511 0.353 0.325 0.958 0.949 0.583 

0.55 0.555 0.808 0.647 0.723 0.881 0.706 

0.60 0.072* 0.025** 0.036** 0.666 0.623 0.606 

0.65 0.009*** 0.006*** 0.004*** 0.491 0.270 0.240 

0.70 0.002*** 0.006*** 0.004*** 0.543 0.792 0.051* 

0.75 0.002*** 0.002*** 0.002*** 0.534 0.821 0.815 

0.80 0.002*** 0.002*** 0.002*** 0.704 0.615 0.791 

0.85 0.002*** 0.002*** 0.002*** 0.330 0.072* 0.242 

0.90 0.002*** 0.002*** 0.002*** 0.030** 0.025** 0.421 

0.95 0.002*** 0.002*** 0.002*** 0.191 0.360 1.000 

[0.05-0.95] 0.002*** 0.002*** 0.002*** 0.038** 0.325 0.377 

Note: This table presents quantile causality for Canada with the subsampling p-values of the ST - test in Eq (30). 
The results clearly indicate that industrial production leads renewable energy production during times of 
economic shocks in Canada. In addition, there is weak indications of a feedback effect in a few of the low 
quantiles. ∆IPI is the log-difference of industrial production index. ∆RE is the log-difference of renewable energy 
production. 𝐼∆𝑅𝐸𝑡  𝑎𝑛𝑑 𝐼∆𝐼𝑃𝐼𝑡  are the number of lags of the dependant variable (RE and IPI) under the null-
hypothesis: No Granger causality in Eq (25) and Eq (27). The subsample size is b=64 for our sample of T=592 
observations. The notations *, ** and *** indicate rejections of the null-hypothesis at 10%, 5% and 1% 
significance level.  

Our main assessment of the quantile analysis for Canada is that there exists a unidirectional 

relationship running from previous changes in IPI to current changes in RE for the lower and 

the higher quantiles. This contradict the findings by Chang et al (2015) which supports the 

Neutrality hypothesis. One possible explanation for our results is that Canada historically have 

been dependent on hydropower, which just happens to be a flexible and renewable energy 

source. According to our theoretical framework, electricity is a more efficient energy form than 

other energy sources. Moreover, hydropower generates electricity energy sources directly, and 

by relying on hydropower Canada have a substitute to non-renewable energy sources and can 

effectively adjust its energy output to compensate adverse market conditions and changes in 

energy demand. In contrast, the quantile regression indicates a feedback relationship. Both 

tests combined indicate a weak feedback relationship in the lower quantiles, where the quantile 

regression exhibits modest effects running from RE to IPI and causality is supported only in 
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one of the lower quantiles. Potentially this indicates that renewable energy in Canada leads 

changes in economic activity during bad, although not extreme, market conditions.  

6.4 Quantile analysis U.S. 

The U.S. results from quantile regression are presented in Table 15 and are not as homogenous 

and the interpretation is not as straightforward as the Canadian results. Analysing the effect 

running from IPI to RE reveal a negative and significant relation for the lower and middle 

quantiles τ = {0.05 – 0.25 and 0.4 – 0.55} where only the most extreme lower tail quantile is 

significant at 1% significance level. The magnitude of the significant coefficients in the 

distribution, is ranging from -0.816 to -0.343. The U.S. results are in general sensitive to 

different model specification and varies with lag length. With these results we need to be 

careful when drawing conclusions. Nonetheless this may indicate that renewable energy 

production is substituted by other energy sources during times of economic downturns. 

When analysing the quantile regression effects in the U.S., running from RE to IPI there are 

significant and negative coefficients in the middle and the upper tails of the distribution τ = 

{0.5 – 0.85 and 0.95}. The quantiles τ = {0.75 – 0.85} are significant at the 1% significance 

level while the other quantiles vary between 5% and 10% significance level. However, the 

significance is weak for most quantiles and the magnitude of these coefficients are negligible 

at best, and ranges from -0.017 to -0.028. Hence, the evidence for directionality from 

renewable energy production to industrial production is weak in practice.  

In addition, in the U.S there is no significant relation running from IPI to RE from the middle 

to the higher quantiles, but there is significance in the lower to the middle part of the 

distribution. When we compare this result to the effect running from RE to IPI it is the exact 

opposite, i.e. that there is no significance for the lower to the middle quantiles while there are 

negative and significant relations from the middle to the higher quantiles of the distribution. 

In Table 16 we present the results for quantile causality tests for the U.S. It shows no causal 

relationship running from economic activity to renewable energy in the middle quantiles. This 

is similar to the results for Canada, although the span of no significant quantiles in the middle 

of the distribution is wider. This indicates a causal relationship running from economic activity 

to renewable production in the higher and lower quantiles, representing good market 

conditions and bad market conditions. There is also Granger-causality running from 

renewables to economic activity the lower quantiles of the distribution τ = {0.1-0.3} at the one 

percent significance level. There is also weaker Granger causality at τ = {0.05 and 0.3} at ten 

percent significance level. For the higher quantiles τ = {0.7 and 0.9} there is Granger-causality 

at the one percent significance level. Beside these results are robust to different specifications 

of the Quantile autoregressive model. 
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Table 15: Quantile regression of Industrial production index and renewable energy production in the U.S. 

