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Abstract: Due to the crucial implication of oil risks for economic growth and policy making, the aim of
this paper is to explore the heterogeneous interconnections of supply or demand in oil risks over time
horizons and different countries. Specifically, we first examine the correlation of supply or demand
in oil return risks and show the relationships in different countries based on wavelet coherence.
Furthermore, we explore the time-varying interconnections between supply- or demand-side and
oil return risks, as well as oil producers and demand countries. The empirical results show that the
correlation between supply and oil return risks is relatively stable, whereas the linkage between
demand and oil return risks shows greater volatility due to the impact of specific events. Further
study indicates that there are heterogeneous interconnections between supply- or demand-side and
oil return risks over sample periods. Specifically, the sign of response could be divided into four
phases, i.e., 1997–2002, 2002–2010, 2010–2013 and 2014–2018. In addition, the interconnections of the
demand side could be divided into three phases due to the sign of it. What is more, the dynamic
interconnections of oil producers’ or countries’ demands behave quite heterogeneously in different
countries. Thus policymakers should focus on the coordination level and space capacity in the global
crude oil market.
Keywords: interconnection; wavelet coherence; supply and demand; oil risks; heterogeneity

1. Introduction
Since the seminal work by Kilian [1], a large literature has explored the interconnections of supply
and demand in the fluctuation of oil price. As we all know, oil price experienced extraordinary volatility
from 2007 to 2009 and during the period of 2014–2016. Hamilton [2] noted that demand factors play a
dominant role in oil price volatility during the oil price increase period from 2007 to 2008. Moreover,
Yu [3] identified global oil supply shocks and China’s demand shocks and investigated the impact of
China’s demand shocks in promoting the volatility of global oil prices after the financial crisis. What
is more, other scholars also claimed that some supply and demand factors, such as the US shale oil
production, played a crucial role in the oil price drop during the period of 2014–2016 [4,5]. Indeed,
the identification of this coherence, which depicts the underlying interconnections of supply or demand
in oil risks, is crucial not only for clarifying crude oil markets, but also for explaining the dominant or
heterogeneous role of different factors. What is more, changes in the oil price can significantly affect
the economy as well as financial markets [6–11]. Therefore, the first goal of this paper is to verify the
interconnections by examining the coherence of supply and demand in oil risks and by showing the
relationships in different countries.
For instance, there are heterogeneous interconnections of supply and demand in oil risks over
time horizons. To understand the different relationships of supply and demand over the time horizon,
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it is worth noting that the fundamental characteristics of crude oil price series are the result of different
types of interconnections in different time windows [12]. Most of current studies obtain the fluctuation
mechanism of oil prices by investigating the structural break effect, which could hide the diversity and
evolution characteristics of oil price fluctuations [13,14]. It is also obvious that we could obtain detailed
information regarding the oil price volatility by exploring the heterogeneous interconnection, which
is important to understand crude oil markets. What is more, the stability of crude oil markets could
play a major role in the decision making and precautionary behaviors of suppliers and demanders
due to different stakeholders [15–17]. The decline of crude oil prices, on the one hand, could cause the
dynamic of production decisions and investment strategies, on the other hand, could also drive up the
uncertainty of strategies in petroleum enterprises through reducing their profits.
We next assess the heterogeneous importance of supply and demand countries in explaining crude
oil return risks. During the last two decades, the landscape of crude oil markets has shifted dramatically.
The impact of OPEC members’ production level on oil prices fluctuations is a controversial issue with
the development of non-OPEC countries. Specifically, this impact has been changing over time, since
the dynamic of the market share of non-OPEC oil producers. Otherwise, the change of members’ oil
production could also strongly influence the global crude oil market as the prices deviate from their
competitive level [18]. Meanwhile, the change of oil price has not caused any negative effects on the
economic environment, and this sparked some researches to explore the role of consumption in global
oil risks [19].
In this article, we explore the question of how supply- or demand-side exerts heterogeneous
impacts on global oil return risks. This is a critical issue for academic scholars, as well as policymakers.
Sharp movements in the oil price have serious impacts on risk management, hedging strategies and
monetary policies. It is also plausible that real economic activities may inherit nonlinearity and
instability of the oil price. What is more, the supply or demand status contributes to the global oil
markets and then affects the oil return risks.
The main objective of this paper is to investigate the interconnections of supply- or demand-side
on global oil risks. To be more specific, the first objective is to test the causal effect of underlying
supply or demand on the oil markets. Our next aim is to investigate whether the increased oil
risk for oil originates from the supply side shows a heterogeneous impact from the demand side.
Having established where the interconnection evaluates, we further analyze the diverse response to
oil producers’ and countries’ consumption of oil risks. The exploration of responses is plausible not
just for clarifying the source of global oil return risks, but also for identifying the diverse role of main
factors, such as the coordination level and space capacity, associated with global crude oil markets.
The literature that estimates the oil risk factors focuses on explaining the fundamentals and
disruptive factors in crude oil markets. From the perspective of the fundamentals, a large body of
literature has investigated whether the oil price volatility could be affected by recurrent bubbles and
structural breaks [20,21]. Ji [22] indicated the heterogeneous dependence between a bearish and bullish
regime. In addition, He [23] estimated the oil risk with the prediction of oil price volatility led by
changes in fundamentals, as well as other risk factors. In terms of disruptive factors, oil supply
and demand are regarded as fundamental triggers. Before the year of 2000, specifically, it could be
better accepted that the equilibrium model is more suitable to depict the production and consumption
characteristics in crude oil markets [24,25].
We extend the literature in some folds. First, we examine possible time-varying correlations
between supply or demand side and oil return risks, and we further test the causal relationship between
oil production or consumption in different countries and oil risks via the wavelet coherence. Based
on the wavelet theory, this paper explores the time-varying response of oil return risks to supply or
demand side based on the time-varying parameter structural VAR (TVP-SVAR) model. To our best
knowledge, no research has further explored this topic, in which the supply or demand shocks are
identified using sign restrictions on impulse responses. Furthermore, this study also documents the
time-varying response of oil return risks to crude supply countries and to demand countries.
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The rest of the paper is organized as follows. After the introduction, Section 2 presents the
coherence between supply or demand and oil risks and shows the causal relationship between oil
production or consumption in different countries and oil risks. Section 3 discusses the heterogeneous
interconnections of the full sample. In addition, the heterogeneous interconnections in different
countries are shown in Section 4. Section 5 concludes.
2. Examining the Correlation between Supply or Demand and Oil Risks
2.1. Data and Wavelet Approach
To measure the oil risks, we use Brent oil spot price based on the conditional autoregressive value
at risk (CAViaR) [26]. Value-at-Risk (VaR) could be regarded as an effective tool to calculate the oil
return risks. The VaR reflects the maximum amount of loss exposed in oil during a specific period.
In the existing literature, there are many studies focus on the application and some alternative risk
measures based on GARCH-type models [27–31]. However, these approaches often assume that the
distribution of oil return is invariable across time. In general, there are speculation and significant
intra-cluster in global oil markets, which make oil return risks more dynamic [32,33]. Thus, we use the
CAViaR to calculate the oil return risks in this study.
Moreover, the oil return risks could be explained by supply or demand side in crude oil markets.
From the perspective of the supply side, those just emphasize the aggregate global oil production
and ignore to model OPEC and non-OPEC oil production separately will lead to underestimation
of the influence of the supply side on oil risks [34]. In terms of the demand side, global demand
shocks, in particular, may have an indirect effect working through the fluctuation of oil. Specifically, we
collect monthly Brent spot price, OPEC and non-OPEC oil production and world total oil consumption
(million barrels per day) from January 1997 to December 2018 due to the data availability. The data are
available from the US Energy Information Administration (EIA).
We rely on an alternative approach to examine the correlation between supply or demand and oil
risks: The wavelet coherence analysis. On the one hand, wavelet coherence is a powerful mathematical
tool of Xt (in our study, Xt is the oil return risks and other variables series (Other variables include
OPEC oil production, non-OPEC oil production, world total petroleum consumption and oil supply
or demand in countries)) with the non-stationary and continuous volatility. Recently, this approach
has received great attention in crude oil markets [35–40]. On the other hand, numerous studies have
attempted to examine the correlation between oil supply or demand and fluctuation in the crude oil
price based on Granger tests [41]. Indeed, the increase of the demand side has changed the pattern
of the crude oil market. In addition, it is a common belief that the change of oil supply and demand
also behaves as the source of oil price volatility, which remains that the dynamic correlation depends
on different market characters [42]. Therefore, we use wavelet coherence to examine the dynamic
correlation between supply or demand and oil risks and further explore the role of oil producer or
countries’ demand in oil return risks.
In the following, we briefly introduce the basics of the wavelet coherence approach.
The wavelet family could be written as Equation (1).
ψl,m (t) =

