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Abstract: The U.S. coal industry is subject to regulatory policies at both the national and state levels.
Coal consumption and demand from power plants will continue to decline over the next decade in
the opposite direction of Trump administration’s coal revival policy [1]. Therefore, it is crucial to
understand fuel substitution from coal to natural gas in the U.S. energy market. Previous literature on
linkages between energy prices, economic activities and energy use lack estimates of linkages
between coal, natural gas prices, and coal consumption. Accordingly, this study utilizes an
Autoregressive Distributed Lag (ARDL) model to establish linkages with a monthly time series
dataset of the U.S over the period 2000-2016. The main research outcomes are: (i) there exists long-
run linkages among the coal consumption, coal price, the price of natural gas, economic growth, and
weather conditions, (ii) coal price and price of natural gas have negative and positive linkages with
consumption of coal, respectively, (iii) economic growth has a negative impact on coal demand in
the long run, (iv) the speed of adjustment of the system will move towards equilibrium path rapidly,
and (v) solar energy and weather both have significant negative effects on coal consumption over the
entire time period. A relatively high-income elasticity of coal demand implies that a growing U.S.
economy is more likely to adopt a clean energy source.
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1. Introduction

A variety of energy sources and technologies are used in the United States (U.S.) to generate
electricity with sources and technologies changing over time based upon price, efficiency, and
environmental impacts. As the U.S. gravitates towards more efficient and sustainable energy sources,
natural gas is seen as a transition fossil fuel, with coal-to-gas substitution expected to drive decreased
coal consumption [2,3]. Thus, understanding the possibility for substitution between energy sources
and the sensitivity of power utilities to changes in the prices of energy sources is essential when
examining energy markets as policy makers seek to promote cleaner energy and enhance energy
efficiency.

Electricity energy in the U.S. come from sources of coal (33%), natural gas (33%), nuclear (20%),
hydropower (6%), and other renewable sources (7%) such as biomass, geothermal, solar, and wind [4].
Moreover, during 2011-2014 period, electricity from fossil fuels (coal, natural gas, and oil) has
increased by approximately three percent. In this study, we focus on the substitution patterns
between coal and natural gas. From 2005 to 2014, the extraction of natural gas has increased by 42%
in the U.S. because of developments in hydraulic fracturing technologies. On the other hand, coal
production has decreased by 17% from 2008 to 2014 [4].

Fuel switching, or the substitution of high-carbon with low-carbon energy sources, is one of the
principal methods suggested to reduce carbon dioxide (CO;) emissions [5]. According to the U.S.
EIA, the amount of CO, produced when coal is burned is almost twice that of natural gas. Thus,
utilization of natural gas in place of coal leads to a significant reduction in CO; emissions when
generating electricity. Natural gas also exhibited significantly higher rates of energy to electricity
conversion efficiency rates compared to coal, with rates of 62-90% and 25-33% respectively [6,7].
As the majority of CO, emissions originate from coal consumption, the ability to switch from coal to
natural gas becomes an important instrument for energy and environmental policy makers.

The issue of energy demand and coal industry has also become the subject matter of scholarly
studies that address various topics. For instance, Apergis and Payne (2012) examine renewable and
non-renewable energy demand. They find that the demand for clean energy sources increases with
the growth of an economy. Nonetheless, the relationship between economic growth and energy
consumption remain a debate [8—11]. During early phase of economic development, environment
degrades, and pollution increases with the income growth. However, environment enhances as
economy depends on clean energy [12]. There exists literature about the linkage between energy
prices and economic activity [13]. Apergis and Payne (2012) examined the relationship between coal
consumption and economic growth for 25 OECD countries over 1980-2005. The findings show that
there exists both short and long-term bidirectional causality between coal consumption and economic
growth; however, the short run causality is negative. Policy towards lessening coal consumption
might not have an adverse impact on economic growth. Economic growth reduces coal consumption
as evident from the fact that proportion of coal use in electricity generation has been lessening
around the world [14]. Using a panel of 10 hydrocarbon consuming nations, there exists short-run
bidirectional causality between economic growth and energy consumption [15].

