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Abstract
Recognizing the growing importance of the green energy market—renewable energy
stocks and bonds—and its classification as a viable financial asset, this paper examines
hedging strategies with brown market instruments—gold, oil, bond and the composite
S&P500—on the green energy markets. That is, we examine whether, and to what
extent brown assets can provide a hedge for green assets, using variants of the mul-
tivariate GARCH framework (DCC, ADCC and GO-GARCH). Our dataset spans
the period 01/12/2008 to 30/09/2021. To account for the influence of the COVID-
19 pandemic, we split the dataset into two—pre-covid (1/12/2008–10/03/2020) and
covid-era (11/03/202–30/09/2021). Two key findings emanate from our results: first,
conventional bonds and stocks provide the most consistent hedge for investment in the
green markets. Second, the results are sensitive to the state of the market—hedging
effectiveness declined during the covid period in the green stock market. Among other
things, it is recommended that investors include instruments of the green market in
portfolio allocation.
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1 Introduction

The renewable energy markets have sparked a surge in interest recently, courtesy of
concerns about global warming, highly volatile fossil fuel prices and a rapid depletion
rate. Another contributory factor is the continuous fall in the cost of clean energy
due to technological innovations, fierce competition, and an increase in green energy
investments. Understandably, a number of studies have examined the dynamics of
green energy markets. The first set of studies looks into the possibility of improving
the efficiency of the greenmarket systems (e.g., Shahzad et al. 2020;Naeemet al. 2021;
Zhuang and Wei 2022). Moreover, like other financial markets, green energy markets
exhibit volatility traits and are not immune to macroeconomic fundamentals, news
announcements, and shocks. This has prompted the second strand of the literature to
examine the return and volatility spillover between the green and the brown markets1

(see Kumar et al. 2012; Bondia et al. 2016; Pham 2019). The third group of studies
examines the hedging potentials of green and brown assets (Sadorsky 2012; Sanchez
2015;Ahmadet al. 2017;Ahmadet al. 2018). Essentially, these studies use theGARCH
models to analyse the hedging strategies of conventional assets on green stock. For
instance, Ahmad et al. (2018) consider larger hedging instruments (gold, oil, VIX and
OVX) and multiple GARCH models (DCC, ADCC, and GO-GARCH) and conclude
that VIX provides the best hedging performance.

This paper is related to the third strand of the literature—recent events point in the
direction of the need to examine the hedging tendencies of green energy bonds. The
importance of green bond cannot be overemphasised due to the following reasons: (i)
there has been massive investments in the market leading to the coinage “green bond
boom” (Tolliver et al. 2020); (ii) the market has relished governments’ support and
patronage; the Paris Agreement ushersmassive increase in green investment initiatives
(Deschryver and de Mariz 2020); (iii) green bonds are weakly related to equity and
energy commodity markets (Reboredo 2018; Saeed et al. 2020). Park et al. (2020)
show that green bonds do not respond to shocks in other markets, while Reboredo
(2018) concluded that green bonds are more linked to corporate and government
bonds; (iv) there has been a massive increase in the volume of transactions and the
market capitalisation of this asset (Dutta et al. 2020; Lee et al. 2021). This paper
therefore constitutes one of the early attempts to examine the hedging prowess of both
green stocks and bonds. The results obtained are of immense importance to investors

1 In this paper, the term green market is used to reference the green energy markets. Green energy, renew-
able energy, clean energy, sustainable energy, and alternative energy have the same meaning and are used
interchangeably. The two instruments of the green energy markets are green bond and stock indices. Simi-
larly, the brown market is the typical non-renewable financial markets. We represent this market with oil,
gold, conventional stocks and bonds.

123



Hedging strategies among financial markets: the case of green… 833

and policymakers as they are better informed as to which of the markets has the lowest
risk.