1
t−c
), c, s ∈ R, m , 0.
√ ψ(
s
s

(1)

where c, s represents time and scale for wavelet mother function ψ, respectively.
Let {Risk}Tt = 1 be a series of oil return risks and T is the length of sample (Others are similar to oil
return risk for obtaining the CWT). As mentioned in (1), we can obtain continuous wavelet transform
(CWT) from a particular wavelet mother function for {Risk}Tt = 1 . It could be written as Equation (2).
Z
Wrisk (c, s) =

∞

1
t−c
Riskt ∗ √ ψ(
)dt.
s
s
−∞

(2)
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where the bar denotes a complex conjugate.
Moreover, the wavelet power spectrum (WPS) could generate the variance distribution of oil
return risks. It could be shown as Equation (3).
WPSRisk =

2

WRisk (c, s) .

(3)

The wavelet coherence between oil return risks and one of other variables could be depicted
by CWT of oil return risks and OPEC oil production. At a more specific level, take the OPEC oil
production as an example, CWT could be shown as Equation (4).
WRisk,pro = WRisk (c, s)Wpro (c, s).

(4)

where WRisk (c, s) and Wpro (c, s) indicate the CWT of oil return risks and the OPEC oil production.
The bar shows complex conjugate.
Following Torrence [43], the squared wavelet coherence could be defined as Equation (5).
S(s−1 WRisk,pro (c, s))

2

R (c, s) =

2

2
2

S(s−1 WRisk (c, s) )S(s−1 Wpro (c, s) )

.