 ∆ IPIU.S.  to ∆ REU.S. ∆ REU.S. to ∆ IPIU.S.  

τ 𝐼∆𝑅𝐸𝑡 = 1 𝐼∆𝑅𝐸𝑡 = 2 𝐼∆𝑅𝐸𝑡 = 3 𝐼∆𝐼𝑃𝐼𝑡 = 1 𝐼∆𝐼𝑃𝐼𝑡 = 2 𝐼∆𝐼𝑃𝐼𝑡 = 3 

0.05 -0.817*** -0.771*** -0.763*** -0.026 -0.022 0.001 

0.10 -0.650*** -0.532*** -0.516*** 0.013 0.001 -0.004 

0.15 -0.459** -0.270 -0.292 0.003 0.001 -0.000 

0.20 -0.379* -0.171 -0.204 -0.006 -0.016 -0.009 

0.25 -0.229 -0.251 -0.254 0.000 -0.012 -0.011 

0.30 -0.154 -0.125 -0.149 -0.006 -0.015 -0.012 

0.35 -0.223 -0.323 -0.242 -0.015* -0.014 -0.020** 

0.40 -0.301 -0.304 -0.243 -0.013 -0.019** -0.016 

0.45 -0.448 -0.528* -0.536** -0.014 -0.020** -0.014 

0.50 -0.524** -0.528** -0.621** -0.015 -0.018* -0.0161 

0.55 -0.579** -0.608*** -0.586** -0.025** -0.013 -0.019** 

0.60 -0.487** -0.536** -0.518** -0.031*** -0.018** -0.019** 

0.65 -0.359 -0.418* -0.433* -0.026** -0.017* -0.022** 

0.70 -0.246 -0.231 -0.239 -0.022** -0.015 -0.023** 

0.75 -0.196 -0.051 -0.083 -0.026** -0.018* -0.025** 

0.80 -0.141 -0.143 -0.110 -0.030*** -0.024** -0.021* 

0.85 0.057 -0.097 -0.052 -0.025*** -0.023** -0.025** 

0.90 0.347 0.062 -0.019 -0.025** -0.028*** -0.024*** 

0.95 0.419 0.048 -0.098 -0.024** -0.015 -0.015 

Note: Table 14 shows results from quantile regression for the US according to Equation (19-24). The results 

support a negative relationship between Industrial Production Index and renewable energy production for 

several quantiles in the U.S. This relationship is especially strong from Industrial Production Index to 

renewable energy production during periods of severe economic downturn. Weak significance is also fond 

found in both directions for normal market conditions and from renewable energy to industrial production 

during good market conditions. All series are taken in natural logarithm and then in first difference. Intercepts 

was included in the regressions. The notations *. ** and *** indicates rejection of the null hypothesis at the 10%. 
5% and 1% significance level. 

The quantile causality for the U.S. indicates that large negative or positive variations in 

renewable energy production lead extreme changes in economic activity. Although not 

identical, our results from quantile causality for the U.S. is to a certain extent consistent with 

the findings by Troster et al. (2018). In line with our results they found the Feedback 

hypothesis to be valid for the lowest tail of the distribution. This supports that big positive 

shocks in renewable energy production influence economic activity. However, our study also 

gives weak support for the Feedback hypothesis for some quantiles at the highest tail of the 

distribution. These results are also to a large extent consistent with the findings by Shahbaz et 

al. (2016) which support the Feedback hypothesis for several market conditions. Taken 

together this group of nonlinear studies puts doubt on the reliability of previous studies which 

have found support for the Neutrality hypothesis based on linear assumptions (e.g. Payne 

2009, Chang et al. 2015). 
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 Table 16: Quantile Granger (Non) Causality test for U.S. 

  ∆IPIU.S. to ∆REU.S. ∆REU.S. to ∆IPIU.S.  