That said, this paper makes three key contributions. First, the paper dwells on the
dynamics of the green market, thus enhancing the existing limited market knowledge.
Second, we use multiple green market instruments (i.e. stocks and bonds). Previous
studies have focused more on green stocks without adequate consideration for green
bonds. Even though both markets are eco-friendly, Ferrer et al. (2021) demonstrate a
remarkable difference between green stocks and bonds. According to Kuang (2021a,
b), green stocks and bond assets provide diversification benefits to dirty assets, with
varying differences in their performance, with the bond market taking the lead. The
final contribution dwells on the use of an expanded dataset to reflect on the influence
of the current Covid-19 pandemic. While economists do not generally agree on issues,
there is a consensus about the attendant negative consequences of the pandemic in all
socioeconomic and financial spheres. More so, there is no clear indication of when
the pandemic’s consequences will end. Thus, it is safe to assume that the current
market situationmight linger for awhile, confirming the popular phrase “new normal”.
As such, analyses of the hedging strategies of both green and brown assets will aid
market stakeholders and investors in making portfolio allocation and risk management
decisions. It is worth noting that green assets are “relatively” new financial instruments
that provide new information as time passes. Since their inception, these instruments
have not witnessed any serious shock; hence there is no knowledge of their reaction to
shocks.2 To fill this perceived gap, we partition our sample into two—pre-covid and
covid periods—and this allows for a comparison of results. Hence,market stakeholders
are better informed of green assets’ behaviour during calm and crisis periods. This is
another considerable improvement over some of the earlier, similar studies (e.g., see
Sadorsky 2012; Sanchez 2015; Ahmad et al., 2017; Ahmad et al. 2018).

Following this introductory section, the rest of the paper is structured as follows:
Literature review is presented in Sect. 2.Methodology and data are discussed in Sect. 3.
Section 4 focuses on empirical results. Conclusion and policy recommendations are
offered in Sect. 5.

2 Related Literature

The green energy market is relatively a “new kid on the block” as increasing oil
prices, rising interest rates, and technological innovations spur interests in greenmarket
dynamics. Hence, empirical investigations of this new asset class continue to also
assume centre stage (e.g., Henriques and Sadorsky 2008; Kumar et al. 2012; Reboredo
2018; Pham 2019; Sadorsky 2012; Bondia et al. 2016; and Ahmad et al. 2018; Lee
et al. 2021; Ferrer et al. 2021; and Kuang 2021a, b).

Moreover, most of these earlier empirical analyses of the green market are largely
distinguished by differing econometric tools. For instance, while Henriques and
Sadorsky (2008) used a VAR framework to examine the long-run relationship between

2 Admittedly, data on green asset instruments only dates back to December 2008. That is, the period when
the global economy started the recovery from the adverse consequences of the global financial crisis. Hence,
there is not enough datapoints to make reasonable and intuitive analyses.
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stock prices of green assets, technology firms, oil price and interest rate, Kumar et al.
(2012) validated Henriques and Sadorsky’s results by using a modified VAR-causality
framework to show that the performance of carbon prices (global stock) was poor
(good). On the other hand, using the GARCH model, Sanchez (2015) finds that the
volatility spillover between energy stocks and technology prices is higher than that of
energy stocks and oil, implying that technology prices provide a better hedge.Whereas
the results of the analysis by Ahmad et al. (2018) reveal that VIX provides the bet-
ter hedge, over conventional assets such as oil, gold, and OVX, but closely followed
by oil. Dutta (2017) concludes that there is a positive and significant effect of OVX
on energy stocks, and the effect is stronger during the 2007/08 financial crisis. And
introducing the role of structural breaks in the model, Bondia et al. (2016) find that
the strong relationship between energy stocks and conventional assets—technology
stocks, oil, and interest rate—is limited to the short-run. In a different twist, Reboredo
et al. (2017) examines the dependence structure, viawaveletsmethods, between energy
stock and oil prices. Their results reveal strong dependence in the long-run, albeit weak
dependence in the short-run.

A number of additional studies also focused on the possible hedging strategies in the
green–brownmix of assets. For instance, Sadorsky (2012) finds that a $1 long position
in the energy stock could hedge about 20 cents with a short position on the oil future
market. Ferrer et al. (2021) studied the interdependence between green financial assets
and other major financial assets. They show that the green bond index is tightly linked
to corporate bonds. Kuang (2021a, b) examines the comparative risk diversification
between green assets (stock and bonds) and dirty energy stocks and concludes that
both green assets provide risk diversification for investors in dirty energy stocks.

The major limitation of many of the earlier studies is the disproportionate focus
on green energy stock without ensuant attention to the bond market. As previously
highlighted, this paper represents an important attempt to connect the missing link;
we examine the dynamics of the green market, use multiple green market instruments
(i.e., stocks and bonds), and interrogate an expanded dataset to reflect on the influence
of the current Covid-19 pandemic on the hedging strategies in financial markets.