(5)

where S stands for a function that is smoothing procedure over time, with 0 < R2 (c, s) < 1. A value of
R2 (c, s) represents correlation between oil return risks and the OPEC oil production.
2.2. Correlation Analysis in Supply or Demand
To examine the linkage of oil return risks with supply or demand side, a wavelet coherence for
monthly oil production or consumption along with Brent oil return risks is developed (as portrayed
in Figure 1). Specifically, the wavelet coherence will denote the strength of correlation between
examined pairs.

Figure 1. Wavelet coherence between supply or demand and oil return risk. Source: Author estimation.
(Notes: The black dotted line shows the trend).

In summary, we find evidence that there is strong correlation between supply or demand and oil
return risks. In general, the correlation between supply and oil return risks is relatively stable, whereas
the linkage between demand and oil return risks shows greater volatility due to the impact of specific
events. From the perspective of the supply side, the correlation of the two types of producers has been
differentiated during different phases. In Figure 1, for both OPEC and non-OPEC, we could divide the
correlation into two phases. The first stage is 1997–2002. At this stage, the correlation between OPEC oil
production and oil return risks shows an “inverted U” trend, while the dependence between non-OPEC
oil production and oil return risks is generally stable, but the fluctuation is dramatic. The other phase
is 2002–2018. The amplitude of the correlation between non-OPEC oil production and oil return risks
is greater than that in OPEC oil supply. It could be explained by the market power and the change in
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oil production. Hence, to a certain extent, OPEC promotes the stability of crude oil markets through
adjusting its production, which changes its market share rather than competitive condition. What
is more, the global oil return risks reduce when stable sources of oil supply is more than unstable
supplies. In fact, OPEC oil production has been less able than non-OPEC since OPEC has remained its
market share at a relatively constant level recently. Thus the correlation between non-OPEC oil supply
and oil return risks is greater than that in OPEC.
With reference to the total demand Figure, we show the correlation between demand and oil
return risks. It is interesting to note that there are significant effects of external political environment
on the correlation [44]. Specifically, it experienced a sharp increase induced by the Iraq war during
2002–2004. During the Iraq war, changes in oil production led to a relative rise in oil demand. Due
to OPEC’s market power in adjustment, the supply shortage caused by the war is supplemented by
other OPEC members. According to the lag of adjustment, however, the correlation between total oil
consumption and oil return risks is enhanced. In addition, it also could be seen that the correlation
strengthened during the global financial crisis. The scope of the global financial crisis caused by the US
sub-prime mortgage crisis has gradually expanded, and the impact has gradually shifted from the
virtual economy to the real economy. The total world oil consumption is reduced for the first time,
and petroleum companies have also suffered a major impact. As the demand declines, the imbalance
between supply and demand in the market is aggravated, which in turn reduces the stability of the
market. Another sharp increase is during 2012–2016. Due to weak global economic recovery and rising
oil prices, the growth of total world oil consumption is weak. Moreover, the continuous increase in
oil supply during this period has made the market supply abundant. The downward pressure on oil
prices is affected by the imbalance between supply and demand, which is mainly affected by demand.
2.3. Correlation Analysis in Oil Producers’ or Countries’ Demand
Since the heterogeneous correlation between supply or demand and oil return risks, we further
examine the correlation in oil producers’ or countries’ demand. On the one hand, we select oil
producers based on the oil production at a monthly frequency for both OPEC and non-OPEC countries.
More specifically, non-OPEC oil producers are not as strong an impact as OPEC oil producers for
reasons such as lack of coordination in different members, to make up for short supply, and high
production. On the other hand, the increase in oil consumption from economies such as China and the
Middle East has an effect on oil return risks. In this paper, we examine the dynamic correlation of 6
OPEC members, 6 non-OPEC and 6 demand countries (The countries include three categories; they
are, OPEC members (Iran (IRI), Iraq (IRQ), Saudi Arabia (KSA), Kuwait (KUW), United Arab Emirates
(UAE) and Venezuela (VEN)), non-OPEC countries (Canada (CAN), China (CHN), Mexico (MEX),
Norway (NOR), Russia (RUS), United States (USA)) and demand countries or regions (CHN, Central
and South America (CSA), Europe (EURO), Japan (JPN), Middle East (ME), USA)). The monthly data
could be collected at https://www.eia.gov.
Figures 2–4 show the cross-correlations between variables. It is interesting to note, in general,
the global oil market risk is closely related to the state of the country’s oil production capacity, and it is
highly correlated with major political and economic events in demand countries or regions.
First, we consider the correlation between OPEC members’ oil production and oil return risks.
It can be seen that OPEC members’ oil production serves as heterogeneous producers as it produces
large differences of space capability. Overall, the correlation between KSA production and oil return
risks is more stable. Its leadership is crucial for decreasing oil risks and achieving its political goals.
In addition, it is usually regarded as swing producer which absorbs fluctuations in supply and demand
in order to maintain the crude oil market stability. What is more, the tit-for-tat strategy in KSA
matches the level of cheating by other members and thus stabilizes the crude oil markets. However,
the correlation between IRI, IRQ, UAE and VEN production and oil return risks show a decrease trend
over sample periods. In addition, it is also related with major events. For example, during the Iraq
war (2003), the correlations between IRQ or IRI production and oil return risks are greater due to
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geopolitics. The linkage of IRI production with oil return risks is also larger during Iran’s nuclear
sanctions (2015). For another, the dependence of KUW production with oil return risks shows an
“inverted U” shape. This is associated with the compliance with OPEC’s administered quotas. As a
mid-oil-producer, KUW displays much lower frequencies and magnitudes of noncompliance with
OPEC’s oil production cut [45]. In 2002, affected by the crude oil market environment, OPEC made a
large adjustment to oil production quotas, which caused KUW oil production to fluctuate, thereby
expanding its correlation with oil return risks.