Τ I∆REt = 1 I∆REt = 2 I∆REt = 3 I∆IPIt = 1 I∆IPIt = 2 I∆IPIt = 3 

0.05 0.632 0.643 0.601 0.064* 0.031** 0.013** 

0.10 0.315 0.035** 0.018** 0.002*** 0.002*** 0.002*** 

0.15 0.002*** 0.004*** 0.002*** 0.002*** 0.002*** 0.002*** 

0.20 0.002*** 0.002*** 0.002*** 0.002*** 0.002*** 0.002*** 

0.25 0.002*** 0.121 0.097* 0.002*** 0.073* 0.002*** 

0.30 0.002*** 0.026** 0.075* 0.053* 0.055* 0.104 

0.35 0.015** 0.020** 0.062* 0.185 0.115 0.130 

0.40 0.178 0.026** 0.172 0.132 0.271 0.200 

0.45 0.097* 0.330 0.348 0.315 0.205 0.079* 

0.50 0.782 0.498 0.676 0.101 0.260 0.434 

0.55 1.000 1.000 0.736 0.969 0.579 0.337 

0.60 0.198 0.742 0.826 0.628 0.297 0.097* 

0.65 0.154 0.432 0.687 0.048** 0.033** 0.002*** 

0.70 0.086* 0.121 0.037** 0.002*** 0.002*** 0.002*** 

0.75 0.002*** 0.004*** 0.066* 0.002*** 0.002*** 0.002*** 

0.80 0.020** 0.002*** 0.007*** 0.002*** 0.002*** 0.002*** 

0.85 0.015** 0.002*** 0.002*** 0.002*** 0.002*** 0.002*** 

0.90 0.117 0.002*** 0.002*** 0.004*** 0.002*** 0.002*** 

0.95 0.610 0.742 0.643 0.209 0.002*** 0.090* 

[0.05-0.95] 0.002*** 0.002*** 0.002*** 0.002*** 0.002*** 0.002*** 

Note: Table 16 presents quantile causality tests for the U.S. with the subsampling p-values of the ST – test in Eq 
(30). The Feedback hypothesis is supported for several quantiles in the upper part and the lower part of the 
distribution. ∆IPI is the log-difference of industrial production index. ∆RE is the log-difference of renewable 
energy production. I∆REt  and I∆IPIt are the number of lags of the dependant variable (RE and IPI) under the null-
hypothesis: No Granger causality in Eq (25) and EQ (27). The subsample size is b=61 for our sample of T=513 
observations. The notations *, ** and *** indicate rejections of the null-hypothesis at 10%, 5% and 1% 
significance level. 

Nevertheless, our result stands out as unique when we make joint analysis of quantile 

regression and quantile causality. Our quantile regression indicates that the feedback 

tendencies between economic activity and renewable energy consumption in the U.S. are 

negative. To our knowledge, this is the first study which identifies a negative impact of 

renewable energy production in the U.S. These differences may possibly be explained by the 

fact that our quantile regression measures the relation between renewable energy production 

and industrial production within the same months. In contrast, Troster et al. (2018) included 

lags of the independent variable in their quantile regression model which possibly capture a 

different mechanism compared to our model. In this study we wished to examine the 

possibility of more immediate effects. However, we believe that both approaches have upsides 

and downsides. We therefore suggest that future research further investigate whether the 

relationship between renewable energy and industrial production is nonlinear over time. 
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6.5 Result analysis 

Comparing the results, illustrated in Table 17, clearly reveal major differences between Canada 

and the U.S. First of all, whereas Canada is a net exporter of energy and United states are a net 

importer of energy. Moreover, Canada has twice as large share of renewable energy production 

compared to the U.S. The cointegration between RE and IPI may indicate a long-run steady 

state between economic activity and renewable energy production in Canada.  

From our overview we can also see that the linear models miss important aspects of the 

relationship between renewable energy production and industrial production. The results from 

our asymmetrical tests, based on cumulative sums of positive and negative changes, indicate 

no causality between RE and IPI. Apart from the cointegration between RE and IPI in Canada, 

the other linear models indicate no relationship between RE and IPI in either country. 

The results from the nonlinear tests endorse the results from our linear models, in the way that 

there exist no, or weak, causality in the middle quantiles. Nonetheless, causality was found in 

the upper and the lower tails of the distribution in both Canada and the U.S. The distinctive 

features from the quantile regression in Canada indicates a feedback relationship between RE 

and IPI with stronger effect from IPI to RE. The distinctive features from the quantile 

regression in the U.S., indicates a weakly negative and asymmetric relationship between RE 

and IPI. The quantile causality tests alone support the Conservation hypothesis for Canada in 

the upper and lower quantiles, while the tests for the U.S. support the Feedback hypothesis, 

also in the upper and lower quantiles.  

One theoretical explanation for the cointegrating relationship in Canada is that hydropower is 

a well-established and stands for a relatively large share of the energy mix (policy, 

environmental and technological aspects). It also has a competitive price relative other non-

renewable energy sources (cost to price relation). So, therefore we consider hydropower to 

have surpassed some of the potential barriers related to renewable energy and to be an 

integrated long-term part of the Canadian energy mix. 

