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Energy is both a basic resource needed for economic growth and an essential tool for

economic recovery. The topic of resilience is becoming increasingly prominent in the

energy-economic domain and has also entered policy discourse. Yet the measuring

method of resilience based on post-disruption events and the relationship between

energy consumption and economic recovery are far from settled. This paper develops

the idea of resilience and proposes a model to evaluate the economic recovery ability of

an economy from the perspective of energy consumption. It also proposes a decoupling

model to address the impact of energy-related elements on economic recovery. These

ideas are then used for a preliminary empirical analysis of 14 countries against the

context of the 2007–2008 financial crisis. The analysis showed that developing countries

generally performed better than developed countries, that energy consumption is not a

necessity for promoting economic recovery, and that energy-economic decoupling has

a positive effect on economic recovery.

Keywords: energy resilience, economic recovery, post-disruption, inter-resilience, decoupling model

INTRODUCTION

Energy is a basic resource needed for economic growth and is an essential tool for economic
recovery. Numerous studies have demonstrated the important relationship between energy
consumption and economic recovery (Mahadevan and Asafu-Adjaye, 2007; Tang et al., 2016;
Destek andAslan, 2017). Currently, researchers have extended the idea of resilience into the energy-
economic domain in order to measure how quickly local and regional economies could recover
from shocks and emergencies. The application of resilience into energy-economic study is also in
line with the International Energy Agency’s (IEA’s) definition of national energy security: “short-
term energy security focuses on the ability of the energy system to react promptly to sudden changes
in the supply–demand balance” (IEA, 2020).

According to the dissipative structure theory, an energy system is an open complicated
system, with non-linear interactions among the inner elements. Prior experience showed that the
linear management method usually leads to lower social value. In recent decades, widespread
and persistent disruptions (e.g., energy shortages, energy price fluctuations, climate change,
and environmental pollution, etc.) have consistently demonstrated the failure of single-target
optimization of energy systems. With the increase of such failures, we need to seek new solutions
to the growing energy security problems beyond traditional approaches. Under this circumstance,
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researchers have begun to focus on the idea of resilience, an
approach related to philosophy and pragmatism. It is supposed
that resilience will be used to seek solutions for addressing
these problems.

Prior research on energy resilience originates from both
ecology resilience and engineering resilience, spanning across
general energy systems and some specific systems (O’Brien and
Hope, 2010), such as hydropower systems (Afgan and Veziroglu,
2012), electricity systems (Molyneaux et al., 2012; Kharrazi et al.,
2015; Ibrahim et al., 2016), and energy infrastructure systems
(Ouyang et al., 2012; Alderson et al., 2015). The definitions
of energy resilience vary according to different research goals,
and these definitions can be generally classified into two
categories; the first highlights resilience as the capability to resist
disturbances coming from outside and which helps the target
system to recover as fast as possible (O’Brien, 2009; Korhonen
and Snäkin, 2015; Arghandeh et al., 2016), and the second one
emphasizes the core ability of resilience as adaption, including
adaption to strikes and the involution of the system itself
(O’Brien and Hope, 2010; Skea, 2010).

In terms of research method, a majority of prior research
employed a qualitative research method to explore the specific
resilience value of target energy systems (DiMase et al., 2015;
Hosseini et al., 2016), the key elements that can affect the level
of an energy system’s resilience (McLellan et al., 2012), and
conceptual frameworks that can help to normalize resilience
management (Sharifi and Yamagata, 2015; Xie et al., 2018). Little
research has investigated energy resilience from the perspective
of economic recovery (Rose, 2007; Briguglio et al., 2009). Given
that energy security is not only important for economic growth,
but also the foundation of national security, it is vital to
quantify the relationship between energy resilience and economic
recovery. Therefore, to fill the above research gaps, this paper
aims to propose a set of models to evaluate energy-economic
resilience based on post-disruption events. Further, data from
14 countries will be used to demonstrate the usefulness of
our model.