Figure 2. Wavelet coherence between OPEC members’ oil production and oil return risks. Source:
Author estimation. (Note: The black dotted line shows the trend).

Figure 3. Wavelet coherence between non-OPEC countries oil production and oil return risk. Source:
Author estimation. (Note: The black dotted line shows the trend).

It should be noted that Figure 3 implies that the policy environment is the main reason for the
fluctuations in the correlation between non-OPEC counties’ production and oil return risks. Specifically,
the correlations between MEX and NOR production and oil return risks display the highest fluctuation,
whereas RUS and USA have the lowest volatility. Moreover, the amplitude of correlation between
CHN production and oil return risks shows an “inverted U” trend. The fluctuation of the linkage of
CAN production and oil return risks decreases first and then increases over the sample period. These
results could be explained by the market foundation. Hence, the excessive dependence of MEX or
NOR economic development on oil production makes the correlation between oil production and
return risks fluctuate greatly. The global economic state and the monetary status of the US dollar
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protect its volatility in relation to oil return risks. Otherwise, the rapidly increasing position of RUS in
the crude oil market has made its correlation with oil return risks relatively stable. The imperfection of
the CHN oil market is vulnerable to the spillover effects of other market policies, which increases the
uncertainty of the domestic policy environment, and thus the fluctuation changing over sample period.
However, the time-varying correlation between CAN production and oil return risks is related to the
oil market share over time.

Figure 4. Wavelet coherence between demand countries or regions’ oil consumption and oil return risk.
Source: Author estimation. (Note: The black dotted line shows the trend).

Furthermore, we turn to the relation between demand countries or regions’ consumption and
oil return risks. It is obvious that there are differences in the correlation between demand countries
and oil return risks. Overall, the correlation between USA and ME consumption and oil risks is more
stable, while there are phases in the relation between JPY and CHN consumption and oil return risks.
Specifically, the role of USA consumption in the crude oil market is connected with the presidential
election. In addition, with reference to Figure 4-JPY, it is interesting to note that the correlation shows
an “inverted U” shape before the global financial crisis, then it increases over the time periods. In terms
of the correlation between CNY consumption and oil return risks, it could be divided into three
phases. The first stage is 1997–2004. We could clearly note that it shows an increase trend due to the
economic growth. Then, the relationship decreased during 2004–2008. Moreover, China carried out
the Four-Trillion-Yuan stimulus plan in 2008 to promote the domestic economy. Thus the correlation
between CNY consumption and oil return risks has increased since 2008. These results indicate that
major events and the announcement of both policies could potentially be a part of the relationship
between demand countries’ consumption and oil return risks at a particular point of time.
3. The Heterogeneous Interconnections between Supply- or Demand-Side and Oil Risks
While informative, the dynamic causal effect does not completely depict the relationship between
supply- or demand-side and oil return risks for two reasons: It does not hint on the sign of the response
to supply or demand of oil return risks, and there are heterogeneous responses in different time
windows. Thus, this section presents the TVP-SVAR model and explores the response to supply or
demand in the crude oil market [46].
3.1. TVP-SVAR
In order to explore the response of supply- or demand-side in a time-varying fashion, this study
uses the TVP-SVAR to empirically research the oil return risks. Particularly, we mainly focus on
the short-term response to supply or demand of oil return risks since the significant effects of oil
price on economy and financial markets. In fact, the impact of oil production or consumption on
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the crude oil market mainly refers to the short-term, whereas long-term response will be regulated
by the market. Thus, the impulse response functions could be used to measure the impact of oil
production and consumption on oil return risks in the short-term. Some alternative analyses are
variance decomposition and the coefficient of different variables based on VAR models. As we all
know, the result of variance decomposition could be affected by the number of variables. In addition,
the coefficient could also be impacted by the rank of variables in VAR models. Thus we focus on the
impulse response functions. What is more, some alternative methods, such as ECM and Cointegration
tests, have ignored the evolution of response to oil production or consumption of oil risks.
Otherwise, the baseline model explores the joint behaviors of OPEC oil production (opro),
non-OPEC oil production (npro), total world oil consumption (wcons) and oil return risks (risk).
Another advantage in TVP-SVAR compared with the constant basic VAR includes in the sense that we
can obtain the time-varying response in different oil producers’ or countries’ demand over the sample
period. As we explained above, the TVP-SVAR is very useful to investigate the time-varying response
to supply or demand of oil return risks. In this paper, we estimate the parameters in the TVP-SVAR
model based on the Markov Chain Monte Carlo (MCMC).
As we all know, a basic structural VAR could be defined as (6).
Ayt = α1 yτ−1 + · · · + αp yt−p + ut , t = p + 1, . . . , n.

