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This paper examines the relationship between clean energy stock indices and energy metals that are
sensitive to the growth in demand for clean energy solutions, and makes inferences about whether
energy metals can act as hedges or safe havens for clean energy stock indices. The sample period is April
2011 to April 2021, a period which saw substantial investments into the clean energy industry as the
capital deployed to clean energy generation during this period was about three times higher than the
preceding decade. The main results indicate statistically significant non-linear relationships among the
markets under study. All energy metals, except cobalt, have a significant positive linkage with clean
energy stock indices and such associations do hold during episodes of high volatility. While none of the
energy metals under study acts as a hedge for clean energy stock markets, the results support previous
evidence on the hedging properties of precious metals, showing that gold and silver serve as hedges for
certain clean energy stock indices. These results have important implications amid tremendous growth
in clean energy stock investments and the repeating occurrence of periods of uncertainty.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Climate change and environmental degradation have been
widely acknowledged by state actors, international organizations,
and the general public as being urgent issues for the planet. Over
the past 15 years, national governments, legislators, international
organizations, and many industries have joined forces to find effi-
cient and cleaner production solutions capable of reducing green-
house gas (GHG) emissions. Accordingly, a large amount of
investments have been poured into cleaner energies,1 leading to the
development of a new massive industry around clean energy. In
academia, many previous studies shed light on how clean energy
stocks are correlated with financial assets such as crude oil and
other markets (e.g. Refs. [1e4]). Furthermore, the appearance of
clean energy as an alternative to fossil fuels disrupts technology in a
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way akin to high growth technology companies. As such, it is hardly
a surprise that most literature concerning the relationship between
clean energy and other markets is focused on oil and technology
companies. As investors opt out of fossil fuels and the clean energy
sector matures, oil and technology stocks become less relevant for
the sector [5,6] and the role of other (non-energy) commodities
becomes more pertinent for market participants.

As the clean energy sector grows, so does the raw material de-
mand for manufacturing clean energy solutions. Fig. 1 shows that
certain metals are vital raw materials for producing clean energy
solutions, which makes them subject to tremendous growth de-
mand due to the wider adoption of clean energy technologies. In
view of this, the prices and overall market dynamics of these energy
metals are likely to see significant changes that influence the
relationship between the metals and the clean energy markets.
Notably, investors deploying a large pool of capital into clean en-
ergy are keen to understand the relationship clean energy com-
panies have with energy metals. Precise knowledge of this
association is particularly useful for diversifying the risk linked to
clean energy assets. This is important given that clean energy
stocks appear to be a relatively new asset class and therefore their
markets can be extremely volatile [7]. It is, therefore, essential to
understand how eco-friendly investors can diversify and hedge the
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Eurometaux [17] estimate of incremental impact on metals demand from clean energy solutions in 2050.
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potential risk associated with clean energy indices. Such analyses
are also important for policymakers, as they can build on the out-
comes of our research to develop appropriate hedging strategies to
evade the contagion risk emanating from volatile commodity
markets.

However, proper knowledge of how investors holding assets in
clean energy markets can hedge their risk is understudied, and
none of the existing studies analyse the hedging performance of
energy metals while analysing the risk linked to portfolios
comprising clean energy assets. In fact, a growing body of literature
exists on the material flows, supply constraints, and overall role of
metals in the energy transition. In parallel, only a few studies focus
on the relationship between clean energy stocks and metals,
however they ignore the energy metals and clean energy markets,
despite clean energy technologies using substantial amounts of
metals as raw materials [8e14]. In this regard, Dutta [15] and Yahya
et al. [3] provide two interesting studies on the relationship be-
tween clean energy stock prices and prices of metals, but their
focus is limited to specific relationships and metals. Dutta [15]
examines whether the stock returns of solar energy firms are
sensitive to silver price volatility, while Yahya et al. [3] studies the
cross-quantile dependence and causality between non-ferrous
metals and renewable energy stocks.