The rest of this paper is organized as follows. The next
section reviews the literature on measuring models that have
been used to investigate economic recovery and energy resilience.
SectionMethodology introduces our proposedmodel to compute
resilience and losses to the economy and energy, as well as their
inner relationship. Section Case Study presents a case study of 14
countries to illustrate the model’s applicability in future. Finally,
Section Discussion and Conclusion concludes the paper and
makes suggestions for future research.

LITERATURE REVIEW

Over the past few years, the impact of economic resilience
on disasters has drawn more and more attention from both
researchers and policymakers. At the early stage, the qualitative
method was widely used to investigate the necessity to embed
resilience into energy systems, the elements that affect energy
resilience, and the framework that guides resilience assessment
(Sharifi and Yamagata, 2016; Child et al., 2018). However,

compared to the qualitative method, it is still too early to use a
quantitative method to examine the above topic. Nevertheless,
several quantitativemethods have been used in prior research and
will be introduced below.

One of the quantitative methods is setting up indicators
or employing a proxy for resilience; Molyneaux et al. applied
resilience to an electricity system by setting up a composite
resilience index which consists of seven indicators (Molyneaux
et al., 2016). Korhonen et al. used diversity as a proxy of
energy system resilience (Korhonen and Snäkin, 2015). Hosseini
et al. (2016) identified four domains of resilience: organizational,
social, economic, and engineering. Blum et al. set up a resilience
index from the angle of economic operation capacity to handle
energy-related effects (Blum and Legey, 2012).

The second method is to define resilience through
comparisons with historical data; Afgan and Cvetinovic
(2013) defined the resilience index R as the integral value of the
sustainability index between the time point of a sudden change
in respective indicators and the time point when it resumes a
stable state value, as follows:

R =

i=k
∑

i=1

wi

t−t1
∫

t−t0

[

100− qi
]

dt (1)

where Wi is the weighting coefficient and qi is an indicator. A
similar method is also used in research on natural gas supply
resilience, network resilience (Dassisti and Carnimeo, 2013;
Rabbani et al., 2015), and some other deterministic models
related to energy resilience (Mulyono, 2015; Ibrahim et al., 2016).

Another representative quantitative method used for
resilience evaluation is based on the input-output (IO) model.
Usually an IO model is combined with integrating linear
programming; He et al. developed a resilience model which
helps to estimate the maximum level of energy import reduction
that an economy can endure (He et al., 2017). Sato evaluated
energy resilience by measuring diversity from the perspective
of both direct and embodied energy supplies (Sato et al., 2015).
Based on the multi-regional IO model, they attempted to
use the Shannon-Weaver index and a cosine similarity as a
complementary index to evaluate the supply diversity of 134
countries. With the same method, Kharrazi et al. evaluated the
electricity diversity in production-based and consumption-based
trade networks (Kharrazi et al., 2015).

To sum up, the above three quantitative analysis methods
have been widely adopted by researchers. However, the
issues of energy consumption and economic recovery from a
resilience point of view have not been clarified enough. Models
involve economic-energy characteristics only consider economic
characteristics, such as economic impacts on disruptions (Rose
et al., 2018) and investment optimization (Fang and Sansavini,
2017; Nezamoddini et al., 2017). In this work, we propose
the enhancement of energy economic resilience post a disaster
event. Particularly, we employ resilience loss to develop a
model to address economy recovery with consideration of
energy consumption.
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METHODOLOGY

Resilience and Recovery Assessment
Measuring the resilience loss of a target system after a disruptive
event is fundamental to assess the relationship between economic
recovery and energy consumption. As is shown in Figure 1, the
resilience loss is calculated by Equation (2), in which RL is a
two-dimension vector represented by the shadow area.