(6)

where yt = [opro, npro, wcons, risk]0. A, α1 , . . . αs are 4 × 4 matrices of different lag order p, and n
is the length of sample period. In addition, ut is the error item with ut ∼ N (0, ΣΣ). In addition,




0
0
0 
0
0 0 
 σopro
 1




 a21 1
σnpro
0
0 
0 0 
 0

Σ = 
.
, A = 
 0
 a31 a32 1 0 
0
σwcons
0 




0
0
0
σrisk
a41 a42 a43 1
The reduced form of Equation (6) could be written as Equation (7).
yt = B1 yτ−1 + · · · + Bp yt−p + A−1 Σεt , εt ∼ N (0, I4 ).

(7)

where Bi = A−1 αi , i = 1, . . . , p.
Theoretically, the TVP-SVAR updated from Equation (7) by allowing the parameters to change
over time. Thus, the expression of Equation (7) to the TVP-SVAR model with stochastic volatility is
given as Equation (8).
yt = B1,t yt−1 + · · · + Bp,t yt−p + A−1
t Σt εt , t = p + 1, . . . , n

(8)

Furthermore, (8) can be written as (9) (We stack in a vector for all the R.H.S coefficients. In addition,
the symbol ⊗ in Equation (9) denotes the Kronecker product).

Xt0

yt = Xt0 Bt + A−1
t Σt εt0 ,
0
= In ⊗ [1, yt−1 , . . . , yt−p ].

(9)

Moreover, there are assumptions of estimating the TVP-SVAR. First, we assume that oil risk is
associated with OPEC and non-OPEC oil production, and non-OPEC oil production has impact on
the OPEC production in current period. Second, we define the parameters following a random walk
process as Equation (10).


Bt = Bt−1 + νt ,



(10)
at = at−1 + ςt ,



 log σ = log σ + η .
t
t
t−1
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where the distributional assumptions as regards (εt , νt , ςt , ηt ) are stated as Equation (11).




 εt 




 νt 



 ς  ∼ N (0, 
 t 




ηt

1
0
0
0

0
ΣB
0
0

0
0
Σa
0

0
0
0
Σ

σ





).




(11)

3.2. The Interconnections between Supply-Side and Oil Return Risks
Exploring impulse responses is a standard way of the VAR model to measure lag effects between
the supply side and oil return risks. However, the responses vary with time in the TVP-SVAR model
over the sample period. Figure 5 shows the time-varying impulse response to opro and npro of risk
after 0 months (simultaneous), 1 month and 3 months (We have tested that the response after 6 months
is same as it after 3 months. In addition, the response over 6 months is approximated to zero).

Figure 5. Time-varying impulse response to supply-side of oil return risks. Source: Author estimation.

The dynamic impulse response to the supply-side of oil return risks shows a significant change
over the sample period. Overall, the sign of simultaneous response is almost the same as the 1-month
one in the OPEC production. Moreover, the degree of response in the OPEC production is greater
than that of the non-OPEC one, suggesting that OPEC plays more significant role in the crude oil
market. This is not surprising, and due to the fact that there is heterogeneity about the absence of
enforcement mechanisms and market power. Apart from that, it is obvious that the response after
3 months is approximate to zero. This suggests that the non-OPEC is more complaisant against the
crude oil market and the oil return risk is similarly more reactive to the OPEC production during the
same time horizon.
At a more specific level, there are differences in the sign of the response to OPEC or non-OPEC
production of oil return risks in different phases. As shown in Figure 5, we divide the correlation into
four phases. The first stage is 1997–2002. At this stage, the response to the supply side is positive and
shows a decrease trend in OPEC or non-OPEC production. This indicates that OPEC, as a cartel, plays
a dominant role in the crude oil market. The next stage is 2002–2010. It is interesting to note that the
response to the OPEC production is negative and shows an “inverted U” trend in crude oil markets,
which was increasing before 2008 and switched to decrease after 2008. The response fluctuation to the
non-OPEC production, however, is dramatic. This result is associated with the coordination behavior.
Before the 2008 financial crisis, OPEC determined the quota by using the resolution of the basic situation
of the crude oil market, and then achieved the effect of stabilizing the market. Since the financial
crisis occurred in 2008, the determinant role of OPEC announcements gradually decreased due to the
misjudgment of the crude oil market by the OPEC meeting. Moreover, the lower coordination level in
the non-OPEC production makes more volatility of the response of oil return risks. The other stage is
2010–2013. It is worth noticing that the sign of response to the OPEC production of oil return risks is
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the same as the one in the non-OPEC production. This is not surprising either due to the increase of
cooperation in OPEC and non-OPEC. The final phase is 2014–2018. The response to OPEC production
of oil return risks is negative and shows an increase trend, whereas the one in non-OPEC production is
approximated to zero. It also could be explained by the market adjustment in the oil supply market.
Hence, there is an asymmetric process in oil price adjustment between OPEC and non-OPEC. This
indicates that the oil return risk is more reactive to the OPEC production.
3.3. The Interconnections between Demand-Side and Oil Return Risks
The response value to world oil consumption, as shown in Figure 6, shows more than ten times
higher than that of oil production on risks. It is worth noticing that the impulse responses to the demand
side of oil return risks significantly vary over the sample period, and it could be divided into three
phases due to the sign of it. Before 2002, the simultaneous response to the demand side of oil return
risks is positive, whereas the response after 1 month is negative. In addition, the differences between
the simultaneous response and the one after 1 month gradually narrow. This could be explained by the
influence of major events. After the “9.11” incident, the world economic growth was sluggish, causing
the world oil demand to shrink and international oil prices to fall. The trend of international oil prices
in 2002 mainly depends on the development trend of the world economy, especially the recovery of the
US economy, and the improvement of the European and Asian economies.