While indicating causality, the Granger test do not give any indications of how the variables 

affect each other, i.e. positively or negatively. The causality tests are therefore more 

comprehensible when analysed in combination with the quantile regressions. From the 

summary overview, we can see that Canadian economic activity seems to increase renewable 

energy production in the upper and the lower tails. While the effects running from Canadian 

renewable production to economic activity is weaker, it seems to have a positive effect on 

economic activity in the lower and upper quantiles. To us, this indicate that Canada at least 

adhere to the Conservation hypothesis or possibly the Feedback hypothesis. One explanation 

for this may be that Canada has come to rely on renewable energy for a long period of time and 

this dependence has formed a close relationship between renewable energy and economic 
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activity. A theoretical explanation for the Conservation hypothesis, which is consistent with the 

idea that energy services is a vital input for economic growth, is that economic growth may be 

driven by increased energy efficiency rather than increased energy production.  

Table 17: Summation of our study 

  CAN U.S 

Net consumption 1 Negative Positive 

Share renewables 2 19% 11% 

Cointegration Yes No 

Granger-Causality in mean No No 

Asymmetric in mean No No 

  IPICAN RECAN IPIU.S. REU.S. 

Quantile regression 3     

Lower tail τ= {0.05 to 0.35} †††(+) †(+) †(-) No 

Middle τ= {0.40 to 0.60}  †††(+) †††(+) (-) (-) 

Upper tail τ= {0.65 to 0.95} †††(+) †(+) No (-) 

Quantile Granger-causality 4     

Lower tail τ= {0.05 to 0.35} †††⟹ ⟸ ††⟹ ⟸†† 

Middle τ= {0.40 to 0.60}  ⇏ ⇍ ⇏ ⇍ 

Upper tail τ= {0.65 to 0.95} †††⟹ ⟸ ††⟹ ⟸††† 
1) Net consumption = Production - consumption. 2) Average of renewable energy production during the period 
2005 - 2015. 3) + or - indicate sign of coefficient. 4) † Notations indicate the number of significant quantiles 
given robustness in each model (1 to 3): † = at least two 1% significant quantile in all models, †† = at least tree 
1% significant quantiles in all models, †††= at least four 1% significant quantiles in all models. An arrow without 
notations means that there are two or more quantiles with significance levels of 5%. The directions of the arrows 

indicate causality direction. Bolded (+ and -) signs indicate relatively large coefficients, while small signs 
indicate small coefficients.  

We consider cost mitigation as the most likely theoretical transmission channel outlined in the 

REC-model for the observed weak feedback relationship. The explanation for this is related to 

the fact that hydro power is a flexible source of energy and can serve as a substitute when other 

forms of energy e.g. when natural gas resources are dedicated to specific sectors like housing, 

commercial interests, industrial production and transportation. There is also support for that 

countries with a large share of hydropower in the energy mix adhere to the Feedback 

hypothesis (Aspergis et.al 2016). The significant upper and lower tails and may indicate that 

renewable energy is a short term flexible energy source that responds well to shocks in industry 

production. This explanation is also in line with the characteristics of hydropower, presented 

by IPCC (2012). For example, when there is low economic activity, renewable energy is easy to 

curtail. When the economic activity is high renewable energy production is easy to increase at 

a low marginal cost. 

From the U.S. overview, we can discern that renewable energy do not have been established as 

a part of the steady state of the U.S. economy. First of all, no cointegration was found between 

renewable energy production and Industrial Production. In addition, a weakly negative 

feedback relationship between renewable energy and economic activity in the short term was 
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supported by the quantile analysis. This result contradicts results from several studies applying 

linear models (e.g. Payne 2009, Chang et al. 2015) and are also somewhat distinct from the 

result on earlier studies based on nonlinear approaches.  

In times of economic downturn, the U.S. seems to favour non-renewable energy which 

constitute 80 percent of the country’s energy mix. This can be a result from barriers like path 

dependency, unfavourable cost to price relation and policies, which hinders the successful 

development of renewable energy. Another possible barrier is that renewable energy in the U.S. 

may have be an unfavourable cost-price relation in comparison to alternative energy sources. 

In contrast to Canada, renewable energy in the U.S. consists to a large extent of biomass (e.g. 

solid biomass, charcoal, renewable municipality waste, gas from biomass and liquid biomass) 

which do not have the theoretical benefits outlined in the REC model.  

Another explanation for the weakly negative short-term relationship could be that investments 

in renewable technology and infrastructure are somewhat policy driven and decreases during 

economic downturns while the U.S. economy rebounds to rely on the dominating energy 

sources. This may indicate a contra-factual long run steady state between non-renewables and 

economic growth in the U.S. which might be investigated by testing for cointegration between 

these variables. However, this explanation needs to be researched further, and is out of the 

scope of this paper. Interestingly, a study by Rodríguez-Caballeroa and Ventosa-Santaulària 

(2017) finds evidence of a cointegrated relationship between overall electrical power 

consumption and GDP in Canada and the U.S. This may indicate that non-renewable energy is 

cointegrated with economic activity or alternatively, a three-way relationship between 

renewable energy, non-renewable energy and economic production.  
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7 Conclusions and policy implications 

In this thesis we have examined the possibility of a causal relationship between renewable 

energy production and Industrial Production Index in Canada and the U.S. In contrast to most 

previous studies on renewable energy-growth nexus we did not only test for dependency in 

mean but also for nonlinear dependence trough quantile analysis. In addition, we used a large 

dataset containing monthly data with over 500 observations. To our knowledge, no previous 

time series study in this field have had this amount of observations.  

