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Abstract

This study investigates the non-linear cointegrating relationship between wholesale elec-
tricity prices (WEP) and electricity generation from conventional sources (EGCS), using
data for India. The conventional sources considered in the analysis are thermal, nuclear,
and hydro. The dataset is a monthly time series covering the period from April 2012 to
April 2019. The existence of a non-linear cointegration between the variables and asym-
metric effects of EGCS on WEP are examined by employing a non-linear autoregressive
distributed lags modelling framework. Empirical results reveal that a non-linear long-run
equilibrium relationship is evident in the WEP-EGCS nexus for India. The findings indi-
cate that in the long-run, electricity generation from nuclear and hydro sources have asym-
metric effects on WEP, but thermal source has symmetric effects on WEP. However, only
hydro source has asymmetric short-run effects on WEP. The findings of this study suggest
that such non-linear relationships between WEP and EGCS are crucial to be accounted for
identifying the optimal electricity generation fuel mix in emerging economies, including
India.

Keywords Electricity generation fuel mix - Wholesale electricity price - Asymmetric
effects - Non-linear autoregressive distributed lags - Conventional sources of electricity

1 Introduction

Over the past many decades, the electricity generation fuel mix (EGFM) of emerging
economies has been dominated by fossil fuels, mainly burning of coal (BPSRWE 2019).
Increased electricity demand and overdependence on coal have raised concerns about
climate change, resource depletion, and energy security issues at the global and regional
level (Ali et al. 2019). Therefore, one of the principal goals of energy security policies
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of emerging economies is to diversify the EGFM, which results in promoting the use of
alternative electricity generation sources: nuclear, hydro, and renewables (Le and Nguyen
2019). However, it can be argued that since most of the emerging economies have liberal-
ized their electricity market, price effects of changes in electricity generation cannot be left
unnoticed due to its impact on the financial and economic viability of electricity generation
systems (Gross et al. 2010). Such price effects are also expected to have severe implications
on the long-term energy security goals of countries, especially in emerging economies. On
the one hand, decrease in wholesale electricity price hamper the market expectations, par-
ticipants’ risk exposure, and future investment decisions (Roques et al. 2008; Gross et al.
2010; Johnson and Oliver 2019). On the other hand, increase in wholesale electricity price
reduces the affordability of electricity and therefore weakens the energy security (Sovacool
and Brown 2010; Sarangi et al. 2019). Given this, the relationship between electricity gen-
eration and wholesale electricity prices is a relevant area of research in the energy econom-
ics literature.

The existing empirical studies investigate the effects of supply side factors, particu-
larly, electricity generation from sources on wholesale electricity prices (Humphreys
and McClain 1998; Benini et al. 2002; Awerbuch 2006; Roques et al. 2008; Bhattacha-
ryya 2009; Jun et al. 2009; Gelabert et al. 2011; Milstein and Tishler 2011; Forrest and
MacGill 2013; Chattopadhyay 2014; Mari 2014; Martinez-Anido et al. 2016; Adom et al.
2017; Worthington and Higgs 2017; Maekawa et al. 2018). However, empirical researches
on the impact of electricity generation from conventional sources (EGCS) on wholesale
electricity prices (WEP) are scarcely available. Though in some of these studies EGCS
is found to be a significant determinant of WEP, there is no common consensus about the
positive or negative effects on WEP. Despite this established relationship, several limita-
tions have been observed in the previous studies on EGCS-WEP nexus; specifically, all the
studies have assumed that EGCS has linear effects on WEP (Gelabert et al. 2011; Forrest
and MacGill 2013; Chattopadhyay 2014; Worthington and Higgs 2017; Gerasimova 2017,
Adom et al. 2017). For example, the impacts of both positive and negative shocks in EGCS
lead to symmetric changes in WEP. However, it is also argued that electricity generation
from hydro and nuclear sources is relatively more flexible than thermal sources, and there-
fore, responds non-linearly to the shocks arising from market uncertainties (IRENA 2018).
Given the degree of this supply-side flexibility, one can expect that non-linearity in EGCS,
namely nuclear and hydro, could lead to non-linear (asymmetric) variations in WEP as well
(Zachmann and Von Hirschhausen 2008). In addition, it is also well-recognized that elec-
tricity consumption is non-linear in characteristic, and assuming a linear effect of EGCS
on WEP could undermine the precise nature of the relationship between EGCS and WEP
(Shahbaz 2018). Therefore, a clear understanding of the non-linear cointegrating relation-
ship between EGCS and WEP, and the asymmetric effects of EGCS on WEP is inevita-
ble, as price uncertainties have significant implications on the long-term energy transi-
tion goals (Gross et al. 2010). Besides, past studies have mainly examined the symmetric
effects of EGCS on WEP; to the best of our knowledge, there is no empirical study that
has examined the relationship in the context of non-linear cointegration and asymmetric
impacts (Gelabert et al. 2011; Forrest and MacGill 2013; Chattopadhyay 2014; Worthing-
ton and Higgs 2017; Gerasimova 2017; Adom et al. 2017). Thus, an empirical investigation
of such nature may provide an accurate and unbiased picture of the existing relationship
between EGCS and WEP. The other limitation of past studies is related to the methodology
employed in the analysis, which fails to accommodate the long-run and short-run asymmet-
ric effects of EGCS on WEP. The long-term aspect is essential in empirical analysis, as it
covers the indirect impacts of EGCS on future investments (through long-term changes in
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WEP) to maintain a continuous supply of electricity (Bluszcz 2017). In particular, a long-
term decrease in WEP generates a higher revenue risk and discourages future expansion in
the power/electricity sector (Benini et al. 2002; Gross et al. 2010). Similarly, the short-term
aspect of EGCS focuses on the affordability dimension of electricity that influences energy
security (Sovacool and Brown 2010). In contrast, such a distinction between the long-run
and short-run effects of EGCS on WEP is ignored in the existing studies. Nevertheless, the
impact of EGCS on WEP is investigated mainly from the perspective of developed econo-
mies (Martinez-Anido et al. 2016); thus, the established empirical relationship has limited
applicability in emerging economies.