Figure 6. Time-varying impulse response to demand-side to oil return risks. Source: Author estimation.

Moreover, oil return risks have become more reactive to total world consumption during 2002–2008
and switched to decrease during 2008–2010. During the former period, the sign of response to world
consumption is negative and shows an increase trend. Economic growth in emerging countries has led
to a sharp increase in global demand for crude oil. Indeed, emerging developing countries, especially
China, have a sharp increase in demand for oil, while the world is known oilfield production capacity
begun to decline. At the same time, since non-OPEC countries have weak growth in output and global
surplus capacity has shrunk, the crude oil market has entered a period of imbalance between supply
and demand. During the latter period, the total world oil consumption reduced after the 2007 financial
crisis due to the weak world economy. In addition, because of the environment of the global crude oil
market, the response to world consumption of oil return risks decreased during 2008–2010.
Finally, the sign of the responses after 2010 is significantly different from that before the period
during distinct time windows. It is obvious that the response to world consumption of oil return
risks is positive. This is not surprising and due to the volatility of economic policy uncertainty and
world consumption [47–49]. On the one hand, the crude oil market was strongly developed since
the economic recovery in 2010. What is more, the oil supply was also sufficient, and the petroleum
inventory was at a high level. Thus, the global oil market was in a relatively loose equilibrium.
However, the total world oil consumption shows strong uncertainty and is easily affected by the
internal petroleum environment, causing fluctuations in the oil demand, which in turn affects the
stability of the oil market. On the other hand, it is well-known that there is significant linkage between
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economic policy uncertainty and oil consumption, which in turn impacts the stability of crude oil
market [32]. Hence, the global economic policy uncertainty has become more volatile, causing the
increase of uncertainty in the external economic environment since 2010, which results in the expansion
of the uncertainty of the global oil demand. Affected by fluctuations in world oil demand, there is a
phenomenon of imbalance between oil supply and demand, thereby reducing the stability of the crude
oil market and increasing the oil return risks.
4. The Heterogeneous Interconnections between Oil Producers’ or Countries’ Demand
and Oil Risks
Additionally, countries with high oil production levels have significantly more influence on oil
return risks. In order to explore the time-varying interconnections between oil producers’ or countries’
demand and oil return risks, we reconstruct the TVP-SVAR, mentioned in Section 3.1 and further focus
on the impulse response of oil return risks in this section.
4.1. The Heterogeneous Interconnections between Oil Producers and Oil Return Risks
Figure 7 portrays the impulse response to OPEC members’ production of oil return risks. It is
worth noting that the signs of responses to different OPEC countries present different characteristics.
Overall, they could be divided into three categories. Firstly, although the negative response occurs on
simultaneous response, the responses of KUW and VEN oil consumption to the oil return risks are
positive on the other lagged months. The next category includes IRI and UAE. Specifically, the sign of
simultaneous and lagged 3 months response are negative and stable, whereas the one after 1 month
is positive. This result could be explained by the geopolitics. From the perspective of the strategic
position of the oil market, KUW, UAE and VEN account for a small share of the oil market. Together
with the operating mechanism of OPEC, the responses of production in these members to oil return
risks are stable and play a negative role in market risks. Otherwise, the relevant policies implemented
in IRI have expanded Iran’s role in the oil market and reduced the uncertainty of the Iranian oil market,
thereby stabilizing oil revenue risks.

Figure 7. The time-varying impulse to OPEC members’ production of oil return risk. Source:
Author estimation.