In comparison with our linear benchmark models, our results clearly indicate potential flaws 

in the methodology that has dominated the research field on energy production and economic 

growth nexus. While our linear causality tests in mean support the Neutrality hypothesis in 

both countries, quantile regression and quantile causality reveal a presence of asymmetry in 

the relationship between renewable energy and economic activity. The directionality varies 

over the distribution, making different hypothesises valid in different market conditions. Our 

results further strengthen the notion of nonlinear relations, previously put forward by Troster 

et al. (2018) among others. 

Of the linear models, there is only support for a long term cointegration between renewable 

energy and industrial production in Canada. And a possible explanation for this can be 

Canadas long history of hydropower use. Our quantile regression analysis of Canada, for 

immediate short-run dynamics within one month, support the Feedback hypothesis for nearly 

all quantiles. Moreover, even if quantile causality mainly supports the Conservation hypothesis 

in the short-run, i.e. the lagged period to the subsequent, there are weak indications of a 

feedback relationship in the higher and lower quantiles. This result contradicts a previous 

study by Chang et al. (2015) which supported the Neutrality hypothesis between renewable 

energy production and economic growth in Canada. Nonetheless previous studies by 

Katırcıoğlu et al. (2016) and Shahbaz et al. (2018b) indicted a feedback relationship between 

overall energy production and economic growth. On this basis there might be a general 

feedback relationship between energy and economic growth in Canada while the effect is 

weaker for renewable energy. 

In contrast to Canada, the U.S. is a net importer of energy and has a much smaller share of 

renewable energy production. Beside this, there is no cointegration between renewable energy 

production and Industrial Production Index in the U.S, which can be an indication of that the 

U.S. relies on other energy sources in long term. This conclusion is further supported by the 

fact the quantile regression reveals a bidirectional and negative short-term relationship 

between renewable production and Industrial Production Index over a large share of the 

distribution.  



60 
 

There might be several explanations for the differences between the role of renewable energy 

in Canada and the U.S. The differences between the U.S. and Canada could probably be 

accounted to a combination of these explanations. One explanation for the difference between 

the countries is the differences in composition of the renewable energy mix. Canada relies more 

on hydropower which is a more stable energy source than other types of renewables while 

biomass is the largest renewable energy source in the U.S. One possible interpretation of this 

is that the U.S. economy is dependent on non-renewable energy and rebounds to it during bad 

market conditions, while the use of renewable energy production not is beneficial for the 

economy in the short term. Another explanation for the differences between the countries may 

be that the total share of renewable energy in Canada is about twice as big as the share of 

renewables to total production in the U.S. The modest supply of renewable energy in the U.S. 

energy mix, might in fact create uncertainty due to the perception that renewable energy is an 

unreliable energy source. The uncertainty in combination with technological and policy 

threshold-effects creates barriers, making the relationship between renewable energy and 

economic activity inherently nonlinear. Another explanation is that Canada has relied on 

hydropower for over half a century and therefore already has all infrastructure required. 

Hence, the marginal costs of production are relatively low. 

The commonly shared policy implications for Canada and the U.S., is the need for investments 

in renewable energy technology and infrastructure. From this follows the necessity of a more 

detailed energy policy, to overcome current barriers hindering a transition to a renewable 

energy system. While the Canadian economic structure seems to have reach a steady state, in 

which hydroelectricity has become complement for fossil fuels and accounts for over 60 

percent of electricity produced, renewable energy is still subordinate to non-renewable energy 

sources. Also, hydro generated electricity does not fully possess the specific synergy and 

efficiency characteristics associated with other renewable energy sources e.g. solar and wind. 

From the study’s results and with support from the REC-model we can discern that an 

economy, in the process of transitioning towards a renewable energy structure, are faced by 

several stages of barriers. For a country to fully benefit from renewable energy technology, it 

needs to utilise several of the mechanisms in the transmission channels, presented in the REC-

model, that links renewable energy to economic growth. In the Canadian case, we postulate 

that the economy has surpassed some of the barriers, like cost to price relation, and have 

reached a certain state where hydropower is a reliable and competitive energy source. 

However, the full benefits from a decentralised, diverse and widespread renewable energy 

system is hindered by institutional and social economical barriers. Regarding other types of 

renewable energy in Canada, like solar power and wind power, the supply of these energy 

sources is most likely to small for the transmission stage of the REC model to be valid. We 

believe, in accordance with Rifkin and others, that the potential paradigm shift will come when 
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renewable energy from solar, wind, tidal, and wave technologies are deployed and distributed 

on a large scale. 