In light of the above discussion and the gap in the literature on
the clean stocks-energy metals nexus, this study addresses the
question of whether energy metals act as hedges and/or safe ha-
vens for clean energy stocks. To the best of our knowledge, this is
the first study to consider the relationship between clean energy
stock returns and the prices of energy metals that are sensitive to
the growth in demand for clean energy solutions. Accordingly, we
make a novel extension to the existing literature focusing on clean
energy stocks and other financial markets [1e4], and that consid-
ering the nexus of clean energy stock prices and metals prices
2

[3,15]. On the methodological front, we employ a combination of
suitable methods that involve the approach of Baur and McDermott
[16] and the time-varying conditional analysis comprising hedging
effectiveness and optimal hedge ratios. These methods have been
used in various subsequent literature and their power to uncover
evidence of hedge and safe haven properties of various assets
cannot be overestimated.

While our paper is related to studies on the hedging and safe
haven properties of gold (e.g. Refs. [16,18e21]), it is different not
only in the use of multivariate GARCH models capable of providing
time-varying conditional correlations and the application of
hedging effectiveness and optimal hedge ratios, but also its focus on
the universe of clean energy equities that has been volatile over the
years [4,7]. In fact, we use the bivariate DCC-GARCH process and
find evidence that the time-varying beta for the clean energy equity
index remains high even when the market behaves normally.
Notably, during crisis periods, the beta becomes extremely high
(see Fig. A3). This further motivates our decision to find a proper
hedge for these clean energy assets. This is also relevant given the
growing concerns about climate change and energy security, which
make eco-friendly investors consider green investments in their
portfolios or maintain low-carbon portfolios.

Our main results show evidence that all the energy metals,
except cobalt, have a significant positive relationship with clean
energy stocks on average. Interestingly, silver and gold have a safe
haven property for certain clean energy stocks. We extend our
analysis and confirm our main findings by considering the hedge
ratios and hedging effectiveness of gold, silver and Bitcoin during
several sub-samples: Subsample I (the oil market crisis from
October 2014 to March 2016), Subsample II (the pre-COVID period
from April 2016 to January 2020), and Subsample III (the COVID-19
pandemic from February 2020 to April 2021).

The rest of the study is divided into sections. Section 2 reviews



the literature on clean energy stocks, the properties of metals as
hedges and safe havens, and the link between clean energy stocks
and metals. Section 3 outlines the data and methodology. Section 4
presents and analyses the results. Section 5 extends the analysis to
cover time-varying correlations and hedging effectiveness. Section
6 concludes.

2. Literature review

2.1. Clean energy stock prices and traditional energy

Given that the clean energy sector has already seen significant
growth over the preceding 15 years, a growing number of studies
examine the risk related to clean energy equities. One focus area of
these studies is the link between traditional, fossil fuel based, en-
ergy markets and clean energy equities. Henrique and Sadorsky
[22]; for example, argue that high oil prices work to the benefit of
clean energy companies due to substitution. The authors include
interest rates and technology stock prices in addition to oil price in
their VAR model. Surprisingly, the results indicate that oil prices do
not have a large impact on clean energy stock prices, while shocks
to technology stock prices have an impact on clean energy stock
prices.

Sadorsky [23] studies the determinants of clean energy com-
pany risk. The study uses the capital asset pricing model (CAPM) to
investigate the impact of firm size, debt to equity ratio, R&D
spending to sales ratio, sales growth, and oil price returns on the
time varying systematic risk of clean energy companies. The results
confirm the high risk of clean energy companies, indicating clean
energy stocks to be twice as risky as the broader stock market. The
study includes results from two augmented CAPM models that
indicate a reduction in systematic risk as clean energy company
sales grow. Notably, the findings from the augmented models also
indicate that high oil price increases the systematic risk of clean
energy companies.