3 Methodology and data

3.1 Methodology

The GARCH framework has grown in popularity as a tool for examining the volatility,
dynamic correlation and hedging effectiveness between financial assets. It is impor-
tant to note that there are variants of the GARCH framework: BEKK, CCC, and
VARMA GARCH. The BEKK models are associated with the issues of poor likeli-
hood functions, thus making estimation difficult, especially in models with more than
two variables. The CCC framework is designed to solve the problem associated with
theBEKKmodel but has some flaws of its own; its inability to account for dynamic and
asymmetric features. Studies have shown that when these features exist but are unac-
counted for, the results might be skewed (see Salisu and Oloko 2015). This is where
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the Dynamic conditional correlation (DCC) and the Asymmetric dynamic conditional
correlation (ADCC) GARCH models come to the fore.

TheOrthogonalGARCH(GO-GARCH) is another commonGARCHmodel,which
assumes that the returns are generated by a set of unobserved underlying factors that are
conditionally heteroskedastic. GO-GARCH assumes that the unobserved underlying
factors are uncorrelated and independent; as a result, the dynamics of the marginal
density parameters of those factors may be estimated separately and in parallel without
having to be restricted to any particular single model or dynamics. Hence, the GO-
GARCH model seems superior to other competing GARCH models (see Basher and
Sadorsky 2016).

We use three variants of the GARCH model for the analyses in this paper: DCC
(see Engle 2002), ADCC (see Cappiello et al. 2006) and GO-GARCH (see van der
Weide 2002) to examine the dynamic conditional correlation and hedge ratios between
clean assets—renewable energy green stocks and bonds—and conventional assets
(stock, bonds, oil, and gold). This choice is based on several factors: (i) DCC captures
persistence in volatility and correlation; (ii) DCC captures time-varying correlation
but does not capture spillover effects in volatility; and (iii) DCC is not closed under
linear transformation. The GO-GARCH model on the other hand satisfies all these
requirements and the modeling starts as follows:

The AR(1) return on an asset is expressed as:

rt = ρ + πrt−1 + εt . (1)

The residuals of the model are generated based on:

εt = H1/2
t zt , (2)

where H is the conditional covariance matrix of rt and zt is i.i.d error.
To estimate the DCC model, we obtain the conditional correlation estimate using

the equation:

Ht = Dt Rt Dt , (3)

where Ht is a n x n conditional covariance matrix; Rt is the conditional
correlation matrix and Dt is the diagonal matrix with time-varying stan-
dard deviations on the diagonal. Dt = diag(h1/21,t , . . . h1/2n,t ), and Rt =
diag(q−1/2

1,t , . . . q−1/2
n,t )Qtdiag(q

−1/2
1,t , . . . q−1/2

n,t ).
To model GARCH (1,1), the element of Ht is expressed as follows:

hi,t = ωi + αi,t−1ε
2
i,t−1 + βi hi,t−1. (4)

Qt is the symmetric positive matrix and is defined as:

Qt = (1 − θ1 − θ2)Q + θ1zt−1z
′
t−1θ2Qt−1, (5)
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where Q is the n x n unconditional correlation matrix of the residuals zit ; zit =
εi t/

√
hi,t ; and θ1andθ2 are positive parameters that are related to the smoothing process

used to obtain the dynamic conditional correlations.
The correlation estimation is written as:

ϑi, j,t = qi, j,t
/√

qi,i,t q j, j,t
. (6)

The DCC model is expanded to account for asymmetry. Cappiello et al. (2006)
added an asymmetric term to the conditional DCC, termed it asymmetric-DCC
(ADCC). And it is expressed as:

hi, j = ωi + αi,t−1ε
2
i,t−1 + βi hi,t−1 + diε

2
i,t−1 I

(
εi,t−1

)
. (7)

where I (εi,t−1) is a dummy variable with the value of 1 if εi,t−1> 0 and 0 if other-
wise. Positive value of (εi,t−1)means negative residuals have higher influence variance
than the positive residuals. The dynamics of Q in the ADCC model is expressed as:

Qt = (
Q̄ − A′ Q̄ A − B ′ Q̄B − G ′ Q̄−G

) + A′zt−1z
′
t−1A + B ′Qt−1B + G ′z−t z−t G,

(8)

where A, B, and G are n x n parameters, z−t are zero-threshold standard

errors.QandQ
−
are the unconditional matrix for ztandz

−
t , respectively.