Other studies have also been examined regarding coal and natural gas. For example, Arezki et
al. (2017) has studied the surge in the generation of shale gas in the U.S. energy markets [16]. The
study finds that the shale gas revolution resulted in change in long-term gas price in the U.S.
However, the difference in natural gas prices of natural gas is due to differences in its endowment of
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natural gas which is difficult to trade. The introduction of shale gas led to increase in gas supply
impacted the long-run trend in gas prices. Neighbouring countries such as Canada and Mexico may
directly benefit from exports of the U.S. shale gas. This is particularly boon for the U.S. economy
when decreasing supply of conventional natural gas sources begun to reduce [17]. Prices of coal are
determined by long-run contracts, while natural gas prices are determined territorially and state level
demand supply relations [18-20]. There is a considerable amount of literature highlighting the
relationship between crude oil and natural gas prices. This is on the grounds that coal and natural gas
are substitute as inputs and utilized in the same market as factors of production. The impacts of
natural gas prices on economic activities have been studied, however the related research have lesser
insights for natural gas price volatility and coal industry.

There is some research [13,21] examining the link between energy prices, urbanization, and
economic activity as well as several studies analyzing energy elasticities and fuel substitution in
energy markets. Zhang and Lin (2012) investigate the impact of energy use and urbanization growth
on CO, emissions. Their findings from using an IPAT equation reveal that urbanization raises fossil
fuel use and CO, emissions gradually in provinces of China. Wang et al., (2019) argue that there has
been a long-term co-integration relationship between energy prices, urbanization, and economic
growth on energy consumption per capita in 186 countries. In this way, it is critical for policy makers
and the coal industry to understand the evolving fuel-substitution capabilities at the national and state
levels because of the electric power industry’s ability to respond to changes in the regulatory
environment and relative fuel prices by adjusting fuel mix in electricity generation within and across
utilities and states.

The main contribution of this study is to develop an economic framework for estimating the
dynamic long-run linkages between coal plus natural gas prices and coal consumption in the U.S.
economy. In addition, an Autoregressive Distributed Lag (ARDL) model is constructed to estimate
these linkages. This research contributes to the literature of coal-natural gas linkages by utilizing a
time series data model that allows exploration of both short and long-run relationships among
variables. A novel contribution is estimating the responsiveness of coal consumption to natural gas
price changes in the U.S energy market.

The empirical findings of the study can provide essential ramifications in regard to government
policy. The results of this research have important implications for the Clean Power Plan (CPP),
aimed at cutting carbon emissions from power plants. Although the CPP is rejected by the current
administration, it is critical to examine the natural gas-coal prices relationship since natural gas is
expanding its share of the electricity generation market at the expense of coal given the continued
coal to natural gas switching. Given this background, the present research investigates the long-run
and short-run dynamic response of coal consumption in the U.S. coal industry due to changes in
energy prices and GDP. It is important to know the potential impact of a price-based approach is
suitable to reduce emissions for the U.S. economy. The estimation of short and long-run elasticity of
prices, both own and cross prices will help frame a proper energy and environmental policy.

2. Methodology and data
Coal consumption is assumed to be a function of national income, coal and natural gas prices as

well as exogenous factors such as weather, seasonality and efficiency. The functional relationship is
assumed as follows:
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CC, = f(Y;,CP.,GP,, HDD,,CDDy, SC¢, S1;) (1)

where CC; is coal consumption in period t, Y is the real GDP, CP; is the price of coal, GP; is the
price of natural gas, HDD is heating degree-days, CDD is cooling degree-days, (SC;) is a control for
solar energy use and Sl is seasonality variable.

All variables are converted into natural logs, which helps to reduce the variability of the data
series. Logarithmic transformation of the above function takes the following form:

CC = ag + a, Yy + a,CP; + a3GP, + a,HDD + asCDD, + a¢SC; + a;,sidv, + & 2)
where ¢, is the stochastic disturbance term and sidv, is a dummy variable for seasonality. '
2.1. Unit root test and structural breaks

Following Engle and Granger, we first test the unit roots of the variables used in the study to
confirm their stationarity by performing the augmented Dickey-Fuller (ADF) and the Phillips-Perron (PP)
tests. If any variables are found to be non-stationary, a first difference is applied to estimate the long-
run and short-run dynamics of the variables considered in our study. Tables 1 and 2 presents the
results of ADF, PP and Bound tests for each variable considered at their levels and first difference.
Zivot-Andrews [22] structural breaks are calculated to find unit roots and the structural break of the
variables used, particularly CC and prices of coal and natural gas which are important with respect to
the shale gas revolution. The most significant structural break occurred in July 2008 for CC, coal
price, natural gas price and GDP.