Kumar et al. [24] investigate the relationship between clean
energy stocks, technology stocks, interest rates, oil prices, and
carbon prices. They hypothesize that high oil prices support sub-
stitution between traditional energy sources and clean energy even
as they acknowledge that the link is not clear from previous aca-
demic literature. Results from the VAR-model used in the study
confirm Henrique and Sadorsky's [22] findings, indicating a link
between clean energy stocks and technology stocks. Kumar et al.
[24] confirm the hypothesis of the substitution effect between
clean and traditional energy. Bondia et al. [25] find a unidirectional
short-run causality from technology stock prices to clean energy
stock prices, thus confirming the perception of clean energy stocks
as a subset of the wider technology sector stocks implied by Kumar
et al. [24] and Henrique and Sadorsky [22]. The results also indicate
a short-run unidirectional causality from oil prices to clean energy
stock prices but do not indicate a long-run causality from any of the
variables to clean energy stock prices.

More recent studies such as Ahmad [1] and Reboredo and
Ugolini [2] show results that further strengthen the indication that
oil prices have an impact on clean energy stocks. Reboredo and
Ugolini [2] find that movements in energy prices, including oil
prices, have an impact on clean energy stocks regardless of the
direction, up or down, that prices move. The work of Ahmad [1]
confirms the previously documented relationship between tech-
nology stocks and clean energy stocks, while suggesting a strong
impact of oil prices on clean energy stocks. The study concludes
that crude oil seems to be an effective hedge for stocks in both the
technology and clean energy sectors. Sadorsky [26] provides
similar evidence in terms of oil price's effectiveness in hedging
clean energy stocks.

Dutta [27] is among the first to consider the link between oil
price uncertainty and clean energy stocks. The study examines the
link between implied volatility of oil prices, measured by the oil
price volatility index (OVX), and realized volatility of clean energy
stocks. The results indicate that clean energy stock returns are very
sensitive to oil price uncertainty. The relationship is positive or in
other words, increases in oil price uncertainty lead to increases in
realized clean energy stock volatility. The findings of Ahmad et al.
[7] also support the positive link, in line with Dutta [27]; between
OVX and clean energy stock volatility. According to the study, clean
energy stock price risk can be hedged by taking a long position on
OVX. In fact, OVX is the third best among gold, bonds, VIX, climate
credits and oil price, surpassed only by VIX and oil price.

A recent study by Henriques and Sadorsky [6] examines the
implications of fossil fuel stock divestment from a portfolio returns
perspective and finds evidence that, at least in the US stock market,
it is possible for portfolios that include clean energy stocks instead
of fossil fuels and utilities to reach higher risk-adjusted returns. The
findings support the case for clean energy investments, not only as
a social movement but as a movement with a capital investment
returns driven rationale. If the capital markets for fossil fuels dry up
due to pressure from stakeholders and lagging returns, the role of
clean energy might also change from being an alternative source to
the major source of energy. In such a scenario it is important to find
alternative hedges for clean energy stock risk.

2.2. Precious metals as hedges for equities

The study of Baur and Lucey [18] is the first to formulate testable
definitions for gold as a hedge, diversifier and safe haven, and
explore whether gold acts as a safe haven for stocks and bonds. The
study defines a hedge as an asset that is uncorrelated or negatively
correlated with another asset on average, a diversifier as an asset
that is positively but not perfectly correlated with another asset on
average, and a safe haven as an asset that is uncorrelated or
negatively correlated with another asset during market shocks. The
results indicate that gold is an effective safe haven for stocks for a
limited time period, around 15 trading days, after a large negative
shock to equity markets in the US, UK and Germany. The results
indicate that gold is a hedge for US and UK equities but not for
equities in Germany and that gold is a more effective hedge or safe
haven during bear markets than bull markets in all three equity
markets.

Baur and McDermott [16] further contribute to studying gold as
a safe haven for equities by examining the extent of protection gold
provides. The study differentiates between weak and strong safe
havens and expands geographically into 53 international equity
markets. Their results indicate that gold is a strong safe haven for
most of the developed equity markets included in the dataset. The
results, however, also indicate that gold moves together with equity
markets when there are extreme shocks to the global financial
markets and gold provides only a weak safe haven to developing
equity market risk.