The GO-GARCH is expressed as a model where return is a function of conditional
mean (mt ) and the error term (εt ),

rt = mt + εt . (9)

GO-GARCH maps rt − mt with factors ft , such that,

εt = A ft . (10)

The mixing matrix A is made up of unconditional covariance matrix
∑

and the
orthogonal rotational matrix U. That is,

A =
∑1/2

U . (11)

where in the matrix A, the rows are the assets, and the columns are the factors. The
factors are defined as:

ft = H1/2
t zt . (12)

Combining Eqs. 10–12 and assuming that E(zt ) = 0; E(z2t ) = 1, that E( ft ) = 0;
E( ft f ′

t ) = 1, we obtain,

rt = mt + AH1/2
t zt . (13)
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The conditional covariance matrix of (rt − mt ) is:

∑

t

Ht A
′. (14)

GO-GARCH assumes that A is time invariant, and Ht is a diagonal matrix. To
obtain GO-GARCH, we constrain A to be orthogonal.

3.2 Data

This paper focuses on two green energy market instruments, the green bond and stock
indices. The green bond market is proxied by the S&P Green Bond index, issued by
governments and multilateral corporations. The green stock market is measured in
NASDAQ Clean Edge Green Energy Index. The conventional assets include oil (WTI
$/bbl), gold ($/oz), and composite S&P500 index. Data on these indices are sourced
from theDataStreamand transformed to logarithmic returns.As previouslymentioned,
to account for the influence of the COVID-19 pandemic, we split the dataset size into
two periods: 01/12/2008–10/03/2020 (pre-covid period) and 11/03/2020–30/09/2021
(covid period).3 The full dataset set span the period 01/12/2008–30/09/2021.

Table 1 presents the descriptive statistics, with conventional stock being the most
valued asset, as it has the highest mean value, and oil being the most volatile asset.
Results of the correlation matrix are presented in Table 2. The table reveals an absence
of high correlation among the variables pairwisely. The trend analyses of the data are
presented in Figs. 1 and 2.

4 Empirical Results

Table 3 presents the results of the conditional spillover effect between the green bond
and the conventional assets, based on the DCC and ADCC frameworks. For the pre-
covid period, the results reveal an evidence of both short-termand long-run persistence,
depicted by a and β, respectively; with the former consistently lower than the latter.
This implies there is volatility clustering in the system. θ1 and θ2 are the DCC param-
eters and are estimated to be positive and significant at the 1% level. There is also
evidence of mean reverting in the model since the sum of the two parameters is less
than one.4 Several studies have reported similar findings (e.g., see Ahmad et al. 2018;
Basher and Sadorsky 2016). And according to Basher and Sadorsky (2016 page 239),
the Shape parameters equal the degree of freedom such that the higher the Shape
parameter, the more the shape of the t-distribution approaches normal. In the results,

3 This coincides with the period the World Health Organization officially declared COVID-19 a pandemic.
Other studies that also used this approach include Chemkha et al. (2021), and Kuang (2021a, b).
4 Perhaps it should be pointed out that the sum is close to 1 (i.e., 0.9750). To avoid any confusion and
misinterpretation that might arise, we conducted the student t test to test if the sum of $${\widetilde{\theta
}}_{1}$$ and $${\widetilde{\theta }}_{2}$$ are less than one or otherwise. Results confirm there is
evidence of mean-reverting in the system. For the want of space, we did not present this result but can be
made available on request.
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Table 2 Pearson Correlation Matrix

ESTOCK EBOND CSTOCK CBOND OIL GOLD

Panel B: Pre-Covid

ESTOCK 1

EBOND 0.2654 1

CSTOCK 0.2651 0.8211 1

EBOND −0.0244 −0.3642 −0.4165 1

OIL 0.1987 0.3356 0.3590 −0.2935 1

GOLD 0.3691 0.0303 −0.0135 0.1361 0.1250 1

Panel C: Covid Era

ESTOCK 1

EBOND 0.2425 1

CSTOCK 0.2197 0.7505 1

EBOND 0.2696 −0.1818 −0.3300 1

OIL 0.0372 0.1745 0.2136 0.0073 1

GOLD 0.5021 0.2426 0.2368 0.1609 0.0622 1

Source: Authors’ computation with data sourced from DataStream

all the conventional stocks, except for bonds, tend to have relatively lower Shape val-
ues (i.e., less than 7). An indication that these assets have heavier tail distribution than
the green energy stock market.