The EGCS-WEP nexus is a matter of concern for many emerging economies, including
India, as the countries have adopted a liberalized electricity market to improve the effi-
ciency of the power sector (Rudnick and Velasquez 2018). However, the success is influ-
enced by variations in WEP, in particular, increased price results in lowering the revenue
risks and makes diversification in the EGFM more attractive for future expansion and new
investments and vice versa (Roques et al. 2008; Gross et al. 2010). One can argue that since
EGCS share around 76.5% of total electricity generation capacity in India (MOP 2019), the
energy security and transition goals cannot be met unless the underlying effects of EGCS
on WEP is well understood. Thus, there is an immediate need to study the existence of
non-linear long-run equilibrium relation and asymmetric impacts of EGCS on WEP for
India, which could provide an accurate understanding of the existing trade-offs. The exist-
ing studies in the Indian context have mainly focused on barriers or drivers of electric-
ity generation and the determination of electricity price; therefore, the EGCS-WEP nexus
from non-linear viewpoint is overlooked for a very long time (Shukla and Thampy 2011;
Chattopadhyay 2014; Girish et al. 2018).

Based on the preceding discussions, the objective of the present study can be presented
as follows: to examine the non-linear cointegration and asymmetric long-run and short-
run effects of EGCS on WEP. Thus, this study intends to investigate the non-linear long-
run equilibrium relationship, and asymmetric long-run and short-run impacts of electricity
generation from thermal, nuclear, and hydro sources on WEP, using data for India. The
empirical analysis employs a non-linear autoregressive distributed lags modelling frame-
work on monthly time series data covering the period April 2012—April 2019. The findings
show that a non-linear cointegrating relationship exists between EGCS and WEP for India.
The asymmetric long-run price effects of nuclear and hydro sources are evident, but asym-
metric short-run price effects are observed only for hydro source.

The present study differs from the existing studies in several aspects. This study is
the first-ever empirical attempt to examine the non-linear long-run equilibrium relation-
ship between WEP and electricity generation. The past studies have examined the linear
cointegrating relationship between these variables (Forrest and MacGill 2013; Adom et al.
2017). In this study, electricity generation from conventional sources, namely thermal,
nuclear and hydro are considered in the empirical analysis; however, the previous empiri-
cal studies were largely focused on renewable sources. The analysis conducted in this study
investigates the asymmetric impacts of electricity generation from conventional sources
on WEP, however, existing studies have investigated the effects by assuming symmetric
impacts (Gelabert et al. 2011; Forrest and MacGill 2013; Chattopadhyay 2014; Worthing-
ton and Higgs 2017; Gerasimova 2017; Adom et al. 2017). The empirical research in this
study segregates the long-run and short-run impacts of EGCS on WEP, where past studies
rely on either simulation method or standard econometric techniques that fail to accom-
modate such distinction in their investigation (Gelabert et al. 2011; Forrest and MacGill
2013; Chattopadhyay 2014; Worthington and Higgs 2017; Gerasimova 2017; Adom et al.
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2017). Moreover, in this study, data for India is employed in the empirical analysis, which
is amongst the major emerging economies that have implemented diversification of EGFM
to reduce carbon emissions and achieve long-term energy security in the country (Sarangi
et al. 2019). In the existing literature, no such empirical study is conducted from an emerg-
ing economy perspective, especially for India. The findings of this study contribute to the
existing literature in the following ways. The finding that there exist a non-linear cointegra-
tion between EGCS and WEDP is first of its kind in the existing literature, and thus provide
important inputs for identifying the optimal EGFM considering this non-linear equilibrium
relationship. Though the symmetric effects of thermal sources observed in this study is
consistent with previous studies, the asymmetric long-run impacts of nuclear and hydro
powers are new to the prevailing knowledge of the effects of EGCS on WEP. The asym-
metric short-run impacts of hydro on WEP provide empirical evidence to the argument that
the hydro generation system has more flexibility compared to other conventional power
sources. Such an understanding of asymmetric effects is necessary to develop a compre-
hensive energy policy for long-term energy planning, which accounts for the sustainability,
reliability, and energy security dimensions. The findings presented for India could provide
valuable lessons for other emerging economies, where diversification of EGFM is pro-
moted with the assumption of a linear effect of EGCS on WEP. Specifically, in emerg-
ing economies including India, as the realization of energy transition through renewable
sources is facing a severe challenge of volatility in WEP, identification of optimal EGFM
considering the asymmetric effects of power sources could help in achieving long-term
energy security.

The remaining part of the paper is structured as follows: Sect. 2 discusses the EGCS-
WEP nexus from an Indian perspective and reviews the existing literature. The methodol-
ogy and data employed in this study are discussed in Sect. 3, and Sect. 4 presents the esti-
mation results. Section 5 discusses the implications of the empirical findings, and Sect. 6
presents the concluding remarks.

2 The EGCS-WEP nexus—Indian perspective and a brief literature
review

The Indian economy has experienced significant structural changes in past decades that
have led to unprecedented economic growth, rapid urbanization, growth in exports, and
increased population density. With the expansion of economic activities and accelerated
development, the demand for electricity is expected to rise by manifold in the coming years
(Tripathi et al. 2016). In India, most of the electricity demand is currently met through
conventional sources: thermal, nuclear, and hydro, and approximately these sources share
76.5% of the total installed capacity for electricity generation (MOP 2019). Nevertheless,
India is also expected to reduce the emission intensity by 2030, as it was committed under
the Paris Agreement (MNRE 2011). In this situation, the use of low-carbon electricity gen-
eration sources such as nuclear, hydro, and renewables is considered to be a plausible strat-
egy. However, the success of this strategy depends on the dynamics of the electricity mar-
ket, where volatility in wholesale electricity prices is posing a serious threat to the financial
and economic viability of low-carbon power generation systems. As such, the positive and
negative shocks in the EGCS are expected to have some significant influence on WEP, and
subsequently, have vital implications on India’s long-term energy security goals.
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Increased electricity generation from sources other than coal provides robustness
against interruptions of any one fuel source and mitigates the fossil fuel supply shocks
(Grubb et al. 2006). The use of alternative electricity generation sources helps in control-
ling the price risks that come from employing a particular electricity generation source,
but it does not act as a necessary feature to make the system more reliable. Moreover, the
efficient use of low-carbon energy sources lessens the overall per-unit cost of generating
electricity by giving a boost to the alternative sources in the EGFM, and further results in
increasing the probability of energy security compared to the EGFM dominated by fossil
fuels (Awerbuch 2006). On the contrary, EGCS, such as nuclear and hydro, are relatively
more flexible than coal due to their technical characteristics (IRENA 2018). Thus, it is
likely that adverse shocks in EGCS could lead to a rise in WEP and influence affordability,
which jeopardizes the long-term energy security objectives (Sovacool and Brown 2010). In
such circumstances, thus, there exists a dilemma that how does the Indian economy meets
its growing electricity demand by relying on alternate low-carbon EGCS, and at the same
time, reduce the threat to energy security arising due to the volatility in wholesale electric-
ity prices. This task eventually requires a better understanding of the relationship between
EGCS and WEP for India, and thus, there is a need for a more in-depth analysis of the
effects of EGCS on WEP for India.