Finally, the sign of response to IRQ and KSA of oil return risks changed over time. It is not
surprising and due to the geographic location and space capacity. On the one hand, it is obvious
that the sign of simultaneous response to IRQ production changed in 2008, which is positive before
2008 and switches to negative after 2008. In addition, the sign of response switches from negative to
positive on the other lagged months. Due to the important role of Iraqi oil in economic development,
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the restoration and development of the Iraqi oil industry is an important cornerstone of economic
development after the financial crisis. In addition, the Iraq war and the global financial crisis have
caused enormous obstacles to the development of the Iraqi oil market. In order to stabilize the economic
development, in 2009, Iraq publicly auctioned the mining rights of oil and gas fields and formulated
the “Oil and Gas Law” to achieve the purpose of controlling risks in the crude oil market. On the other
hand, the sign of simultaneous response to KSA production changed over time, whereas it is almost
positive before 2010 and switches to negative after 2010 on the other lagged months. These results
are associated with the market mechanism and the space capacity. As a fringe of non-cooperative
producer, KSA used to cut its oil production to neutralize the partial conformity by the other OPEC
member nations, while it tends to offset its peers’ conduct. However, because of the higher volatility of
economic policy uncertainty in KSA, the simultaneous response to KSA production of oil return risks
changed over the sample period. Moreover, spare capacity is imperative for decreasing the oil risks
and remaining KSAs’ leadership as a price maker.
Since the increasing market power of non-OPEC oil producers, we further explore the
heterogeneous relationship between non-OPEC oil producers and oil return risks. Figure 8 traces out
the time-varying impulse response to non-OPEC producers of oil return risks. It is obvious that the
dynamic response to non-OPEC oil producers of oil return risks behaves quite differently in different
countries. While the positive response occurs on CAN and NOR, the response of RUS and USA
production to oil return risks is negative. Specifically, the positive response after 1 month to CAN
production of oil return risks is the largest compared to other lagged months. Moreover, the main
response of USA production to oil return risks is negative and after 3 months, where the one of RUS
production is simultaneous. The results confirm that the response is related to economic fundamentals
in different oil producers. Indeed, when the oil demand increases, USA and RUS may correct any
market imbalance that may occur due to the economic states through a unified strategic reaction.

Figure 8.
The time-varying impulse to non-OPEC producers of oil return risk.
Author estimation.

Source:

It is particularly interesting to note that the negative response to CHN production of oil return
risks is gradually decreasing, and one is mainly positive on other lagged months. In addition, MEX is
just the opposite. This is not surprising and due to the major events and geopolitics in different markets.
For one thing, major events play a main role in the response of CHN production to oil return risks.
Affected by the policy, China’s oil supply has greater uncertainty. In addition, due to the correlation
between the oil futures market and spot market and the “herd effect” of investors, the uncertainty of
oil production further reduces the stability of the market. Thus, the responsiveness increases for the oil
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return risks while the rise for the CHN oil production. For another, the response to MEX production
in the crude oil market is related to the geopoliticsl. In fact, there is a significant decline in Mexican
crude oil production and reserves over the sample period. In addition, due to the influence of the
external policy environment on MEX’s oil production, its simultaneous response is gradually reduced.
In addition, oil production has a lag effect on the crude oil market stability. This is mainly because
of the state of the domestic oil market in MEX. Specifically, the oil supply in MEX can basically meet
internal demand since MEX oil consumption is relatively stable. Thus it is less affected by the spillover
effects of other international oil markets, which can better protect the development of the domestic oil
market and further promote the stability of the global oil market.
4.2. The Heterogeneous Interconnections between Countries’ Demand and Oil Return Risks
It is particularly interesting to study how the observed time variations affect the transmission
of countries’ oil consumption. Figure 9 points out the time-varying impulse response to countries’
demand and oil return risks. It is obvious that the responses of various countries present different
phases characteristics. In general, the impulse responses to CHN consumption of oil return risks
significantly vary after 2013. A significant change is also noticeable in 2012. We clearly notice that the
negative responses on all lagged show decrease before 2012, and the response after 3 months switches
to positive while the other response is also negative and increase. This finding could be explained by
the change of the economic state, as well as the reform of the policy.

Figure 9. The time-varying impulse response to countries’ demand to oil return risk. Source:
Author estimation.