Results of the ADDC are similar to those previously presented. The distinguishing
features relate to the additional parameters in the model. For instance, the asymmetric
term (γ ) is significant for all the series. Hence, the markets have heterogeneous reac-
tions to positive and negative news. For example, in the case of stock and oil, negative
shocks have more effect on these markets than positive shocks of similar magnitudes.
There is also an evidence of mean reverting in the asymmetric DCC model. Diagnos-
tic statistics show that ADDC is the preferred model, judging by the AIC, Shibata,
Hanan-Quinn, and log-likelihood statistics. Overall, these results are similar to those
of earlier studies (see Basher and Sadosky 2016, Ahmad et al. 2018; Hachicha et al.
2021).

The results of the covid era analyses are presented in the second panel of Table 3.
Two main distinguishing features could be observed, in comparison to the pre-covid
era. First, the prowess of the long-term persistence has reduced, while short-term
persistence improved noticeably. Second, the influence of asymmetry has also reduced.
These results are intuitive and expected. We can justify the improved performance of
the short-term persistence on the ground that the dynamics of the pandemic have been
on the rise (i.e., numbers of deaths, hospitalization, and new cases); as such, market
stakeholders react to such shock instantaneously. As per the asymmetry results, the
covid era could be described as a negative market condition—negative economic
shock. Hence, any improvement recorded within this period could be short of what
was obtainable during the pre-covid era. That is, distinguishing between “good” and
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840 I. D. Raheem et al.

Fig. 1 Trend Analysis. Source: Author’s computation with data sourced from DataStream

“bad” news might not be effective. Table 4 presents the results of the green stock; an
overview of the table shows no major difference between the statistics presented in
Tables 3 and 4.

Results of the GO-GARCH are presented in Tables 5 and 6, which focuses on the
rotationmatrix (U),mixingmatrix (A) and the factor loading (A). Unlike other variants
of the GARCH framework, the GO-GARCH estimates factors, hence standard errors
are not presented. Like the DCC and AGARCH model moreover, there is evidence
of persistence, both in the short- and long-run, with the latter being multiple folds
of the former. Also, the summation of both parameters is less than unity. There is
no significant difference between the results of green stock (Table 5) and green bond
(Table 6).
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Fig. 2 Trend Analysis in Log Returns. Source: Author’s computation with data sourced from DataStream

4.1 Dynamic conditional correlation

In linewith the extant literature,we conduct a dynamic conditional correlation one-step
out-of-sample forecast, based on a rolling window analysis to address parameter insta-
bility, a common phenomenon in forecasting financial series (Basher and Sadorsky
2016). With this approach in mind, we use only the recent observations, to estimate
the most appropriate parameters fit for the model to be used in the forecasting process
(e.g., see de Rossi 2013).

As stated earlier, this paper uses two datasets. The first dataset, pre-covid, has 2943
observations, while the second dataset, the Covid era, has 409 observations. For the
first dataset, we use 1000 one-step ahead dynamic conditional correlations, that is, the
GARCH model is refit every 20 observations, and the second dataset uses 100 one-
step correlation to refit every 20 observations. The trend of the dynamic conditional
correlation is presented in the Appendix Sect. (1 and 3). The figure reveals two striking
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features. First, the trends of both DCC and ADCC almost mimic each other (see Table
7 for more details). This holds for all the pairwise correlation. This finding is not
surprising as ADCC is seen as an extension of DCC by accounting for the role and
influence of asymmetry. Second, GO-GARCH behaves very differently from both
ADCC and DCC. This difference becomes more obvious in 2020 and beyond. There
is a mostly positive correlation in each pair. A strand of the literature has argued
that gold’s diversification benefits enable it to correlate positively with other financial
assets (e.g., see Raza et al. 2019; Hachicha et al. 2021). The correlation between stock
and bond is mostly positive under DCC and GO-GARCH, and it is more volatile for
GO-GARCH. Basher and Sadorsky (2016) also argued that the correlation between
stock and bonds is due to flight-to-quality as a result of the quantitative easing policies
of the US Feds.