In the existing empirical literature, some of the studies have analyzed the impact of sup-
ply side factors, specifically, electricity generation from sources on WEP using diverse set
of countries and methodologies (Humphreys and McClain 1998; Benini et al. 2002; Awer-
buch 2006; Roques et al. 2008; Bhattacharyya 2009; Jun et al. 2009; Gelabert et al. 2011;
Milstein and Tishler 2011; Forrest and MacGill 2013; Chattopadhyay 2014; Mari 2014;
Martinez-Anido et al. 2016; Adom et al. 2017; Worthington and Higgs 2017; Maekawa
et al. 2018). For instance, Humphreys and McClain (1998) find in their study that increase
or decrease in WEP can be reduced by raising the percentage of coal consumption in the
EGFM. Since Blazquez et al. (2018) argued that the marginal cost of electricity generation
from some sources is almost zero, there is less flexibility in the adjustment of generation
capacity of such sources. This, in turn, makes the conventional sources of electricity such
as coal, diesel, and gas more prone to the demand shocks and the resultant price risk poses
a threat to their financial and economic viability (Johnson and Oliver 2019). Adom et al.
(2017) in a study for Ghana find that increase in electricity generation from hydro source
causes movements in wholesale electricity prices in both the long-run and short-run. Awer-
buch (2006) in an analysis of optimal EGFM portfolio suggested that fuel mix with more
concentration of coal sources poses a higher price risk. Thus, a joint criteria is necessary to
identify the optimal EGFM: minimisation of risk and maximisation of return. Bhattachar-
yya (2009) in a study for selected European countries suggested that EGFM dominated by
fossil fuels are associated with more vulnerability in electricity supply. Benini et al. (2002)
examined the volatilities in wholesale electricity prices for Spain, California and UK. The
study argues that movements in wholesale electricity prices are determined by large num-
ber of factors including electricity generation from hydro sources. Chattopadhyay (2014)
using mathematical modelling approach studied the effect of electricity generation from
renewable sources on electricity market in India. The analysis suggests that price move-
ments are related to renewable generation capacity, demand and existing generation capac-
ity of thermal sources. Forrest and MacGill (2013) in a study for Australian electricity
market analysed the effect of wind generation on electricity price and electricity genera-
tion from coal sources. The analysis using regression method demonstrates that increased
electricity generation from wind sources are replacing the electricity generation from coal
sources. In another analysis for Australia, Higgs et al. (2015) investigated the impacts of

@ Springer



290 B. Nibedita, M. Irfan

electricity generation from fossil fuels and renewables on wholesale electricity prices. The
study shows that generation sources significantly affect the electricity price, where coal
sources negatively influence the electricity price and hydro sources positively affect the
electricity price. In a recent study for Australia, Worthington and Higgs (2017) examined
the effect of diversity in EGFM on wholesale electricity prices. The analysis based on least
squares and quantile regression techniques show that electricity prices are lower in the situ-
ation when more coal is used in electricity generation. Gelabert et al. (2011) using standard
regression method examined the effects of electricity generation from various sources on
wholesale electricity prices for Spain. The findings suggest that coal and hydro sources
are positively influencing the price, but the effect of nuclear source is insignificant. Ger-
asimova (2017) in a research for Nordic countries analysed the effects of wind and hydro
based electricity generation on electricity price volatility. The study used regression model
and the findings show that increased hydro power results in more volatility in wholesale
electricity price in Finland, Sweden and Norway, but the effect is significant for Denmark.
Jun et al. (2009) in an analysis for South Korea using supply security index suggest that
concentration of coal and nuclear electricity generation sources in EGFM increases the
probability of price fluctuations. Maekawa et al. (2018) examined the price effects of non-
renewable and renewable electricity generation sources for Japan. The conceptual model
proposed in the study argues that both demand and supply side factors determine the move-
ments in electricity price in Japan. Mari (2014) using mean variance portfolio model find
that nuclear power can be utilised to hedge against the electricity price risk arising from
coal and gas sources in the United States. Martinez-Anido et al. (2016) using scenario anal-
ysis show that in the United Kingdom, increased electricity generation from conventional
sources have positive effect on the electricity price. The findings also suggest that nuclear
and hydro sources create less uncertainty in the electricity supply curve compared to solar
and wind sources. Milstein and Tishler (2011) using data for Israel find that when electric-
ity demand is met only through conventional electricity generation sources, the electricity
prices are higher compared to diversified EGFM. Roques et al. (2008) in a study for Euro-
pean markets find that co-movements in electricity price can lead to an EGFM with more
concentration of coal and nuclear sources.

It is evident for the above reviewed studies that most of the researchers have assumed a
linear relationship between electricity generation and WEP in the analysis. Thus, all these
studies have overlooked the possibility of a non-linear relationship between EGCS and
WEP as well as asymmetric effects in their analysis. In this regard, one can say that it is
now imperative to provide a better understanding of empirical relationship between EGCS
and WEP, especially for India, to assist in identification of the optimal EGFM for long-
term energy security.