Regarding the U.S., our result support that no renewable energy source has been integrated as 

a vital part of the energy system. Renewable energy, which mostly constitutes of biomass, play 

a minor role in the economy. On contrary, the U.S results tell of a negative relationship between 

renewables and industrial production. One interpretation of these results can be that use of 

renewable energy is both costly and inefficient for the industry. This may be a result from 

several reasons, for example unfavourable cost to price relations and the fact that no single 

renewable energy source is used on a large scale. Moreover, the energy system in the U.S. is 

heavily integrated with non-renewable energy while renewable energy is only occurring 

sporadically with an undeveloped distribution network. However, even though our results 

indicate that renewable energy has not been beneficial for the U.S. industry, based on the 

historical energy mix, there may still be benefits from a decentralised and widespread 

renewable energy system. Recent advancements in renewable technology such as wind and 

solar energy have led to a dramatic decrease in the cost to price relation for renewable sources 

and significantly lowers the barriers for locally generated renewable energy. If the current 

development would be supported by active policies and investments, supporting and 

accelerating the development of renewable energy sources and infrastructure, it would lead to 

greater benefits in a shorter time frame. This means that the current U.S. policy, promoting 

and rebounding the economy to non-renewable energy dependence, creates even more barriers 

to renewable energy, and in turn, postpone the potential benefits from renewable energy. 

 

In order to determine the impact of renewable energy over the whole business cycle, future 

studies should continue to examine the possibility of nonlinear dependence between renewable 

energy and economic activity. On basis of our results and the theoretical framework 

summarized in this thesis, it is also important that future research highlights the special 

characteristics and potential transmissions mechanisms associated with each type of 

renewable energy source. While the use of renewable energy sources previously has been 

constrained by unfavourable cost relations and institutional and technological barriers, this 

condition is about to change. Technological innovations have enabled new types of energy 

systems with large potential benefits. The transformation process towards such an energy 

system is most likely nonlinear and characterised by threshold effects related to infrastructure 

and institutional factors. To understand the future potential of renewable energy future, 

empirical studies on past relations must be complemented by a theoretical understanding of 

micro dynamical relations and transmission channels. Another step in this direction towards 

better understanding of actual transmission mechanisms is to further investigate how the 

potentially casual relation between renewable energy and economic growth evolve with time. 
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As shown by a comparison of quantile regression in our study and other studies, the estimated 

relation between renewable energy production and economic activity is not necessarily the 

same when specified from one year to the next, between months or as immediate effects within 

the same month. 
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Appendix – Studies on economic activity and renewable energy 

consumption nexus. 

Reference 
Names, 
(Year) 

Country(s) Period Method Variables Results* Policy implicatons 

Sadorsky 
(2009) 

18 emerging 
economies 

1994-
2003 

Panel 
cointegration 
test Panel 
causality test 

Y, RE, LR:  Y⇒RE  Economic growth will 
increase the use of 
renewable energy in 
emerging economies. 
Hence focus on economic 
growth I those countries 
might have positive side 
effects in reducing 
emissions from energy 
production.  

Payne (2009) US 1949-
2006 

Toda-
Yamamoto 
causality 

Y, RE, NRE Y ⇎ RE 
Y ⇎ NRE 

Neutrality hypothesis is 
supported for the US.  

Menegaki 
(2010) 

27 European 
countries 

1997-2007 PVECM, Panel 
causality test 

Y,  
% of RE  

Y ⇎ RE Neutrality hypothesis is 
supported for the 
European countries. 
Policies that supports 
investment and 
development in renewable 
energy is required. 

Tiwari (2011) India 1960-
2009 

Structural 
VAR (SVAR) 
with 
bootstraping  

Y, RE, CO2-
emissions 

RE ⇒ Y, RE ⇒ CO2 , 
Y ⇒ CO2 

 Increase in the RE share 
may initially increase CO2. 
Indian government may 
need to complement RE 
support with other CO2-
emssions reducing 
policies.  

Nicholas 
Apergis, James 
E. Payne 
(2012) 

80 (including 
Sweden) 

1990 - 
2007 

Multivariate 
panel 
framework 
(FMOLS,PVE
CM, Granger 
two-step) 

Y, RE, NRE, K, 
L  

Short run: [All Var⇒  
[Y⇒ +RE], 
[ NRE⇒ -RE], [Y, 
K⇒ +NRE], [RE⇒ -
NRE], 
[Y,NRE,L⇒+K],[Y,K
⇒+L] Long term: 
[NRE,RE⇔Y] 

Short term implications: 
Absent causality between 
K, L and RE. Bidirectional 
causality between K and 
NRE, indicating prevailing 
capital intense 
infrastructure, associated 
with reliance on current 
NRE. The impact of RE to 
NRE and vice versa, 
indicates substitutability 
between the energy 
sources in the short term. 
Long term implications: 
Feedback hypothesis, 
NRE, RE and GDP are 
interdependent. Policies 
that enhance RE, NRE 
have a positive influence 
on economic growth. 