The pairwise correlation in the GARCH framework is presented in Table 7. There
is a high correlation between the DCC and ADCC. This finding is not surprising,
given that the ADCC is an extension of DCC that considers the role and influence of
asymmetry. Second, Go-GARCH has a lower correlation to both DCC and ADCC.
There is a higher correlation between the green stock market relative to the green bond
market. In the DCC/ADCC framework, the impact of the Covid pandemic appears to
have no discernible effect in both markets.

4.2 Optimal portfolio and risk management

Some of the statistics investors rely on to make decisions about portfolio allocation
and design are the optimal hedge ratios and hedging effectiveness. In this regards,
many earlier studies have presented various ways to estimate the optimal hedge ratios
(OHR) and the hedging effectiveness (HE) of financial assets. The most commonly
used models incorporate the minimized portfolio variance (e.g., see Chen et al. 2003).
To ensure reduced risk investments in the portfolios of green energy markets and
conventional financial assets, we rely on the estimates of the OHR based on a rolling-
window estimation of the GARCH models. OHR is derived from the return equation
of investors that take long positions in financial assets as:

RH ,t = Rs,t − αt RF,t , (15)

where RH ,t is the return of the unhedged portfolio, Rs,t and RF,t are the returns on
the spot and future positions, respectively. αt is the dynamic hedge ratio that shows
the number of future contract that must be sold to hedge against the spot position. The
variance of the hedged portfolio is available in the past period and is expressed as:

var
(
RH ,t It−1

) = var
(
Rs,t It−1

) − 2αtcov
(
RF,t Rs,t It−1

) + α2
t var

(
RF,t It−1

)
.

(16)

The OHRs are the α and it is expected they will minimise the conditional variance
of the hedged portfolio. They are obtained by taking the partial derivative with respect
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to α and setting the resulting equation to 0. That is,

α∗
t It−1 = cov(Rs,t RF,t |It−1)

var(Rs,t |It−1)
. (17)

Kroner and Sultan (1993) show that OHR can be calculated using the conditional
volatility estimates from the GARCHmodel. The hedge ratio between future and spot
price is expressed as:

α∗
t |I t−1 = hSF,t

HFt
, (18)

where the numerator is the conditional covariance between spot and future returns,
and the denominator is the conditional variance of the futures returns. The performance
of the OHR can be gauged using HE, which is expressed as:

HE = varunhedged − varhedged
varunhedged

. (19)

Theoretically, the higher the HE index, the more effective the assets are, implying
a higher risk reduction. The trend analysis of the OHR is presented in Appendix 2
and 4, while Table 8 contains the pairwise correlation. The statistics from the table
show a high correlation between DCC and ADCC, again, this is not surprising. The
correlation appears to be higher in the pre-covid era than in the covid-era.

The summary statistics of both OHR and HE are presented in Tables 9 and 10.
Three striking features in the table are observable. First, the performance of OHR in
the period (pre-covid and covid era) is asset specific. For instance, with renewable
energy stocks, the average OHR is higher in the pre-covid period. For the DCCmodel,
the average hedge ratio between green energy stock and oil is about 18 and 13 cents
for pre-covid and covid periods, respectively. This implies that a long position of
$1 in the energy stock market can be hedged for 18(13) cents in the oil market in
the pre-covid(covid) period. Similar results have also been reported in earlier studies
(see Sadorsky 2012; Sanschez 2015; Ahmad 2017; Ahmad et al. 2018).5 The average
hedge between renewable energy stocks, gold and conventional bonds is negative, with
the covid period having relative higher performance. The negative OHR implies that
investors must take the same position for two assets in the same portfolio. Studies have
shown that lower OHR implies a cheaper cost of hedging (e.g., see Akhtaruzzaman
et al. 2021; Batten et al. 2021). Thus, oil and conventional stocks were cheaper during
the covid period than before the crisis. Thismight be attributed to the fact that oil prices
plunged drastically during the crisis. In fact, for the first time in history, oil prices
traded negative around April/May 2020. Another factor might be the containment
policies of governments at the onset of the pandemic, which led to the shutting down
of business activities, thus impacting the supply chain and consequently negatively
affecting stock markets (Raheem 2021). However, gold has higher OHR during the

5 These studies put the short position of oil between 20 and 32 cents.
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pandemic. Previous studies have also reported this position (e.g., Batten et al. 2021;
Chemkah et al. 2021).