3 Materials and methods
3.1 Conceptual model and research hypotheses

In a liberalized electricity market, fluctuations in WEP are a well-established phenomenon,
and it can be explained with the help of a standard demand and supply model. Accordingly,
the proposed model is presented in Fig. 1, where both the demand and supply of electricity
are considered to be non-linear, as suggested in Gao et al. (2000). The model (in Fig. 1)
shows that the intersection of demand (D) and supply (S) of electricity curves determines

@ Springer



Non-linear cointegration between wholesale electricity prices... 291

Fig.1 The relationship between
EGCS and WEP

the equilibrium WEP (P) in the electricity market. However, keeping the demand for elec-
tricity fixed, increased EGCS results in a rightward shift in the electricity supply curve
from S to S". Hence, a new equilibrium WEP (P") is determined, and it is observed that
P>P". Similarly, decreased EGCS results in a leftward shift in the electricity supply curve
from S to S’. Therefore, a new equilibrium WEP (P’) is determined, and in this case, P<P’.
The differences between the equilibrium WEPs with respect to changes in EGCS can be
expressed as A;=P"-P and A,=P’-P, where |IA,|>|A,l. Thus, the relationship between A,
and A, (IA,I>1Al) suggests a possibility of asymmetric (non-linear) price effects of EGCS.
Specifically, it can be argued that positive shocks in EGCS result in a relatively smaller
change in WEP compared to adverse shocks in EGCS.

The non-linear effect of EGCS on WEP is also discussed in the theoretical work of
Johnson and Oliver (2019), but in relation to the intermittent sources of energy and their
impacts on WEP volatility. Thus, the conceptual model proposed in this study is distinct
in a sense, it considers specifically the non-linear effects of EGCS on WEP. The existing
empirical literature on the effects of electricity generation on WEP are vast in numbers,
and there is no such study that examines the non-linear effects of EGCS on WEP (Gelabert
et al. 2011; Forrest and MacGill 2013; Chattopadhyay 2014; Worthington and Higgs 2017;
Gerasimova 2017; Adom et al. 2017). Thus, this study intends to fill these gaps in the exist-
ing literature by investigating the non-linear long-run equilibrium relationship between
EGCS and WEP and asymmetric long-run and short-run effects of EGCS on WEP. For
this purpose, the following two hypotheses are constructed for the empirical verification of
the findings suggested in theoretical model (in Fig. 1):

H1 A non-linear cointegrating relationship exists between EGCS and WEP.
H2 The asymmetric long-run and short-run effects of EGCS on WEP exist.

3.2 Empirical model

In this study, the non-linear cointegrating relationship and asymmetric effects of EGCS on
WEP are examined by employing the following econometric specification:
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3
WP, =a+ (ejEG; + a;EG;) + BED, +¢, 1)
i=1

where ¢ indicates the time, WP denotes the WEP, i corresponds to EGCS (1=ther-
mal, 2=nuclear and 3=hydro), EG; denotes electricity generated from source i, super-
scripts+and — on EG; indicate the positive and negative shocks, ED implies electric-
ity demand and taken as a control variable, and ¢ is the residual term. The econometric
relationship specified in Eq. (1) estimates the non-linear effects (6%, 67) of positive and
negative shocks in EG on WP. The parameters of the model presented in Eq. (1) can be
estimated by employing an appropriate time-series econometric technique. Moreover, the
positive and negative shocks in EG; can be calculated by using the partial sum decompo-
sitions method proposed in (Shin et al. 2014), and can be expressed in a general form as
follows:

Z AEG], = Z max(AEG;,,0)
=1

@)
- = Z AEG;, = Z min(AEG;,,0)
k=1 k=1

where EG;’t and EG;, denote partial sum decompositions, and A is the first difference
operator.

3.3 Data

The data utilized in this study is the monthly time series covering the period April
2012—-April 2019. WP is calculated by taking an average of the daily day-ahead whole-
sale electricity price (expressed in Indian rupees per megawatt-hours of electricity) in a
month, and it was collected from the Indian Energy Exchange database. The data series for
variables EG; (expressed in GWh, which is equivalent to one million Kilowatt-hours) were
extracted from the monthly archives on electricity generation from the Central Electric-
ity Authority of India. Where EG; is for Thermal power (TH), EG, is for Nuclear power
(NU) and EGs; is for Hydro (HY). ED is proxied by the index of industrial output, and the
monthly data series for ED were collected from the Reserve Bank of India Database. All
the data series were transformed into a natural logarithmic form to eliminate outliers and to
avoid heteroscedasticity and normality issues in the econometric analysis. The descriptive
statistics of the variables are presented in Table 4 in the Appendix.

3.4 Estimation strategy

The estimation strategy employed in this study relies on a two-step procedure: first, the sta-
tionary properties of variables are analyzed by using the unit root test with unknown struc-
tural break proposed in Vogelsang and Perron (1998). Second, a non-linear autoregressive
distributed lag (NARDL) modelling framework is employed to investigate the non-linear
cointegration and asymmetric long-run and short-run effects of EGCS on WEP suggested
in Shin et al. (2014). The details of each step in the estimation strategy are provided in the
following discussion.
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3.4.1 Unitroot test

The first step in a time series analysis is to examine the presence of unit root in the data
series for variables of interest. However, it is often suggested that conventional unit root
tests are biased in the presence of a structural break in data series and provide unreliable
results (Vogelsang and Perron 1998; Shahbaz et al. 2016). As it can be observed in Fig. 2
(in Appendix), there are several structural breaks in the data series of variables used in this
study. Therefore, the employability of unit root test with structural break specification is
necessary to make an unbiased conclusion about stationary properties of variables. Hence,
Vogelsang and Perron (1998) unit root (VPUR) test with exogenous structural break was
employed to identify the unit root properties as well as the optimal break period. The fol-
lowing augmented Dickey-Fuller estimating equation is utilized in VPUR test:

k
X, =+ pt+ODULT,) + yDT(T,) + wD(T,) + @x,_, + Y 9,Ax,_ i +¢  (3)

i=1

where ¢ denotes the time, x is the variable of interest, DU indicates intercept break, 7},
depicts break date, DT denotes trend break, and e is the residual term. VPUR test relies on
lag length to correct the higher-order correlation in the series and uses #-Statistic to test the
null hypothesis HO: Series has a unit root. VPUR test results are used to identify the order
of integration, that is, I(0), I(1) or I(2), and the selection of break period in the data series.