Table 1. Tests for unit root test.

. Level First difference Zivot-Andrews
Log of variables
ADF PP ADF PP ZA

Coal consumption 0.479 —3.97** —2.267%* —3.98%* —5.73%**

Coal price —-1.871 -2.001 —13.585%* —13.58%%* —4 52%%*
Natural gas price -2.55 —2.795 —12.97** —12.97** —8.26%**

GDP —-0.708 —0.769 —18.465%** —18.390** —6.22%%*
HDD -2.026 —6.080** —14.88** —6.604** —4.87**

CDD -0.207 —-1.862 —11.411%** —5.235%%* —5.14%%*

SC -2.76 —0.98 —13.56** 5.48%* 4.99%**

Notes: *p < 0.10, **p < 0.05, ***p < 0.01. For the Zivot-Andrews test; the critical values at 1%, 5% and 10% level are
—4.93, —4.42 and —4.11 respectively.

Table 2 presents the results of F bound test, which indicate that calculated F-statistics for all
variables are higher than the upper bound critical value at a 5% level. This indicates that a long-run
cointegration exists linking the dependent and independent variables.

! The seasonal dummy variable is one for winter (December, January and February) and summer months (June, July, and

August) and zero for spring and autumn months.
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Table 2. Results of F bound test.

Study period F Statistics
Total period (2000-2016) 22.012

Pre shale gas revolution (2000-2008) 9.635

Post shale gas revolution (2008-2016) 6.52

Note: Critical value of bounds for all time periods are 2.62 bottom and 3.79 top.

2.2. Autoregressive Distributed Lag (ARDL) model

The ARDL model is ideal for our analysis because it can be utilized whether the variables are
stationary, non-stationary, or some combination of both. This helps to address the issue of spurious
regression before testing for cointegration [23]. The ARDL model also avoids the problem of low
power in detecting cointegrating relationships irrespective of the length of data. Using ordinary least
square estimation technique the log-linear functional form of ARDL model can be represented as
follows:

AC =ay + Z =1 BiAC_; Tl=10 ViACP_; + 2,;2 o‘PLAGPt i ?:30 0;AY;_; + ?30 pi AHDD,_; +
?zolul ACDDL- i + Zl =0 ‘I’l ASCt—i+51Ct—l + 626Pt_1 + 53GPL-_1 + 64_Yt_1 + 55HDDt_1 +
66CDD;_1 + §,SC_1 + Ogdvi_q+&; 3)

where A is the difference operator and ¢, is the error term. The optimal lag length for each variable is
determined using Akaike’s information criterion [24]. Equation (3) was estimated utilizing the
ARDL approach to determine if the dependent and independent variables in each model are
cointegrated. A joint F-test was conducted on the lagged log-level variables while the differenced
variables have no direct impact on the bounds cointegration test [23]. The F-statistic investigates the
joint null hypothesis that the coefficients of the lagged log-levels are equal to zero which suggests
that no cointegrating long-run relationship exists. The Wald test or joint F statistics is utilized to
examine the null hypothesis of cointegrating linkages.
The long-run dynamics are estimated as:

AC = ay + 6,Cr_y + 6,CPs_y + 83GPy_y + 8,Y,_y + 8sHDD,_, + 8,CDD,_; + 6,5C,_, +
8aSI,_1+e, (4)

Parameters pertaining to short-run dynamics are estimated by an Error Correction Model (ECM)
attached with the long-run estimates.

AC = ap + X2 1BLACt i+ XM ViACP,_; + X2 i AGP_y + X123, 0; AY,_; + X% p; AHDD,_; +
,u ACDD;_ l+2”60 w; ASCy_ l+2 fﬁ ASI_; + QECT;_{ + & (5)

where @ is the coefficient of the error correction term, ECT; is the lagged error correction term
which is based on the residuals from the long-run equilibrating relationship. Thus, ECT,; is the speed

of adjustment for long-run equilibrium each period in the dependent variable when a change occurs
in other variables, m is the lagged length, and &, is the serially uncorrelated error term.
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Following Brown et al. (1975), the cumulative sum (CUSUM) test and cumulative sum of
squares (CUSUMSQ) are applied to assure the stability of the ECM. Stability of the model can be
ensured if plots of CUSUM or CUSUMSQ measurements remain inside basic limits of the 5 percent
significance level.