Furthermore, for the green stock market, the HE is higher in the calm period (i.e.,
pre-covid era), with oil and conventional bonds being the best hedging products. On
the flip side, the green energy bond is immune to the influence of the pandemic, as
there is no significant difference in the average values of OHR and HE in the pre-
covid and covid periods. It is quite hard to justify this, nevertheless, one can hang on
to the intuition that some green bonds have government backing and involvement. For
instance, the resultant effect of the Paris Agreement led to the “green bond boom”
(Tolliver et al. 2020). It is worth noting too that there are instances in which HE values
are negative. This suggests that an unhedged portfolio will produce the most risk-
mitigating strategy. In fact, Ahmad et al. (2018) report similar findings for gold and
green stock.

4.3 Sensitivity analyses6

A strand of the literature has argued that the green/brown compartmentalization for a
class of assets is not homogenous (e.g., see Fuentes and Herrera 2020; Kuang 2021a,
b). As such, there is the possibility that this classification might have implications for
empirical analyses. To verify this supposition, we use alternative indicators: the NYSE
BloombergGlobal (WIND), theNYSEBloombergGlobal Energy Smart Technologies
Index (EST), the NYSE Bloomberg Global Solar Energy Index (SOLAR) and World
Renewable Energy Index (RENIXX).7 The results of the summary hedge ratios and
hedge effectiveness are presented in Tables 11, 12, 13 and 14. Our results confirm the
hypothesis that the hedging strategies of energy assets are heterogenous, depending
on the mode of measurement. The results show that SOLAR and RENIXX have the
highest hedging effectiveness compared to other indicators. The heterogeneous nature
of the results of these indicators is also reported in Pham (2019).

Furthermore, many earlier studies have shown that the renewable energy market
is diverse, with heterogeneous diversification benefits with brown assets (see Kuang
2021a, b; Pham 2019). Pham (2019) argues that the heterogeneous interconnection
between brown and green assets has important implications for portfolio diversi-
fication. To verify these claims, we considered alternative portfolio diversification
measures aside from the HE and OHR. Specifically, we explored the use of Sharpe
ratio (SRp), Calmar ratio (CRp), Sortino ratio (STp), and Omega ratio (�p). That is:

SRρ = Rρ

σ̂ρ

, (20)

6 The credit for this sub-section goes to an anonymous reviewer.
7 The NASDAQOMXClean Energy Focused US Index is designed to track the sectors of the Green Econ-
omy that specifically enable an advancement of energy generation via non-fossil-based sources. Moreover,
due to our research interest, the primary focus of this paper is on the renewable sector. More information
on the NASDAQ OMX could be found at https://indexes.nasdaqomx.com/.
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where Rρ is the annualised geometricmean return, and σ̂ρ is the annualised standard
deviation of the portfolio return.

CRρ = Rρ

|MDD| , (21)

where Rρ is the annualised geometric mean return and |MDD| is the absolute value
of the maximum drawdown of a portfolio.

STρ = Rρ − RT
(∫T−∞(RT − x)2 f (x)dx

)1/2 , (22)

where RT is the target or required rate of return.
And,

�ρ = ∫∞
τ (1 − F(x))dx

∫τ−∞(x)dx)
, (23)

where F is the cumulative return distribution function, τ is the threshold defining
the loss versus gains (assumed to be zero).

The results of these measures are presented in Table 15. The table shows that
these alternative measures are similar to those presented earlier (i.e. OHR and HE).
Summarising the results, portfolio diversification of EBONDS is higher than that of
ESTOCK. We also find that the the COVID period outperforms the pre-covid period.
And the Omega ratio has the best portfolio diversification measures.