3.4.2 NARDL modelling framework

As per the objectives of this study, the non-linear long-run equilibrium relationship and
asymmetric effects depicted in Eq. (1) are investigated by employing a NARDL frame-
work suggested in Shin et al. (2014). The NARDL framework has numerous advantages;
for instance, it can be applied to small sample size and also in circumstances where the
order of integration of variables is mixed, either I(0) or I(1). Besides, the specifications of
NARDL model provide estimated coefficients for error correction term as well the long-
run and short-run effects. Thus, the estimated coefficients can be utilized to examine the
non-linear cointegration between the variables and the asymmetric long-run and short-run
effects of explanatory variables on the dependent variable in each specification (Ghosh
2020). Accordingly, the econometric model depicted in Eq. (1) is formulated in the form of
NARDL specification, and can be presented as follows:

— gt — - + AT T e + v+ —y-
AWP, =a + 8t +ET, + AWP,_, + 07 TH* | + 07 TH | +0SNU* | +0;NU- | + 0T HY? | +07HY
p-1 g-1 g-1
+ + - - + + - -
+ Z} YAWP,_, + Z(; (e ATH? + 9 ATH ) + Z(; (e58NU7 + oaNU; )
J= J=

gq-1
+y (@,AHY+ ¥ (p;jAHY;_j) + BAED, + ¢,
=0

=]

“4)
where A denotes the first difference value, p and g are the lags, T, represents the optimal
break period (identified from VPUR test results). The specification presented in Eq. (4) can
be re-written in the error correction form as follows:
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p—1 gq-1
AWP, =+ 51+ ET, + oy + Y AWP + Y (@fATH?  + (p;jATH;/)
=1 =0
g1 q-1
+y (q;;jANU,*_j + (p;iANU;_j) +y (qa;rjAHY:j + (p;/.AHY;_j) + BAED, +,
j=0 J=0

&)
where, @, =WP_, —n[TH"  —n TH_, —nNU' —n;NU_ —niHY' —niHY
is the non-linear error correction term, #+ and #~ are the long-run coefficients such that
nt=-0%/Aiandn~ =-0"/4A

Similarly, the other specifications of the NARDL model can be expressed as follows:
p-1 q-1
ATH, =a + Aw,_, + 61+ ET, + 3 y,ATH, ;+ ¥ ((pjjAWPj_j + (ol‘jAWPt__,)
j=1 j=0 i
g-1 g-1
+y ((p;jANUj_j + q;;jANU;_j) +y <(p;’jAHYr+_j + (p;jAHY;_j) + BAED, +,
Jj=0

=0
(6)
where,w,_; = TH,_, — (r;;fWP;f_1 +n;WP_ | + iy NU |+, NU_ | +niHY] + n;HY;l)

p—1 g-1
ANU, =a+ Jo,, + 8+ ET, + Y AN, + Y (g5 AWPE + 03aWP, )
2 Z _ _

g-1 1
+ Y (GHATHS + opATH ) + Y (6L AHYS  + 0 AHY, ) + PAED, + e,

S

j j
j=0 J=0

)
and, w,_; = NU,_; — (nf WP! | + 9y WP +niTH +n;TH_ +niHY' +n HY )
p-l q-1
AHY, =a + Jo,_, + 6t +ET, + Y y,AHY, + ) (qo;f].AWP;f_j + qo;].AWP[‘_j)
=1 =0
q-1 g-1
+ Z(‘; (@J.ATH:J, + (p;jATH;_j) + ((p;jANU; S+ (p;jANU;_j) + PAED, + ¢,
J= J=
®)
andw,_; = HY, | — (nf WP! | + 9y WP, +nfTH  +n;TH_ | +niNU' +n;NU; ).
To examine the non-linear cointegration among the variables, as depicted in w,_;, in
Egs. (5)—(8), the NARDL bounds test can be applied (Shin et al. 2014; Ghosh 2020). Par-
ticularly, the NARDL bounds test utilizes the F-test for joint statistical significance of coef-
ficients with the HO: A = #* =5~ =0 (no non-linear cointegration exists in the model).
The calculated Fpg¢-statistic is used to accept or reject the HO. Furthermore, the HO: 4 = 0
against A # 0 can also be tested by using f,,-statistic as well. In this study, any concrete
conclusions about the non-linear cointegration are drawn only when the results of both the
test statistics are consistent. Since the NARDL bounds test results only provide evidence
on the existence of a long-run equilibrium relationship in the estimated model, the esti-
mated value of the coefficient A is used to interpret the speed of adjustment in the depend-
ent variable with respect to the short-run shocks in explanatory variables in each specifica-
tion given in Egs. (5)—(8), but the estimated value must lie between — 1 and 0.
After the confirmation of a non-linear cointegrating relationship among the variables,
the next step is to examine the asymmetric long-run and short-run effects of TH, NU and
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HY on WP (Eq. 5). The standard Wald-test for the long-run and short-run symmetry is
employed for this purpose (Shin et al. 2014; Shahbaz 2018). Particularly, the rejection of
HO: 7 =, = 0 in the Wald-test implies a presence of asymmetric long-run effects of TH
on WP. In a similar fashion, Wald-test can be applied to examine the asymmetric long-run
effects of NU and HY on WP. For the asymmetric short-run effects, the rejection of HO:
0; = 0}7 = 0 in the Wald-test implies the existence of asymmetric short-run effects of the
respective explanatory variable. Similarly, for other specifications given in Egs. (6)—(8), the
Wald-test can be conducted to examine the asymmetric long-run and short-run effects of
explanatory variables on the dependent variable.

4 Results
4.1 Unitroot test results

VPUR test results are reported in Table 1. The estimated values of #-Statistic suggest that
the HO: data series has a unit root can be rejected at the 1% level of statistical significance
for variables TH, TH', NU, HY, HYin their level form. Similarly, for the rest of the other
variables, HO cannot be rejected at the 1% level of statistical significance in their level
form. However, after taking the first difference of data series, HO cannot be rejected at the
1% level for all the variables. The results of VPUR tests suggest that the data series of vari-
ables are integrated of order, I(0) or I(1), but none of them are found to be I(2). Moreover,
the results show the optimal break period (7h) employed in the unit root tests. In this study,