Beckmann et al. [28] build upon Baur and McDermott's [16]
approach by using a smooth transition regression model that splits
the regression model into two regimes. One regime includes pe-
riods where stock returns are average and allows for the testing of
gold as a hedge. The other regime includes periods where the dif-
ferences between stock returns and average stock returns are large,
which allows for the testing of gold as a safe haven. The data in-
cludes 18 individual markets and 5 regional indices in developed
countries. Based on the modelling the authors conclude that gold
acts as at least a weak hedge and safe haven in an overwhelming
number of cases. The authors point out that gold's usefulness as a
hedge or safe haven is dependent on the economic environment
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under observation but leave examination of individual economies
outside the scope of the study.

Junttila et al. [29] study the cross-market link between gold and
US aggregate stocks as well as US energy stocks. The findings are in
line with earlier literature and suggest gold is a safe haven asset for
the US aggregate stock market due to a negative return correlation
between the two markets in times of financial crisis. Interestingly,
the results indicate a strong time-variation in return correlations of
commodity and stock markets. In other words, the negative cor-
relation between gold and US stocks seems to have been higher
during the crash following the dot-com bubble compared to the
crash following the US housing bubble.

Batten et al. [30] examine the macroeconomic determinants of
volatility for gold, silver, palladium and platinum prices. The au-
thors use an array of macroeconomic variables such as consumer
confidence, inflation, stock index prices, money supply, inflation,
industrial production and the US dollar index to assess the root
causes of volatility in precious metals. The authors find significant
causality for all precious metals price volatilities except silver when
testing all monetary and financial variables. Hillier et al. [31]
examine precious metals (gold, silver and platinum) as assets in US
equity and non-US equity portfolios jointly. The study finds that all
precious metals included in the data have some potential for
portfolio diversification. Furthermore, the results indicate that
precious metals have some hedging properties especially during
abnormal equity market volatility. Interestingly, the findings also
indicate that a buy-and-hold approach to precious metals invest-
ment yields better results than a dynamic approach based on a
short-term outlook.

Hood and Malik [19] study the hedging properties of various
precious metals, following Bauer and McDermott's [16] method-
ology for defining hedges and safe havens, but expanding it to silver
and platinum in addition to gold. The authors conclude that gold is
the only precious metal that serves as a hedge and a weak safe
haven for US equities.

More recently, a similar methodology made popular by Bauer
and Lucy [18] has been used to investigate the time-varying safe
haven qualities of precious metals. Lucey and Li [20] examine how
the utility of gold, silver, palladium and platinum as safe havens for
US stocks and bonds changes over time. The results indicate that
there is strong time variance in the safe haven properties of each
precious metal. Gold is more often useful as a safe haven than the
other precious metals. Li and Lucey [21] build on Lucey and Li's [20]
results on the time-varying nature of precious metals' safe haven
properties. The 2017 study extends the examination to 11 countries
and tries to identify the political and economic factors that might
affect precious metals' safe haven properties. The results indicate
that precious metals, on aggregate, provide a safe haven for stocks
approximately 33% of the time.

2.3. Metals and renewable energy equities

Even though the expected growth in the demand for certain
metals resulting from the rapid growth in clean energy technology
adoption has been widely discussed among the public and in aca-
demic literature such as Moss et al. [13]; Habib et al. [11]; Kivinen
et al. [12]; and Watari et al. [14]; the analysis of prices of metals and
clean energy stocks has only come to prominence recently. In fact,
to the best of the authors’ knowledge, the first studies to consider
any metals as hedges for clean energy stocks were published during
the very last years of the 2010s.