The impulse response to CSA consumption of oil return risks has significantly weakened in
generation. However, impulse responses to JPN consumption of oil return risks are relatively steady,
indicating that the JPN consumption is beneficial to decreasing the oil risks. Additionally, despite
the positive response took place before 2004, the response to ME consumption of oil return risk is
negative. This result indicates that the appreciation of the ME consumption decreased the oil return
risks. By contrast, the sign of the impulse to EURO consumption of oil return risks eventually varies
during different periods. Specifically, the simultaneous response is almost the same as the 1-month one,
which is negative during 2002–2010 and switches to positive in other periods. This phenomenon may
be a result of the development of emerging markets during 2002–2008 and the change of the global
economic and financial environment after 2008. On the contrary, the simultaneous impulse responses
to USA consumption of oil return risks is positive from 2004 to 2010 and negative during other periods.
However, the response after 1 month to oil return risks is positive before 2013 and switches to negative
after 2013. What is more, the negative impact of the oil demand on the market in the USA shows an
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increasing trend. This indicates the growing dominant role of the US oil demand on the global crude
oil market. This finding also reflects that this feature in the USA oil market exists in the global.
5. Discussions and Conclusions
The relationship between supply or demand and oil price volatility may reflect the importance
of supply or demand in global crude oil markets. By applying the structural VAR model, Kilian [1]
found that the synchronization between demand or supply shocks and the oil real price. Following
Kilian [1], Yu [3] discovered the strong effect of the China demand on global oil price volatility after the
financial crisis. Moreover, Aastveit [19] found that the impact on the real oil price is more than twice of
demand from emerging economies compared with that in developed counties. However, there are
many reasons that result in such reactions, such as the major events mentioned in Section 2.2, as well
as coordination levels and space capacity of countries [50,51].
Unlike these studies, the empirical results from wavelet coherence and the impulse response
functions all point to the heterogeneity of oil return risks response to supply or demand-side, as well as
different countries. In this paper, we first examine the correlation of supply and demand in oil return
risks and show the relationships in different countries based on wavelet coherence. Furthermore, we
explore the time-varying interconnections between supply- or demand-side and oil return risks. What
is more, we also study the heterogeneous role of oil producers or demand countries on the global crude
oil market via the TVP-SVAR model. Specific conclusions are as follows.
The interconnection between supply or demand and oil return risks has stronger differences in
the global crude oil market. In general, the correlation between supply and oil return risks is relatively
stable, whereas the linkage between demand and oil return risks shows greater volatility due to the
impact of specific events. According to Antonakakis [52], specific events have a direct effect on firm
investment, in turn affecting the oil consumption and its risks. At a more specific level, the global oil
market risk is closely related to the state of the country’s oil production capacity, and highly correlated
with major political and economic events in demand countries or regions. Specifically, due to space
capacity, the correlation between the KSA oil production and oil return risks is relatively stable, and IRI,
KUW, UAE, and VNE show a decrease trend. In addition, because of the policy environment, the oil
supply of MEX, USA and CHN is inconsistent with the fluctuation of oil return risks. In terms of
demand countries, the correlation between USA and ME consumption and oil risks is more stable,
and it shows an “inverted U” shape on the JPN market. In addition, the relationship between CNY
consumption and oil return risks could be divided into three phases.
There are heterogeneous interconnections between supply- or demand-side and oil return risks
over sample periods. In the perspective of the supply side, the sign of response could be divided into
four phases, i.e., 1997–2002, 2002–2010, 2010–2013 and 2014–2018. Since differences of coordination
behavior and market adjustment existing in the OPEC and non-OPEC countries, there are further
differences role of OPEC and non-OPEC during 2002–2010 and 2014–2018. According to the differences
in geopolitical factors, non-OPEC countries adjust the crude oil market fluctuation that could be
resulted in the lag effects of the OPEC when the oil price changed. In terms of the demand side,
the interconnections could be divided into three phases due to their signs. Especially, the simultaneous
response to the demand side of oil return risks is positive, whereas the response after 1 month is
negative before 2002. During 2002–2010, the sign of response is negative and oil return risks have
become more reactive to total world consumption during 2002–2008 and switch to decrease during
2008–2010. In addition, the signs of the responses after 2010 are significantly different from those before
that period.
The time-varying interconnections of oil producers or countries demand behave quite
heterogeneously in different countries. Different local markets show global and regional status
of the global oil market. For oil producers, the sign of response to IRQ and KSA oil return risks
changed over time due to the market power. While the negative response occurs on simultaneous
response, the responses of CHN, KUW and VEN oil consumption to the oil return risks are positive on
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the other lagged months, which are opposite to those of MEX, IRI and UAE. In addition, the positive
response occurs on CAN and NOR, whereas the response of RUS and USA production to oil return
risks is negative. For countries demand, the impulse responses to CHN consumption of oil return
risks significantly vary in all lagged months after 2013. Otherwise, the impulse response to CSA
consumption of oil return risks has significantly weakened in generation. However, impulse responses
to JPN consumption of oil return risks are relatively steady. By contrast, although the positive response
occurs before 2004, the response to ME consumption of oil return risks is negative. On the contrary,
the signs of the impulse to EURO and USA consumption of oil return risks eventually vary during
different periods.
These findings have implication for policymakers and investors in the global crude oil market.
On the one hand, coordination levels and space capacity play a dominant role in improving the
stability of the global oil market. Thus, Policymakers have stabilized the fluctuations in the oil market
by formulating relevant cooperation policies to ease the imbalance between supply and demand in
the domestic oil market. In addition, they also should strengthen the research and development of
petroleum innovation technology and give full play to the space capacity of the oil market to meet the
dependence role of oil in economic development, which in turn realizes the coordinated co-movement
of the oil market and economy. On the other hand, the main concern of investors is the maximization
of profits. Thus, investors need to focus on the market characteristics and the evolution of policies
before investing in the decision-making, and they should further be familiarised with the operating
mechanism of the market. Moreover, they also need to pay attention to the major events of major
countries or organizations in the market, such as OPEC meetings and reports. What is more, they
should make a reasonable assessment of the investment location and eliminate as much as possible the
decision-making mistakes caused by geopolitical factors.
This paper is not without limitations. For instance, we ignored the difference between WTI and
Brent oil price. It is also worth noting that the difference between WTI and Brent price has been
expanded since 2011, thus we could further study the heterogeneous correlation by adding more global
benchmark oil prices. In addition, further analysis about the asymmetric effects of investor sentiment
and oil return risks in different regimes would be a valuable area to explore.
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