Estimation is based on monthly data for January 2000 to June 2016. The dataset consists of 198
observations of the eight variables described in equation (2). The data was collected from the U.S.
EIA, Federal Reserve Economic Data and the Bureau of Labor Statistics[25-27]. The dependent
variable, monthly coal consumption, is measured in million British thermal unit (MBtu), coal and
natural gas price are measured in U.S. dollar/MBtu. The amount of solar consumption in the U.S.’
energy market is measured in trillion Btu. Data for HDD and CDD were retrieved from the National
Oceanic and Atmospheric Administration. Time series data on real GDP came from Bureau of
Economic Analysis. July 2008 was identified as the breakpoint for coal consumption data based on
the shale gas revolution in the U.S.” energy market and a Zivot-Andrews test. Therefore, we split the
data into two subsamples: the pre-shale gas period of 2000—2008 and post shale gas period of 2009-2016.
All nominal variables were converted into real. Table 3 presents the summary statistics of the data.

Table 3. Descriptive statistics.

Variables  Coal GDP Coal Price  Natural Gas  Heating Cooling Solar
Consumption ~ (Million $)  ($/MBTU)  Price degree-days  degree-days consumption
(MBTU) ($/MBTU) (HDD) (CDD) (TBTU)
Mean 1700044 14520.82 1.04 2.85 362.1 132.15 11.41
Std.Dev 150045.5 1169.42 0.53 1.24 316.61 150.06 11.37
Minimum 845520 12294.89 0.442 1.014 2.98 1 291
Maximum 2129983 16659.99 3.78 7.17 995.45 621 58.66

Note: Number of observations = 198, All variables are converted to natural logarithms.

At the same time, U.S. electricity generation from coal has decreased along with domestic coal
consumption (Figure 1). As a result, the production of coal has decreased over past two decades. As
shown in Figure 2, decreasing coal extraction has affected labor market and income for local and
state economies in the most producing coal states in the U.S.?[4]. Moreover, efficiency and lower
natural gas prices have led to more consumption of natural gas and less production of coal due to the
development of shale gas resources in the U.S. [4].

2 There are 11 states including Wyoming, West Virginia, Pennsylvania, Illinois, Kentucky, Texas, Montana, Indiana,
North Dakota, Colorado, and Ohio.
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U.S. power generation in billions of megawatt-hours
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Figure 2. Coal producing states and change in coal production (source: U.S. EIA (2017)).

As far as trends of the variables are concerned, Figure 3 presents the monthly GDP of the U.S
from 2000 to 2016. It can be observed that GDP witnessed upward trend till May 2008, then slowed
down due to financial crisis. Since March 2009, GDP continued upward trend and continued till then.
As indicated from the Figure 4, coal consumption exhibited a falling trend throughout the study
period. On the other hand, coal prices did not show volatile price behavior except for a period in 2010
and 2011 (Figure 5). Lastly, natural gas prices followed a range bound pattern throughout the study
period, varies between $1 and $7/MBTU (Figure 5). Figures 6 and 7 show the trend of monthly
heating degree-days and cooling degree- days. Figure 8 is monthly solar consumption which
increased dramatically towards the end of the time period.
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Figure 7. Cooling degree-days.

Figure 8. Solar consumption (TBTU).
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Figure 9. Plot of the cumulative sum of recursive residuals (CUSUM).

3.

Results and discussion

We analyse the long-run and short-run linkage between coal consumption (CC) and its

determinants separately from 2000 to 2008 for pre-shale and 2009 to 2016 for post-shale gas due to a
structural break in the U.S. energy market.
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Long-run coefficients for all three time periods are reported in Table 4 where CC is treated as
the dependent variable. For the entire period there exists dynamic long-run relationships between CC
and all variables based upon statistically significant coefficient estimates. Although the observed
elasticities of HDD and CDD are small, the results are the opposite of those expected. These findings
suggest that other energy sources may be used during winter and summer time since there is negative
relationships between HDD, CDD, and CC.