Ahmed et al. [7] is among the first to study the link between
metal prices and clean energy stocks in the context of a wider
analysis of the usefulness of various financial assets, including gold,
for hedging clean energy stock risk. The findings suggest that stock

market volatility (VIX), oil prices and oil price volatility (OVX) are,
in that order, the most effective hedges for clean energy stock risk.
The results also indicate that gold is not a very effective hedge for
clean energy stocks.

Bouri et al. [32] study the safe haven properties of gold and oil
for clean energy stocks. The study uses two proxies for clean energy
stocks, the S&P Global Clean Energy Index and the WilderHill Clean
Energy Index. Based on the results, both oil and gold act as a weak
safe haven for both indices. The results show that stock market
index choice matters when analysing the link between clean en-
ergy stocks and commodity prices as oil is the better hedge for the
Wilderhill Clean Energy Index, of the two, while gold is the better
hedge for the S&P Global Clean Energy Index.

To the best of our knowledge, Dutta [15] appears to be the first to
investigate the link between the prices of metals used as raw ma-
terials for clean energy solutions and prices of clean energy stocks.
The author acknowledges this link and sets out to examine the link
between uncertainty in the price of silver, measured by the silver
volatility index (VXSLV), and the prices of solar energy stocks,
measured by the Ardour Solar Energy stock index and MAC Global
Solar Energy stock index. The results indicate that both the implied
volatility of silver price, proxied by VXSLV and the realized volatility
of silver price, proxied by squared returns, have negative and sig-
nificant impacts on the prices of solar energy stocks. The results
also suggest that the impact of VXSLV on solar energy stocks is
symmetric.

More recently, Dutta et al. [33] examine the relationship of the
volatility indices of three major commodities, gold, silver and oil,
with clean energy stock prices. The authors set out to expand on the
small number of studies that address how clean energy investors
can reduce their downside risk. The study uses three indices to
track clean energy stock prices. The findings indicate that each
volatility index can be used effectively as a hedge for clean energy
stock risk and the relationship between the volatility of each
commodity and clean energy stock prices is negative. This holds
true for each commodity/clean energy index pair. The study con-
cludes that the oil volatility index is the most effective hedge for
clean energy stocks, based on aggregate results from all three stock
indices.

3. Data and methodology

3.1. Data

Aluminium, cobalt, copper, nickel, and silver are chosen to be
included in the data, based on transparency of pricing, availability
of data, and expected demand shock, measured by 2050 expected
demand from clean energy solutions vs. 2019 production. Gold is
included in the study for comparison purposes as the hedging and
safe haven properties of gold are widely documented. All the metals
included in this study are priced daily either on the London Metals
Exchange (LME) or by the London Bullion Market Association
(LBMA).

Clean energy, in the context of this paper, is used as an umbrella
term covering industries that stand to benefit substantially from a
societal transition toward lower emissions and pollution from the
use of energy, i.e. the use of clean energy. Due to the varying ways in
which companies contribute to the clean energy revolution, the
umbrella covers not only companies that generate and store clean
energy but also companies that produce products and services that
enable the efficient generation and consumption of clean energy.
This wide-ranging umbrella can be roughly divided into:

(i) Clean Energy Production: The producers of clean (i.e. low
emission) energy, or manufacturers relevant to clean energy
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such as the makers of turbines and rotors used for wind
power, makers of solar photovoltaic panels and suppliers of
clean energy systems, and the makers of biofuels derived
from renewable vegetable crops, as examples.

(ii) Energy Storage: Manufacturers of advanced batteries, ma-
terials and solutions that store energy in traditional and
novel ways. Because most renewable power cannot be
generated at all times (i.e. solar power works only when the
sun is shining and wind power only when there is wind),
joining renewable power with energy storage systems pro-
vides flexibility for the energy consumer.

(iii) Energy Conversion: Manufacturers of devices that convert an
assortment of inputs into the more desired electrical, motive,
lighting, or other power wherever needed. This includes
whole conversion systems such as electrical vehicles as well
as more focused solutions such as advanced motors and
materials for conversion to an intended electrical or me-
chanical power.