Arouri et. al. 
(2014)  

France  1960-2011 
(Annual)  

Asymmetric 
causality test  

E, Y E- ⇐ G- Policy makers should 
make sure that the normal 
energy consumption level 
can be withheld.  
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Kula. (2014) 19 OECD 
countries 

1980–
2008 

 PVECM 
(Panel Vector 
Error 
correction 
model) DOLS 
(Dynamic 
ordinary least 
squares) 

Y, REC 
(renewable 
electricity 
consumption) 

 G ⇒ RE  Investments in renewable 
energy won't lead to 
economic growth in OECD 
countries. Conversation 
hypothesis is valid for RE 
in OECD-countries.  

Salim et al 
(2014) 

29 OECD-
countries 
(including 
Sweden) 

1980–
2011 

Panel 
cointegration, 
"Paseran's 
long run 
Common 
Correlated 
Effects Mean 
Group 
(CCEMG) 
estimates", 
Pooled Mean 
Group (PMG) 

Y, Industrial 
Value (IV), K, 
L, RE, NRE 

LR: Cointegration 
was found; RE ⇒ Y, 
NRE ⇒ G,  SR: RE ⇒ 
G , NRE ⇔ G, RE 
⇔  IV, NRE  ⇔ 
IV, RE ⇔  NRE 

Both RE and NRE are 
engines of growth in these 
countries but the effect of 
NRE is larger.  Policy 
interventions may be 
needed to enhance the 
transformation towards 
clean energy.  

Chang, et al. 
(2015) 

G7 1990 - 
2013 
annual 
data 

Multivariate 
panel 
framework 

Y, RE (wind, 
geothermal, 
solar, bio-
mass, waste) 

Cross sectional 
dependence, [RE⇒ 
+Y] for CAN, FR, 
JPN. (N.B 
Fukushima and CE-
fund CAN and 
Energy bill in FR 
may be relevant for 
results.) 

Neutrality hypothesis 
indication for GER, ITA, 
UK, US. Unidirectional 
relationship from RE to 
GDP for CAN, FR, JPN. 
For the first group of 
country's promotions of 
RE will little to no effect 
on GDP. And further 
growth will not contribute 
to generation of more RE. 
For CAN, FR, JPN RE 
promoting policy's will 
lead to higher growth 
rates, and more RE 
production. 

Ohler  & 
Fetters (2015) 

20 OECD 
countries 

1990-
2008 

PVECM Y, RE HE ⇒ Y, 
WE ⇒ Y.  
Also, negative causal 
effect from biomass 
to Y 

Energy conservation 
policies could positively 
impact GDP. However, 
that requires that the 
policies cause decreases in 
biomass or waste energy 
and increase 
hydroelectricity and wind 
energy.  
 
 
 

Bilgili & Ozturk 
(2015)  

G7 countries  1980-
2009  

Panel unit root 
analyses. 
panel 
cointegration 
analyses. 
ordinary OLS. 
dynamic OLS 
analyses.  

Y, RE 
(BIOMASS), K 
(capital), L 
(human 
capital index) 

RE ⇒ Y  Energy policies which 
improve the biomass 
energy infrastructure and 
biomass supply might both 
reduce CO2-emissions and 
lead to increased economic 
growth in G7 countries.  

Cho et al. 
(2015) 

80 countries 1990–
2010 

PVECM Y, RE, K, L Non-OECD : 
RE⇔G                   
OECD: G  ⇒RE 

 Policies to increase 
renewable energy 
consumption will increase 
economic growth in less-
developed countries but 
not in developed 
countries. Less-developed 
countries should adopt 
policies that supports 
renewable energy while 
developed countries needs 
to reduce dependency on 
non-renewables in order 
to accelerate the 
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transformation process to 
renewables.  

Ibrahiem 
(2015) 

Eqypt 1980-2011 Auto 
Regressive 
Distributed 
Lag (ARDL) 

Y, REC 
(renewable 
electricty 
consumption, 
FDI (foreign 
direct 
investment)  

LR: Y ⇔ RE Feedback hypothesis is 
supported. Policies 
that enhances a 
transformation towards 
renewable energy should 
be applied. This will 
support a beneficial 
transformation towards 
renewable energy and 
increase economic growth 

Tiba et al 
(2015) 

24 middle- and 
high-income 
countries 

1990-2011 Simultaneous-
equation panel 
data model; 
GMM 

Y, RE, 
CO2emissions, 
trade 
openness, 
capital and 
labor 

RE ⇔ G for high 
income and middle-
income countries.  
RE ⇔ trade, for high 
income countries.  