Table 4. Estimated long run coefficients.

Dependent variable: coal consumption (CC) (2000-2016) (2000-2008) (2009-2016)
Constant 34.89%** 17.07*%* 28.45%**
(3.25) (2.52) (9.50)
Coal price (CP) —0.2]%*** —0.05%* —-0.01
(0.019) (0.03) (0.03)
Natural gas price (GP) 0.29%** 0.05%** 0.002
(0.03) (0.01) (0.02)
GDP —0.41%%* 0.08 0.015
(0.09) (0.07) (0.02)
HDD —0.09%** —0.04* —-0.02
(0.01) (0.03) (0.02)
CDD —(0.03%** —0.07** —-0.01
(0.009) (0.02) (0.02)
SC —0.02%** 0.02 0.06
(0.02) (0.05) (0.08)
SIDV 0.06%** 0.01 —-0.02
(0.01) (0.02) (0.04)
Adjusted R? 0.72 0.80 0.62
F Statistics 23.62 20.33 7.99
(0.00) (0.00) (0.00)
Durbin-Watson 2.07 1.84 2.14
Observations 197 107 89

Note: All variables are measured as natural logs and *p < 0.10, **p < 0.05, ***p < 0.01. Standard errors are in

parenthesis.

The income elasticity for the entire period is —0.41 and statistically significant so that an
increase in GDP leads to a fall in CC. The results provide evidence that there is a significant negative
impact of GDP on coal demand, implying that coal is an inferior good. Also, this finding implies that
economic growth has stimulated declining CC via substitution toward more efficient and
environment friendly energy sources.

During the pre-shale period long-run linkages are found to exist between CC and coal price,
natural gas price, HDD, and CDD. The other explanatory variables do not show long run linkages.
There exists statistically significant own-price and cross-price elasticities for CC. During the post-
shale gas period no statistically significant long run linkages are observed. While this result is
difficult to explain, further discussion of this result will be provided in the conclusions.

AIMS Energy Volume 8§, Issue 6, 1156-1172.
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The coefficients for cross-price elasticities over the entire period and pre-shale are positive and
statistically significant, suggesting that coal and natural gas are substitute goods in U.S. energy
markets. Comparing this finding to the literature reveals that coal-natural gas cross-price elasticity
during the entire period is higher than a previous estimate by the EIA (2012) at 0.17. Moreover, the
own-price elasticity is lower than the cross-price elasticity over the entire period.

Table 5 presents the short-run coefficient estimates for the ECM of ARDL equations. The ECT
coefficient gives an indication of short run deviations from the long run equilibrium. As expected,
the adjustment variable ECT(-1) in each of the three time periods is negative and statistically
significant at the 1% level. These results ensure that stable long-run relationships exist among
variables in the CC model. The magnitude of the error correction coefficient implies that
disequilibria in the model is corrected by approximately 0.95 percent every month over the entire
study period. During the pre-shale period, CC adjusts towards long-run equilibrium much faster
compared to the post-shale revolution period. CC, coal-natural gas prices, GDP and other
explanatory variables have a tendency to converge towards an equilibrium path in the long run.

Table 5. Estimated short run coefficients.

Dependent variable: CC (2000-2016) (2000-2008) (2009-2016)
Constant 0.003 —0.001 -9.13
(0.004) (0.005) (15.94)
ACP(-1) —0.13%* —-0.05 —0.71%**
(0.07) (0.06) (0.013)
AGP(-1) 0.12%** 0.03 0.223%**
(0.04) (0.03) (0.012)
AGDP(-1) —1.85% -0.19 -2.52
(0.83) (0.67) (1.63)
AHDD(-1) —0.06%** —0.06%*** -0.04
(0.008) (0.01) (0.02)
ACDD(-1) —0.005 —0.06%** —0.002
(0.008) (0.02) (0.01)
AC(-1) 0.69%** 1.17%** 0.49%**
(0.13) (0.31) (0.18)
ASC(-1) —0.28%** 0.23 —0.39%**
(0.06) (0.14) (0.12)
ECT(-1) —0.95%** —1.18%** —0.76%**
(0.05) (0.20) (0.19)
Adjusted R? 0.62 0.67 0.68
F Statistics 19.53 12.20 10.95
(0.00) (0.00) (0.00)
Durbin-Watson 2.31 2.38 2.25
Observations 195 102 96