RL =
1

T ∗ Qt0

t1
∫

t0

[Et − Qt]dt (2)

where, RL: Average resilience loss during period T (from
t0 to t1)

t0: Start time of disruption
t1: End time of disruption
T: The whole period from time t0 to t1
Et: The expected value based on historical data
Qt: The actual value
Qt0 : The actual value from time t0 to t1
1: Performance attenuation
λ: Level of recovery.

RL is the average integral value of the difference between Et and
Qt. δ represents performance attenuation which indicates the
largest deviation of a target system when experiencing disruption
during time T. λ describes the recovery level of the system after
the disruption, which is relative to its basic performance.

Inter-resilience Analysis of
Energy-Economic Decoupling
Although the calculation of resilience loss can provide a way
to measure the basic resilience state caused by a disruption, it
cannot reflect the interrelationship between economic recovery
and energy consumption. Given this, we modify the model from
Blum and Legey (2012) to measure the resilience loss of energy
consumption and electricity consumption. Also, a number of
studies have shown that economic growth relies heavily on
electricity consumption (Shahbaz et al., 2017; Zhang et al., 2017),
so the relative impact of economic recovery on the change of
energy as well as electricity consumption during a certain period
will be established. From the perspective of energy consumption
and economic growth, we define the changing ratios as follows:

εen =

1GDP
GDP

1Energy
Energy

=
RLGDP

RLen
(3)

εel =

1GDP
GDP

1Electricity
Electricity

=
RLGDP

RLel
(4)

(1) If the energy-related factors have no impact on economic
recovery, then ε = 0

(2) If the energy-related factors have an impact on economic
recovery, then 0 < |ε | <1.

FIGURE 1 | Resilience assessment of post-disruption event.

(3) If the energy-related factors affect economic recovery in the
same proportion, then |ε| =1.

(4) If the effects are amplified, then |ε | >1.

Furthermore, taking different energy efficiencies of different
countries/regions into account, we take the method of resilience
coupling/decoupling to evaluate recovery performance.
Decoupling is originated from environmental kuznets curve
(EKC), which is applied in economic growth and environmental
problems research. In this paper, the term decoupling is applied
to economic growth and energy resilience during a post-
disruption period. By improving Vehmas’ model (Vehmas et al.,
2007), six possible scenarios are established in this paper and
each scenario is placed in the coordinate axis according to its
resilience performance. These scenarios, shown in Figure 2, are:
absolute decoupling, relative decoupling, expensive coupling,
recessive decoupling, recessive coupling, and strong coupling.

As shown in Figure 2, from the best-case category (I) to
the worst-case category (VI), each category is determined by
three parameters: 1RLGDP, RLen, and 1(RLen/RLGDP). When
1(RLen/RLGDP) is <0, it is decoupling in the lower area of
the diagonal line including “I,” “II,” and “IV;” in these areas
the energy efficiency can be improved. When 1(RLen/RLGDP)
is more than 0, it is coupling in the up area of the diagonal
line including “III,” “V,” and “VI.” Each area can be further
divided into three categories according to the value of 1RLGDP
and RLen. Taking area “I” as an example, the 1RLGDP increases
with a decrease of RLen and 1(RLen/RLGDP), which is the most
ideal state of all six states with the best performance of output
and efficiency. The explanation of the six categories are listed
in Table 1.

CASE STUDY

Fourteen countries whose total GDP exceeds 70% of the world’s
GDP in 2018 were examined, and their final energy consumption
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FIGURE 2 | The degrees of coupling and decoupling of energy resilience.

TABLE 1 | Meanings of each coupling/decoupling category.

Coupling/decoupling type Description

Absolute decoupling I The most ideal state is that RLGDP increases with

the decrease of RLen and 1(RLen/RLGDP ).

Relative decoupling II Ideally, both RLGDP and RLen increase, and

1(RLen/RLGDP ) improves as well.

Expensive coupling III Less ideally, the three parameters all decrease.

Recessive decoupling VI The less negative state is that when RLGDP and

RLen decrease, 1(RLen/RLGDP ) will improve.