(iv) Power Delivery and Conservation: Manufacturers of solu-
tions that improve efficiency and conservation to reduce
energy consumption. Such solutions include inverters and
equipment for power conditioning, and in transport, power
management for hybrid, hydrogen and fuel cell vehicles.

(v) Greener Utilities: Utilities that emphasize cleaner methods
of making electric power including wind, solar, biogas,
geothermal, hydro and others that can prevent pollution.

(vi) Cleaner Fuels: Producers of various liquid, solid and other
biofuels derived from renewable sources such as cellulosic,
sugar, algae, or other feedstock as well as biomass and waste
to energy.

The WilderHill Clean Energy Index (ECO) and S&P Global Clean
Energy Index (SPGCE) are used as proxies to capture the wide clean
energy sector. The other three indices focus more directly on one
specific value chain under the wider umbrella. MAC Global Solar
Energy (MAC) is a proxy for the solar energy industry including all
solar technologies, the entire value chain from manufacturing of
equipment used in solar plants to installations and operations of
solar plants. The Kensho Electric Vehicles Index (SPKEV) is a proxy
for the clean mobility industry as its constituents represent com-
panies focused on producing electric road vehicles and associated
subsystems, powertrains, energy storage systems, and charging
infrastructure. The NASDAQ OMX Wind Index (GRNWIND) mean-
while covers the wind energy sector value chain from the
manufacturing of equipment used in wind farms to the installation
and operation of wind farms, as well as supporting services. Due to
the global nature of clean energy value chains, the indices refer to
companies from several geographies and stock exchanges. We
believe this is beneficial because including the leading companies
instead of focusing on one geography makes the indices better
proxies for the global clean energy industry.

In this study, we consider daily data for all metals and indices
covering the period from March 31, 2011 to April 23, 2021. It is
worth noting that SPKEV was launched on May 15, 2013, and thus
the sample period for SPKEV is from May 15, 2013 to April 23, 2021.
All indices and metals included in the study are priced in USD,
which eliminates potential currency issues from data. The period
under study is particularly interesting for two reasons: (i) the
sample contains the COVID-19 crisis, the most recent shock to the
financial markets; and (ii) the clean energy sector has experienced
significant growth and investment during the last decade. Each of
the metal indices under study is plotted against the various clean
energy stock indices (Figs. 2e7).

Descriptive statistics for all metals price returns are presented in
Panel A of Table 1. Cobalt has the highest average return during the

sample period and the second highest single best daily return
during the period. Silver returns have the highest standard devia-
tion as well as the highest single best day and lowest single worst
day. Interestingly, most of the metals have a median daily return of
0. Copper and gold are the only metals to have a median daily re-
turn other than 0. This could be due to the copper and gold markets
simply being larger and more liquid. In 2015 Visual Capitalist2

estimated gold to be the largest metal market and copper to be
the third largest metal market as measured in US dollars. The
aluminium market, however, was almost the same size as copper
market. The Jarque-Bera test rejects the null hypothesis that the
return indices follow a normal distribution. We further note that,
based on both the Phillips-Perron (PP) test and augmented Dickey-
Fuller (ADF) test, all the return series appear to be stationary.

Descriptive statistics for all the clean energy stock index returns
are presented in Panel B of Table 1. SPKEV has the highest average
return, while ECO has the highest single best daily return and the
lowest single worst daily return during the period. MAC returns
have the highest standard deviation during the period. As with the
metals price returns, both unit root tests confirm that each series is
stationary. All the indices fail to satisfy the normality assumption.

Table 2 shows the unconditional correlations between the
metals and clean energy stock indices. We find that cobalt has the
lowest correlations (insignificant) with the stock returns, while
copper maintains the highest correlations with clean energy assets.

3.2. Methodology

To test whether an energy metal index is a hedge or safe haven
for a clean energy subsector or clean energy stocks in general, we
distinguish between a hedge and a safe haven following the
framework of Baur and McDermott [16] and Baur and Lucey [18].