Note: All variables are measured as natural logs and *p < 0.10, **p < 0.05, ***p < 0.01. Standard errors are in

parenthesis.
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Table 5 also shows that the estimated short-run elasticities of all variables, except for CDD, are
statistically significant over the entire period. In the pre-shale period, the variable coefficients of coal
price, the price of natural gas, GDP and solar consumption are not statistically significant. The
results also show that HDD and CDD coefficients are statistically significant at 1% for the pre-shale
period. In the post-shale period, coal price, natural gas price and solar consumption have statistically
significant coefficients in determining CC. There is no statistical significance for CDD, HDD, and
GDP coefficients.

Table 6 provides the results of several diagnostic tests for serial correlation, stability, and
normality. The results show that there exists normality, no serial correlation, and no zero coefficients.
Figures 3-9 presents the results of CUSUM and CUSUMSAQ tests for stability of the model proposed
by Brown et al. (1975) to the residuals of the ECM. These tests suggest that the estimated parameters
are stable over time and emphasize the existence of a dynamic long run linkage between CC and
explanatory variables.

Table 6. Diagnostic tests statistics.

Diagnostic tests (2000-2016) (2000-2008) (2009-2016)
F Statistics (Wald test) 18.51 19.38 2.91
(0.000) (0.000) (0.00)
Durbin-Watson 2.07 1.84 2.14
Serial Correlation 4.76 1.21 1.93
(0.11) (0.29) (0.16)
Normality 0.49 0.54 0.23
(0.75) (0.31) (0.17)
Stability (CUSUM test) Yes Yes Yes
Observations 198 108 90

Note: Wald test represents for coefficient diagnostics. J-B test null is normality. B-G test null is no serial correlation

up to the selected lag. Parentheses are p-value.

As a result, we can argue that there exists a long-run relationship among the coal consumption
and the independent variables of coal price, the price of natural gas, economic growth, and weather
conditions. The empirical results obtained in this study are consistent with previous studies.
Therefore, these findings are in line with previous literature estimates [5,28], who found that natural
gas is an alternative for coal in energy market and power plants.

During the post-shale gas period of 2009-2016, there are not any statistically significant long
run linkages between coal consumption and the independent variables. The cross-price elasticities of
coal consumption and natural gas, as expected, are positive at 0.29 for entire period, 0.05 for pre-
shale, and 0.002 for post-shale gas. The coefficients for the entire period and pre-shale are
statistically significant which suggests that coal and natural gas are substitute goods in U.S. energy
markets. For the entire period, a 1 percent decrease in natural gas price leads to 0.3 percent decrease
in coal consumption. Comparing this finding to the literature reveals that coal-natural gas cross
elasticity during the entire period is higher than a previous estimate by the EIA (2012) at 0.17.
Moreover, the own price elasticity is lower than the cross-price elasticity over the entire period.
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Finally, the Impulse Response Function (IRF) is employed to investigate how coal consumption
respond to shocks in other variables included in the model (Figure 10). Results of IRF in the period
of 2000-2008 are reported in the panel B from Figure 10. The impulse is coal consumption, the
responses from natural gas price and HDD shocks have a positive movement but obvious fluctuation
during period 6. The responses to coal price and GDP shocks are negative and or positive, and there
are distinct effects on the period 2 and 4. The response to CDD is positive until period 7 and
decreasing into negative over the final three periods. The responses to solar energy consumption and
seasonal dummy changes by coal consumption show fluctuation below and above zero throughout
the time periods.