Table 1 VPUR test results

Variable At level After first difference
t-Statistic T, t-Statistic b
WP —4.77 July, 2017 — 11.44*%**  QOct, 2018
wp*t —3.81 May, 2016 —10.56***  Aug, 2018
wpP- —-342 Dec, 2016 — 11.68***  Oct, 2018
TH — 7.09%*%*  Aug, 2013 — 8.91%** Sep, 2014
TH* — 6.11%**  June, 2014 — 12.22%**  Oct, 2018
TH~ —4.78 March, 2014 - 11.86***  June, 2017
NU — 6.05%**  Aug, 2017 — 11.46***  Aug, 2017
NU* —4.04 Aug, 2017 — 10.21*%**  March, 2017
NU~ —-4.72 March, 2017  — 11.04*%**  Aug, 2017
HY — 8.68%**  Sep, 2014 — 873k April, 2016
HY* — 8.07***  Oct, 2014 — 8.25%** April, 2014
HY~ —3.38 Aug, 2015 —11.62***  Oct, 2017
ED —3.11 March, 2015 — 9.28%** Oct, 2017

*#*Denotes statistical significance at the 1% level. The test statistic for
testing the null hypothesis in VPUR test is HO: series has a unit root.
The T, is assumed to be exogenously determined, and the optimal 7, is
selected using the criteria proposed in Vogelsang and Perron (1998).
The optimum number of lags in VPUR test is selected automatically
using the Schwarz Information Criterion with maximum lags of 11
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the selection of 7h for subsequent estimations is based on the criteria that the data series
of a variable should be 1(0). The findings from VPUR tests also indicate that the use of
NARDL model specification to examine the asymmetric effects is justified in the present
study, as it can be applied in cases where a mixed order of integration is observed, 1(0) or
I(1) (Shin et al. 2014).

4.2 Estimated coefficients of NARDL specifications

The next step in the empirical examination is to estimate the long-run and short-run coef-
ficients of the specifications given in Eqgs. (5)—(8). The estimated coefficients are reported
in Table 2. In Table 2, the estimated results of specification (AWP, as a dependent vari-
able) given in Eq. (4) show that the coefficients for TH;r_l,T 1 NU;I, HYt‘_l are 1.154,
1.417, — 0.832, 0.303, and these coefficients are statistically significant at the 5%, 5%, 1%
and 5% level. This result suggests that in the long-run, the effects of both positive and
negative shocks in TH on WP are evident, but only negative shocks in NU and HY influ-
ence WP. Furthermore, the estimated coefficients for ATH;“,ATH; and AHY;r are 1.652,
1.527 and — 0.407, and these coefficients are statistically significant at the 1%, 1% and 5%
level, respectively. These findings suggest that in the short-run, both positive and nega-
tive shocks in TH influence WP, but only positive shocks in HY influence WP. The results
of specification (ATH, as a dependent variable) given in Eq. (5) depict that the estimated
coefficients for WP:_I, WPt‘_l, AWP;r and AWPI‘ are 0.127, 0.153, 0.115 and 0.257, and
these coefficients are statistically significant at the 5%, 1%, 10% and 1% level. This finding
shows that in both the long-run and short-run, positive and negative shocks in WP have
significant effect on TH. The coefficients for AH Y;f and AH Y are 0.168 and — 0.154, and
these coefficients are statistically significant at the 1% level. This result suggests that in the
short-run, both positive and negative shocks in HY influence TH. In the estimated results
of specification (ANU, as a dependent variable) given in Eq. (6), the coefficient for AWP}
is — 0.413, and it is statistically significant at the 5% level. This finding suggests that in the
short-run, only positive shocks in WP have an effect on NU. The results of specification
(AHY, as a dependent variable) given in Eq. (7) demonstrate that the estimated coefficients
for TH[+_1, ATH;f_l, ATH;  and ANU;  are 1.010, — 1.107, — 2.112 and — 0.662, and these
coefficients are statistically significant at the 10%, 5%, 1% and 10% level, respectively.
This result suggests that in the long-run, only positive shocks in 7H influence HY but in
the short-run both negative and positive shocks in 7H influence HY. Moreover, negative
shocks in NU influence HY only in the short-run. These findings show that there is a possi-
bility of non-linear cointegration in each specifications given in Egs. (5)—(7), and therefore
this can be confirmed from the results of NARDL bounds test of non-linear cointegrating
relationship.

4.3 Non-linear cointegration and asymmetric effects analyses results

The results of non-linear cointegration and asymmetric effects analyses are presented
in Table 3. In Table 3, the results of bounds test for non-linear cointegration show that
the estimated value of F-statistic (fp,,-statistic) are 4.62 (— 5.12) for the specification
having AWP, as a dependent variable (in Eq. 6), and these test statistics are statistically
significant at the 5% level. Hence, the HO in the bounds test is rejected for the esti-
mated model and implies that there exists a non-linear long-run equilibrium relationship
between the variables of the estimated model. Since the cointegration relationship is
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Table 2 Estimated coefficients of

NARDL specifications AWP, ATH, ANU, AHY,
Variable  Coeff. Coeff. Coeft. Coeff.
W,_; —0.606%**  —(.951%k*%  —0.607***  — (.240%**
wpF | - 0.127%* —0.105 —0.150
WP, - 0.153%:#* -0.179 —0.107
TH', 1.154%%* - 0.218 1.010*
TH_, 1.417%* - 0.390 0.631
NUT, 0.012 — 0.186%* - 0.317
NU_, —0.832%**  (.052 - 0.067
HY! —0.086 —0.044 -0.016 -

HY_, 0.303** -0.077 0.188 -

AWP, _, 0.019 - - -

AWPf 0.115% — 0.413%* - 0.097
AWP! | 0.027 0.084 —-0.052
AWP” 0.257%%* 0.047 —0.241
AWP,_, —0.083 0.003 0.175
ATH | - 0.287%% - -

ATHf 1,652k - 0.205 —0.940
ATH? —0.260 - 0.163 — 1.107%*
ATH; 1,527k - -0.272 0.917
ATH;_1 0.064 - 0.140 — 2.112%%%*
ANU,_, - - 0.208 -

ANUY —-0.369 —0.149 - 0.299
ANUT | -0.112 0.140 - —0.091
ANU; —0.250 —0.021 - —0.184
ANU._ | 0.426 -0.138 - —0.662*
AHY,_| - - - 0.554 %%
AHY} — 0.407%* 0.168%** 0.004 -
AHY], -0.116 0.053 -0.170 -

AHY; 0.244 — 0.154***  0.022 -

AHY | 0.170 —0.026 -0.013 -

AED, —-0.070 0.800%* 1.270%* 0.214

T 0.003 0.009 0.013 —-0.023
T, — 0.129%* 0.0477%: 0.076 —-0.036
Constant  5.457* 6.705%%* —1.052 1.335

Each specification is estimated with p=2 and ¢=2, and the optimal
lags were selected automatically by using the Schwarz Information
Criterion with maximum lags of 4.