3.2.1. Hedge
A strong (weak) hedge is an asset that is negatively correlated

(uncorrelated) with another asset on average. In other words,
during normal market circumstances a hedge provides return
diversification benefits. As such, a hedge does not need to provide
returns diversification during unusual market circumstances, such
as extreme declines in prices.

3.2.2. Safe haven
A strong (weak) safe haven is an asset that is negatively corre-

lated (uncorrelated) with another asset during unusual market
circumstances, such as extreme declines in prices. In other words,
during unusual market circumstances a safe haven provides pro-
tection benefits. As such, a safe haven does not need to provide
returns protection during normal market circumstances.

Accordingly, the econometric approach applied in this paper is
built on a model that regresses metal price returns to stock returns
in the same period. This is done for all six metals and five clean
stock indices, a total of 30 separate regression models that each
follows the mean equation:

rmetal;t ¼a þ btrindex;t þ � t (1)

where rmetal;t is the log-return of the metal price at time t, rindex;t is
the return of the index at time t, a and bt are the coefficient pa-
rameters to estimate, and the error term is � t . Parameter bt is
estimated by the equation:

2 https://www.visualcapitalist.com/size-oil-market/.
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bt ¼c0 þ c1D
�

rindexqq5

�
þ c2D

�
rindexqq2:5

�
þ c3D

�
rindexqq1

�

(2)

where the coefficient parameters to estimate are c0; c1; c2 and c3. To
differentiate between hedges and safe havens, the dummy vari-
ables D are defined. The dummy variables capture the periods when
clean energy indices' returns fall below the 5%, 2.5% or 1% worst
quantile threshold of the sample period. The dummy variable, thus,
denotes periods when investors would likely seek safe haven from
clean energy indices. D (…) is estimated as:

DðrindexqxÞ ¼
�

1 if rindex;t < rindexqx
0 if rindex;t � rindexqx

(3)

where rindexqx is the worst x return quantile threshold of either 5%,
2.5% or 1%.

To account for heteroscedasticity in the data, a GARCH (1,1)
model, specified below, is used to estimate the error term:

ht ¼u þ a� 2
t� 1 þ bht� 1 (4)

If one of the coefficients c1; c2 or c3 in Eq. (2) is significantly

Fig. 2. Aluminium LME price and clean energy indices (indexed, March 31, 2011 ¼ 100).

Fig. 3. Copper LME price and clean energy indices (indexed, March 31, 2011 ¼ 100).
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different from zero, it is an indication of a non-linear link between
the returns of the metal and the asset. Following the definition of a
hedge and a safe haven given above, the results from the models are
interpreted based on the coefficients and their statistical difference
from zero. If the parameters in Eq. (2) are non-positive, the metal is
a weak safe haven for that particular clean energy sector. If the
parameters in Eq. (2) are negative and a statistically significant
difference from zero is obtained, the metal is a strong safe haven for
that particular clean energy sector. If c0 is zero (negative) and the
sum of c1; c2 and c3 does not positively exceed c0 the metal in
question acts as weak (strong) hedge for the clean energy sector.

4. Empirical results

This section presents the results of, in total, 30 regression esti-
mates. Each metal is separately estimated with each stock index
using the regression model given by Eqs. (1)e(4). Table 3 shows
estimates for c0 and the estimated effects of negative shocks to
market circumstances. The estimated effect of negative shocks is
computed for each quantile, where the sum of c0 and c1 is the effect
for the 5th quantile, the sum of c0; c1 and c2 is the effect for the
2.5th quantile, and the sum of c0; c1; c2 and c3 is the effect for the
1st quantile.

There is evidence of a non-linear relationship between each of

Fig. 4. Nickel LME price and clean energy indices (indexed, March 31, 2011 ¼ 100).

Fig. 5. Cobalt LME price and clean energy indices (indexed, March 31, 2011 ¼ 100).
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