The IRFs in the period 2009-2016 in panel C from Figures 3—10 show that the response of coal
consumption to a one standard deviation change in coal price as initially zero or negative through
period 4 and positive thereafter until the end of the time horizon. Response of coal consumption to
natural gas prices starts at zero and then remains positive throughout the entire period. The response
of coal consumption to GDP changes also starts at zero and remains consistently negative throughout
the entire period. The response of coal consumption to CDD changes is that it increases initially but
later decreases and touches the zero line at period 7 and remains negative thereafter. The response of
coal consumption to HDD changes is mostly negative or zero until period 8, after which it remains
positive until the end. The response of coal consumption to solar consumption and the seasonal
dummy variable both shows fluctuations between negative and positive throughout the entire period.
Overall, the results provide evidence that there exists a consistency with the empirical results from
ARDL model in the three periods of study.
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Figure 10. Impulse response function (combined).
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4. Conclusions

In this study, we have estimated long-run and short-run responses of coal consumption in the
U.S. energy market to changes in coal and natural gas prices, GDP, HDD, CDD, solar usage, and
seasonality. The main purpose of these results is to reveal the dynamic linkages among the variables
by using an ARDL approach to examine energy switching from coal to natural gas. Long-run results
show that the impact on coal consumption from natural gas prices is statistically significant and
positive over 2000-2016, suggesting that these two energy inputs are substitutes. In addition, we
observe that in the short-run and long-run, coal consumption is inelastic with respect to both coal and
natural gas prices. The effect of solar energy consumption and economic growth on coal demand are
statically significant and negative. Overall, the income elasticity estimate suggests that coal is an
inferior good. This implies that economic growth prompts a decrease in CC and increases in other
more efficient sources such as natural gas.

Since there are not statistically significant, long-run impacts from any variables on coal
consumption in the post-shale gas time period, this suggests the expansion of shale gas production
has substantially changed the factors that determine coal consumption. However, decreasing natural
gas prices relative to coal prices during this time period along with a statistically significant short-run
impact might illustrate short term substitutions of natural gas for coal still exist. This substitution has
resulted in important shifts in the U.S. energy market and a reduction in CO, emissions. These
results are in line with previous studies [5,7,28,29]. Lastly, economic growth and maintaining the
growth of the U.S economy has led to a path of consuming more low carbon energy and less coal. To
maintain this energy path, energy policies such as renewable portfolio standards implemented by
states around the U.S. should aim at increasing the use of both natural gas and renewable energy.

These empirical results not only contribute to advancing the current literature, but also deserve
certain attention from energy policy makers in the U.S. market. As capacities of power plants are
decreasing and new capacities are being established to replace them, power firms are promoting to
use more efficient and cost-effective energy sources (i.e., natural gas) to build new power plants over
coal-fired plants.

Finally, this study only provides a primary interpretation of the dynamic response of coal
consumption to energy prices and GDP in the U.S., hence, it excludes more explicit examining about
the CO, emissions and structural changes among various economic sectors. Future work could be
more directly investigate the roles of economic activities, sectors of economy, and other excluded
factors in explaining the substitution of energy resources not only in the U.S but also spillover effects
of coal consumption among countries. We look forward to future study along these lines. Given the
coal issue of the energy market in the U.S., more study needs to be undertaken to offer a
comprehensive resource for policymakers pursuing actual solutions to alleged problems surrounding
this industry.

Contflict of interest
Neither author has any been affiliations with or involvement in any organization or entity with
any financial interest (such as honoraria; educational grants; participation in speakers’ bureaus;

membership, employment, consultancies, stock ownership, or other equity interest; and expert
testimony or patent-licensing arrangements), or non-financial interest (such as personal or

AIMS Energy Volume 8§, Issue 6, 1156-1172.



1171

professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials
discussed in this manuscript.

References

10.

1.

12.

13.

14.

15.

16.

17.

18.

Wang Q, Li S, Li R (2019) Will Trump's coal revival plan work? Comparison of results based
on the optimal combined forecasting technique and an extended IPAT forecasting technique.
Energy 169: 762-775.

Dalgaard CJ, Strulik H (2011) Energy distribution and economic growth. Resour Energy Econ
33:782-797.

Burke PJ, Liao H (2015) Is the price elasticity of demand for coal in China increasing? China
Econ Rev 36: 309-322.

EIA, 2016a. US electricity generation by source. Available from:
https://www.eia.gov/tools/faqs/faq.cfm?id=427&t=3, Last accessed April 2016.

Hayhoe K, Kheshgi HS, Jain AK, et al. (2002) Substitution of natural gas for coal: Climatic
effects of utility sector emissions. Clim Change 54: 107-139.