##k %% and *denote statistical significance at the 1%, 5%, and 10%
level

confirmed for the estimated model, it can be said that any short-run shocks in explana-
tory variables (specified in Eq. 5) lead to non-linear movements in WP to restore its
long-run equilibrium position. The estimated value of coefficient w,_; is — 0.606 (in
Table 2), and the coefficient is statistically significant at the 1% level. This result
suggests that approximately 60% variation in WP is accounted from the shocks in
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Table 3 Non-linear cointegration and asymmetric effects test results

Variable AWP, ATH, ANU, AHY,

Lyp+ - 0.133%* (5.46) —0.174 (0.98) —0.627 (0.62)
Lyp- - — 0.161%%* (12.17) 0.30 (2.26) 0.447 (0.20)
Ly 1.903##* (7.61) - 0.360 (0.24) 4.216 (1.60)
Lyy- — 2.338%%* (8.68) - —0.643 (0.48) —2.631(0.35)
Lyy+ 0.020 (0.004) — 0.196** (6.69) - 1.321 (1.27)
Ly~ 1.372%%%(20.77) —0.055 (0.277) - —0.279 (0.04)
Lyy+ —0.142 (0.32) —0.046 (0.561) —0.026 (0.01) -

Lyy- —0.500%* (5.61) 0.081 (2.22) —0.310(2.32) -

Fpgs 4.627%% 7.5] %% 3.85% 2.83

[~ — 5.12%% — 6.97#%k —4.71%% —2.81

whe - 0.43 0.31 0.04

wor - 0.04 1.07 0.02

wi 0.64 - 0.12 0.24

wit 0.05 - 0.35 0.54

wNY 69.25% 15.47%5% - 0.55

wiy 1.29 0.52 - 1.89

wHY 2.71% 0.11 0.80 -

wihy 6.66%* 10.74%5%% 0.26 -

L denotes the long-run effects of respective independent variable on the dependent variable and correspond-
ing F-statistic is reported in parentheses. W and W are the Wald-test statistics for long- run symmetry
and additive short-run symmetry, respectively.

*#*Denotes significance at the 1% level. *Denotes significance at the 10% level. ***, **_ and *Denote sta-
tistical significance at the 1%, 5%, and 10% level. The non-linear bounds test has HO: no non-linear coin-
tegration exists. The critical values of Fpgg statistic (tzp,-statistics) for k=6 are — 4.90 (- 5.31), 4.00
(—4.69) and 3.59 (— 4.37) at the 1%, 5% and 10% level, respectively, and these critical values are borrowed
from Pesaran et al. (2001)

explanatory variables of the estimated model. Similarly, for other specifications depicted
in Egs. (6, 7), the estimated value of F-statistic (tgp,),-statistic) are statistically signifi-
cant at the 1% level and therefore, the null of no non-linear cointegration is rejected
for the estimated models. The estimated coefficient for w,_; is — 0.951 (in the specifi-
cation having ATH, as a dependent variable) and — 0.607 (in the specification having
ANU, as a dependent variable), and these values are statistically significant at the 1%
level. Thus, the speed of adjustment in TH and NU with respect to short-run changes in
the explanatory variables is approximately 95% and 60%, respectively. However, in the
case of specification given in Eq. (8), the estimated value of both F-statistic and #z,,-
statistic are statistically insignificant and thus, the null of no non-linear cointegration
cannot be rejected. These findings suggest that except for the specification having AHY,
as a dependent variable, all other specifications have a presence of non-linear long-run
equilibrium relationship between the dependent and explanatory variables.

In the results of Wald-test for long-run and short-symmetry of coefficients, for the spec-
ification-AWP, as a dependent variable, the estimated value of W)\ and W/ are 69.25
and 2.71, and these test statistics are statistically significant at the 1% and 10% level,
respectively. In the case of short-run, only the estimated value of Wsey (6.66) is statistically
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significant at the 5% level. Furthermore, for the other specification-ATH, as a dependent
variable, the estimated value of W)/ and stg are 15.47 and 10.74, and these test statistics
are statistically significant at the 1% level. In the case of the rest of the other specifications,
none of the Wald -test statistics for the long-run and short-run symmetry are statistically
significant. These findings suggest that there is a presence of asymmetric long-run effects
of electricity generation from nuclear and hydro sources on WEP, but only hydro sources
have asymmetric short-run effects on WEP. In addition, there is an existence of asymmetric
long-run effects of nuclear sources on thermal sources, but only hydro sources have asym-
metric short-run effects on thermal sources. Such findings are new to the existing knowl-
edge of the effects of EGCS on WEP and provide important inputs for the identification of
optimal EGFM to achieve long-term energy security. A detailed discussion on the findings
is provided in the following subsequent section.

5 Discussion and implications

The non-linear bounds test results in this study provide evidence of a non-linear cointe-
gration in the specification-AWP, as a dependent variable, and thus, the HI is accepted
for India. This finding shows that a non-linear long-run equilibrium relationship exists
between EGCS and WEP for India, and it is consistent with the previous studies on linear
cointegration (Forrest and MacGill 2013; Adom et al. 2017). Thus, it can be said that any
short-run positive and negative shocks in EGCS lead to movements in WEP to restore its
long-run equilibrium position. Interestingly, it is observed that approximately 60% vari-
ations in WEP are occurring due to the shocks in EGCS and rest are related to the other
market uncertainties. This result has important implication for modelling and forecasting of
WEP purposes. It is suggested that movements in WEP can be efficiently understood only
by considering the non-linear long-run equilibrium relationship between EGCS and WEP.
The finding also suggests that any policy which is focused on regulation or deregulation of
electricity generation from conventional sources should accommodate its non-linear impact
on WEP in the formulation and evaluation process. Specifically, the limited understanding
of long-run implications of EGCS on WEP as well as its volatility could also be threaten-
ing to the financial and economic viability of the electricity generation projects (Roques
et al. 2008; Gross et al. 2010; Johnson and Oliver 2019). Moreover, an empirical evidence
on non-linear cointegration between WEP and EGCS is crucial for an emerging economy
like India, as the identification of optimal EGFM can be more unbiased and efficient after
accommodating this non-linear long-run equilibrium relationship in the investigation.