Renewable energy has a 
positive impact on 
economic growth. 
International trade has a 
positive impact on 
technology transfer and 
can therefore greatly help 
the middle-income 
countries in the adoption 
of production technologies 
using renewable energy  

Aspergis et al 
(2016) 

Brazil, Canada, 
China, France, 
India, Japan, 
Norway, 
Sweden, Turkey 
and the US 
(10 largest 
hydroelectricity 
consuming 
countries over 
the period 
1965–2012.) 

1965–
2012 

Panel 
cointegration 
tests, FMOLS 
(fully modified 
OLS), panel 
smooth 
transition 
vector error 
correction 
model 

Real Y per 
capita (G) and 
total 
hydroelectricit
y (HE) 
consumption 
per capita 

Results from Panel 
smoot transistion 
vector error 
correction model:             
PRE-1988: LR & SR: 
Y ⇒ HE     POST 
1988 LR & SR: Y ⇔ 
HE  

Hydroelectricity has a 
positive impact on 
economic growth aside 
from having less CO2-
emissions than fossil fuels. 
Policies such as tax rebates 
and subsides that supports 
increased use of 
hydroelectricity would be 
beneficial.   
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Bhattacharya 
et al. (2016) 

38 top 
renewable 
energy 
consuming 
countries 

1991-2012 Fully modified 
OLS (FMOLS) 

Y, GFCF (real 
gross fixed 
capital 
formation), LF 
(total labour 
force), RE, 
NRE 

RE ⇒  Y  Policies that enhances 
further growth in 
renewable energy 
consumption should be 
enhanced in these 
economies.  

Destek (2016)  6 newly 
industrialized 
countries: 
Brazil, India, 
Turkey,South 
Africa, Mexico 
and Malaysia 

1971-2011 Cointegrati n, 
ARDL,  
Asymmetric 
causality test 

Y, K, L, RE  LR: Renewable 
energy leads to 
decrease in 
economic growth for 
all countries except 
Brazil and Malaysi   
SR: 
Brazil: RE ⇎ Y; 
Malaysia: RE ⇎ Y;  
India: RE- ⇔  Y-
Turkey Y+ ⇒ RE-
South Africa  
RE- ⇒ Y+,  
RE+ ⇒ Y-;  
Mexico  
Y+ ⇒ RE-, 
 Y- ⇒ RE+ 

Investments in renewable 
energy may be harmful for 
economic growth in newly 
industrialized countries. 
This may be related to the 
fact that initial investment 
in new infrastructure 
related to renewable 
energy might be expensive 
for these countries. 
Policies that supports a 
smooth transformation 
and continues investment 
in infrastructure over a 
longer period of time 
might be preferred for 
newly industrialized 
countries.   

Irandoust 
(2016) 

Denmark, 
Finland, 
Norway, 
Sweden 

1975–2012 Toda-
Yamamoto 
(95) och (98)              
"Modified 
version of 
non-granger 
causality test" 

Y, RE, 
CO2, TIN 
(Technological 
innovation) 

 LR: All countries: 
TIN  ⇒  RE and Y ⇒ 
RE.  
Denmark and 
Finland: 
RE ⇒  CO2.   
Sweden and Norway 
RE ⇔ CO2.  

The Nordic countries have 
very low energy intensities 
and high energy 
efficiencies, and 
technological innovation 
plays an effective role in 
the renewable energy-
growth nexus. Promotion 
of renewable energy might 
therefore be expected to be 
a successful strategy in 
countries that are leading 
in technological 
innovation.  

Shahbaz et al. 
(2016)  

US 1981-2015 Wavelet 
Squared 
Coherence and 
Multiple 
Wavelet 
Coherence 

IPI and 
various 
renewable 
energy 
sources:  

RE ⇔ Y Policies that supports 
renewable energy will have 
a positive effect on 
economic growth. 

Furuoka (2017) Estonia, Latvia 
and Lithuania 

1992–2011 Pedroni panel 
cointegration 
test, the 
Granger panel 
causality test, 
Dumitrescu–
Hurlin panel 
causality test 

TEC (Total 
electricity 
consumption), 
REC 
(renewable 
electricity 
consumption) 
, NEC (non-
renewable 
electricity 
consumption 
and Y 

Y ⇒ REC ,  
Y ⇒ NEC,  
Y ⇒ TEC 

Decrease in electricity 
consumption would not 
cause a decrease in the 
Baltic countries income 
levels.  Energy 
conservation policies 
would therefore not harm 
economic development in 
these countries. 
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Dogan & 
Ozturk (2017)  

U.S. 1980-2014 Gregory-
Hansen 
cointegration 
test 

Y, RE, NRE RE ⇒ Y Policies that supports 
renewable energy in the 
U.S. might have a positive 
effect on economic growth. 

Troster, et al. 
(2018) 

U.S. 1989-2016 
(monthly) 

Quantile 
granger 
causality 

IPI, RE RE ⇔ IPI, at the 
lowest tail of the 
distribution;  

 Renewable energy has a 
positive impact on the U.S. 
economy in the short run.  

 

 