Audus H (1999) Technologies for CO, Emission Reduction. International Conference on
Sustainable Future of the Global System, Tokyo, Japan, February 23-24, 1999.

Nakicenovic N (2000) Global Prospects and Opportunities for Methane in the 21st Century.
Presented at IGU Special Natural Gas Event, UNFCCC COP6, The Hague, The Netherlands,
November 16, 2000.

Apergis N, Payne JE (2012) Renewable and non-renewable energy consumption-growth nexus:
Evidence from a panel error correction model. Energy Econ 34: 733-738.

Salim RA, Hassan K, Shafiei S (2014) Renewable and non-renewable energy consumption and
economic activities: Further evidence from OECD countries. Energy Econ 44: 350-360.

Aissa MSB, Jebli MB, Youssef SB (2014) Output, renewable energy consumption and trade in
Africa. Energy Policy 66: 11-18.

Ding Y, Zhang M, Chen S, et al. (2019) The environmental Kuznets curve for PM2. 5 pollution
in Beijing-Tianjin-Hebei region of China: A spatial panel data approach. J Cleaner Prod 220:
984-994.

Dasgupta S, Laplante B, Wang H, et al. (2002) Confronting the environmental Kuznets curve. J
Econ Perspect 16: 147—-168.

Kilian L (2008) Exogenous oil supply shocks: how big are they and how much do they matter
for the US economy? Rev Econ Stat 90: 216-240.

Wolde-Rufael Y (2010) Coal consumption and economic growth revisited. Appl Energy 87:
160-167.

Ghali KH, El-Sakka MI (2004). Energy use and output growth in Canada: A multivariate
cointegration analysis. Energy Econ 26: 225-238.

Arezki R, Fetzer T, Pisch F (2017) On the comparative advantage of US manufacturing:
evidence from the shale gas revolution. J Int Econ 107: 34-59.

Atkeson A, Kehoe PJ (1994) Models of energy use: Putty-putty versus putty-clay. National
Bureau of Economic Research (No.w4833).

Renou-Maissant P (2012) Toward the integration of European natural gas markets: A time-
varying approach. Energy Policy 51: 779-790.

AIMS Energy Volume 8§, Issue 6, 1156-1172.



1172

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

Caporin M, Fontini F (2017) The long-run oil-natural gas price relationship and the shale gas
revolution. Energy Econ 64: 511-519.

Olsen KK, Mjelde JW, Bessler DA (2015) Price formulation and the law of one price in
internationally linked markets: An examination of the natural gas markets in the USA and
Canada. Ann Reg Sci 54: 117-142.

Tawfeeq M, Collins AR, Elbakidze L, et al. (2019) Linking crude oil prices and Middle East
stock markets. OPEC Energy Rev 43: 136—-167.

Zivot E, Andrews DWK (2002) Further evidence on the great crash, the oil-price shock, and the
unit-root hypothesis. J Bus Econ Stat 20: 25—44.

Nkoro E, Uko AK (2016) Autoregressive distributed lag (ARDL) cointegration technique:
application and interpretation. J Stat Econ Methods 5: 63-91.

Pesaran MH, Shin Y, Smith RJ (2001) Bounds testing approaches to the analysis of level
relationships. J Appl Econ 16: 89-326.

Bureau of Economic Analysis (BEA) (2017) Time series data on real GDP. Available from:
https://www.bea.gov/.

Federal Reserve Economic Data (FRED) (2016) Available from: https://fred.stlouisfed.org.
Bureau of Labor Statistics (BLS) (2016) Time series data on price index 2016. Available from:
https://www.bls.gov/.

Xie C, Du K, Zhao Y, et al. (2016) Possibilities of coal-gas substitution in East Asia: A
comparison among China, Japan and South Korea. Nat Gas Ind B 3: 387-397.

Wang Q, Su M, Li R, et al. (2019) The effects of energy prices, urbanization and economic
growth on energy consumption per capita in 186 countries. J Cleaner Prod 225: 1017-1032.

e © 2020 the Author(s), licensee AIMS Press. This is an open access

.V.gsz AIMS Press  article distributed under the terms of the Creative Commons

= Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Energy Volume 8§, Issue 6, 1156-1172.