The Wald-test results for symmetric long-run effects demonstrate that the nuclear and hydro
sources have asymmetric impacts on WEP and thus, imply that positive and negative shocks in
electricity generation from these sources create dissimilar impacts on WEP. Similarly, the Wald-
test for additive short-run symmetry shows only the positive and negative short-run shocks in
electricity generation from hydro source. Accordingly, the H2 is accepted for India, in other
words, the results suggest that EGCS have asymmetric long-run and short-run effects on WEP.
In particular, increased electricity generation from nuclear and hydro sources are causing less
volatility in WEP as compared to decreased electricity generation from hydro in the long-run.
These findings have important suggestion for electricity generation planners, as an understand-
ing of such asymmetric effects allow for a better prediction of variation in WEP which helps
in reducing the impact of price volatility on renewable electricity sources. The estimated long-
run coefficient values (in Table 3) suggest that a 1% increase in positive shocks in electricity
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generation from thermal source lead to 1.9% rise in WEP, but the same increase in negative
shocks lead to a fall in WEP by — 2.3% in the long-run. This finding is in contrast to the past
studies where it is observed that increase in electricity generation from thermal source reduces
WEP (Gelabert et al. 2011; Maekawa et al. 2018). One possible explanation of such contradic-
tory result is the fact that electricity generation from thermal sources are relatively less flexible
and thus, nuclear and hydro sources are forced to respond quickly by reducing their electricity
generation. In the case of nuclear sources, a 1% increase in only negative shocks cause a rise in
WEP by 1.3%. This result is in line with the conceptual model proposed in this study and sug-
gests that a decline in electricity generation from nuclear source resulted in a rise in WEP in the
long-run. Thus, it is suggested that though nuclear sources are dominated by other sources in
India’s EGFM, the asymmetric effects of nuclear sources cannot be ignored in the determina-
tion of optimal EGFM. The findings also show that a 1% increase in negative shocks in hydro
source lead to fall in WEP by 0.5%. This result implies that a fall in electricity generation from
hydro source is fully compensated by increased electricity generation from other sources. It is
also observed that WEP is the determining factor for electricity generation from thermal sources,
which are relatively more flexible than renewable sources (such as solar, wind, biogas, and mini-
hydro). Thus, it can be said that increased volatility in WEP can compel the thermal sources to
adjust their production capacity according to the market conditions. In the case of a diversity in
EGFM, it is recognized that the sources of electricity considered in this study contribute around
76.5% of the total electricity generated (MOP 2019). Therefore, it is possible that any deviations
from existing EGFM certainly influences the supply of electricity in the market and brings about
a change in the volatility of wholesale electricity prices. These findings opine that to enhance
energy security for India, and there is now a need to reduce the price volatility in the wholesale
electricity market, which can be achieved through designing the optimal power generation mix
that accounts for non-linear cointegration and asymmetric effects of EGCS on WEP.

6 Concluding remarks

This study examines the non-linear cointegration between electricity generation from three
conventional sources, namely thermal, nuclear and hydro, and wholesale electricity prices for
India during the study period of April 2012—April 2019. The asymmetric long-run and short-run
effects of electricity generation from these sources on wholesale electricity prices are also inves-
tigated in this study. The dataset is a monthly time series collected from multiple sources: Indian
Energy Exchange, Central Electricity Authority of India, and Reserve Bank of India. The empiri-
cal analysis was based on a non-linear autoregressive distributed lags modelling framework. The
result of the non-linear bounds test confirms that there is a presence of non-linear long-run coin-
tegrating relationship between the variables. In particular, wholesale electricity prices adjust non-
linearly towards its long-run equilibrium position in response to any short-run shocks from the
electricity generation from conventional sources. The estimated coefficient for the error correc-
tion term shows that around 60% variation in wholesale electricity prices are explained by devia-
tions in electricity generation from conventional sources. The asymmetric long-run effects of
nuclear and hydro sources on wholesale electricity prices are evident, but only asymmetric short-
run effects of hydro is observed. The findings in this study have presented some new and interest-
ing facts on the nexus between electricity generation from conventional sources and wholesale
electricity prices for India. The findings suggest that an optimal diversity in electricity generation
fuel mix could be an effective way to contain the volatility in wholesale electricity prices, pro-
vided that non-linearity in the effects are accounted for in the analysis.
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Appendix
See Fig. 2 and Table 4.
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Fig.2 Time series plots of variables (after natural logarithmic transformation)
Table 4 Descriptive statistics
Variable Mean Median Maxi- Mini- Std. Dev. Skew- Kurtosis Jarque—  Probability
mum mum ness Bera
WP 8.03 8.03 8.69 7.63 0.21 0.41 2.98 2.40 0.30
wp*t 240 249 4.66 0.00 1.25 0.04 2.19 2.32 0.31
WP~ —-242 =252 0.00 —4.63 1.24 0.18 2.19 2.77 0.25
TH 1125 1125 1149 10.92 0.14 -0.36 2.35 3.30 0.19
TH* 129 133 2.57 0.00 0.73 -0.07 1.96 3.90 0.14
TH- - 1.11 -1.03 0.00 —-2.18 0.60 0.01 2.03 3.30 0.19
NU 8.01 8.0l 8.31 7.71 0.11 0.26 3.33 1.36 0.51
NU* 146 1.26 3.29 0.00 1.00 0.28 1.95 5.05 0.08
NU~ -139 —-1.24 0.00 —-3.14 0.95 —0.36 1.98 5.52 0.06
HY 920 9.19 9.87 8.64 0.34 0.19 1.79 5.67 0.06
HY* 3.64  3.66 7.27 0.00 2.08 0.01 1.84 4.73 0.09
HY™ —-344 -355 0.00 - 6.95 2.09 -0.01 1.82 4.92 0.09
ED 4.75 4.75 4.97 4.59 0.09 0.17 2.27 2.28 0.32
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