Table 15 Alternative Measures of Portfolio Diversification

Pre-COVID COVID

Oil Gold CBOND CSTOCK Oil Gold CBOND CSTOCK

ESTOCK

SR −0.168 0.462 0.321 0.153 −0.105 0.536 0.442 0.296

CR −0.046 0.210 0.100 0.045 −0.039 0.199 0.200 0.058

ST −0.009 0.086 0.049 0.006 −0.066 0.083 0.076 0.013

Omega 0.193 0.659 0.863 0.443 1.069 1.665 0.986 1.269

EBOND

SR 0.231 0.125 0.132 0.113 0.295 0.321 0.249 0.431

CR 0.088 0.023 0.019 0.009 0.098 0.118 0.086 0.186

ST 0.123 0.156 0.168 0.268 0.269 0.164 0.176 0.049

Omega 1.066 1.139 0.962 0.853 1.069 0.964 1.172 1.236

Source: Authors’ computation with data sourced from DataStream
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864 I. D. Raheem et al.

As an alternative riskmanagement design,we also used the optimalweights strategy
(see Kroner and Ng 1998) in a portfolio with two assets (e.g., i and j) as follows:

wi j = h j j − hi j
hii − 2hi j + h j j

, with wi j,t =
⎧
⎨

⎩

0 wi j,t < 0
wi j 0 ≤ wi j,t ≤ 1
1 wi j,t > 1

. (24)

Using Eq. (24) we can derive the weight of asset i in a portfolio comprising the
assets i and j as wi j where hi j is the conditional correlation between the assets i and j,
and hii and h j j are the conditional variance of the assets i and j, respectively. Tables 16
and 17 report negative results from HE. These indicate the optimal weights strategy,
as presented in the tables, will entail a higher risk level for hedged portfolios than
unhedged portfolios, except for the diversification of EBOND with CBOND in the
pre-COVID era.8

5 Conclusions

This paper examines the hedging capabilities and strategies of conventional finan-
cial assets—gold, oil, the composite S&P500 and the bond index—on green energy
market instruments (i.e., green bonds and stocks). To account for the influence of
the COVID-19 pandemic, we split the dataset into pre-covid (1/12/2008–10/03/2020)
and covid-era (11/03/2020–30/09/2021).We use themultivariateGARCH framework-
s—DCC, ADCC, and GO-GARCH—to obtain the optimal hedge ratios (OHR) and
the hedging effectiveness (HE). There is evidence of short- and long-term persistence
across the estimated multivariate GARCH model. But the results remain unchanged
for the two-contrasting timeframes. The dynamic conditional correlation of DCC and
ADCC almost mimics each other; however, GO-GARCH behaves differently from
these two approaches.

Our results also reveal that the hedging effectiveness depends on asset, time period
and the empirical model. We show that conventional bonds and stocks provide the
most consistent hedge for investment in the green markets, over time. This result is a
new addition to the literature, as previous studies have pitched for oil (see Sadorsky
2012; Sanchez 2015) and VIX (Ahmad et al. 2017). Moreover, these results are to be
interpreted, albeit with caution. The fact that conventional bonds and stocks provide
the most consistent hedging tool does not mean they provide the best hedging asset.
For instance, in the green bond market, gold has higher HE values in both periods
(pre-covid and covid), whereas gold is the third best-performing asset in the green
stock market. Furthermore, there is no huge difference in the type of hedging assets
that is suitable for green energy stocks and bonds.

These results have significant policy implications for investors. The green energy
market is on a growing streak with projected robust performance. Hence, it is rec-
ommended that investors who are yet to divest into the green energy market should

8 Appendices A5 and A6 indicate the dynamics of optimal weights.
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consider redesigning their portfolio allocation to include these new assets. The risk-
mitigating function of these new instruments is ascertained, as we have demonstrated
in this paper that, like other financial markets, conventional assets provide hedge for
the renewable energy market. Finally, there is no rivalry between the green market
instruments; hence investors are free to choose either of the assets, conscious that they
are both reliable.
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Appendix 1

See Fig. 3.

Fig. 3 Dynamic Conditional Correlations (Pre-COVID)
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Appendix 2

See Fig. 4.

Fig. 4 Optimal Hedge Ratios (Pre-COVID)
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Appendix 3

See Fig. 5.

Fig. 5 Dynamic Conditional Correlations (COVID)
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Appendix 4

See Fig. 6.

Fig. 6 Optimal Hedge Ratios (COVID)
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Appendix 5

See Fig. 7.
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Appendix 6

See Fig. 8.
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