Recessive coupling V The negative state is that RLGDP, RLen, and

1(RLen/RLGDP ) all decrease.

Strong coupling VI The most negative state is that when RLGDP
decreases, both RLen and 1(RLen/RLGDP ) will

increase.

and final electricity consumption account for over 65 and 70% of
world’s total, respectively, in 2018. The Middle East is excluded
because of its current situation of unrest. In addition, South
Africa and Singapore are included as South Africa is supposed
to be a promising economy, and Singapore, as a resource-poor

country, represents developed countries that performed well
during the 2007–2008 financial crisis. The expected value Et is
based on historical data using the method of regression, and
fitting degree is supposed to be more than 95%. All the data is
from the (IEA) and World Bank.

Resilience Loss
Fourteen countries whose total GDP exceeded 70% of the world’s
GDP in 2018 were examined; their final energy consumption
and final electricity consumption account for over 65 and 70%
of world’s total consumption, respectively, in 2018. According to
the aforementioned model, the resilience loss for GDP, total final
energy consumption, and total final electricity consumption of
the 14 countries are shown in Figure 3.

From the results, we can see that the countries were
grouped into three categories: almost unaffected (China,
India, and Indonesia), almost recovered (South Africa, Korea,
Singapore, Brazil, and Germany), and unrecovered (France,
the United States, Canada, Japan, the United Kingdom, and
Russia). Aligned with the RLen and RLel, it is assumed that
the GDP growth rate of China was affected a little bit during
the 2007–2008 financial crisis, which exceeded the historical
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FIGURE 3 | Resilience loss for GDP, final energy consumption, and final

electricity consumption.

expectation by an average rate of 4% per year. Accordingly,
the total energy consumption and total electricity consumption
increased by 2.7 and 4.5%, respectively. This means that during
the year 2007–2018, China’s electricity consumption exceeded
the expected value significantly. As to India and Indonesia,
their GDP were barely affected. India’s total final energy
consumption increased slightly, and Indonesia decreased slightly.
Both countries had significant increases in total final electricity
consumption. Obviously, apart from Russia, the developing
countries performed better than the developed countries.

Performance Attenuation and Level of
Recovery
Performance attenuation and recovery level are used to indicate
the scale of impacts from the financial crisis. As is shown in
Figure 4, the following points were concluded: (1) Countries
that suffered more have a relatively poor recovery performance,
except for Germany. Although Germany was hard-hit by this
financial crisis, it performed much better than other countries
at the end of 2018; (2) Developing countries (except Russia)
generally performed better than developed countries in terms of
both performance attenuation and recovery level.

Germany’s astonishing recovery was due to increased trade
with developing countries, especially China, which offset its
trade reduction with other countries. Further, Germany took
a powerful economic stimulus plan focusing on infrastructure
investment and tax relief to help small- and medium-sized
enterprises. As for Russia, the oil price fluctuation affected
RLGDP a lot, which is a reflection of “Dutch disease” and the result
of its irrational industry infrastructure.

Inter-resilience and Decoupling
Results of inter-resilience of economic recovery to
energy/electricity consumption are shown in Figure 5. It

FIGURE 4 | Performance attenuation and recovery level.

FIGURE 5 | Change rate of economic resilience to energy/electricity resilience.

can be seen that in terms of εen, there are four countries
whose figures are not in the reasonable scope (from −1 to
1): China, India, Indonesia, and Russia. For the first three
countries, they had a much faster GDP growth than the total
final energy consumption. Russia’s GDP has sharply reduced
by nearly 9% per year while having only about a 1% increase
per year in energy consumption. Considering both εen and
εel, Russia’s capability of handling energy-related problems is
clearly insufficient.

According to the results, 14 countries were sorted into the six
areas as shown in Figure 6; these 14 countries are spread out over
five areas. Strong coupling and recessive coupling are occupied by
Russia and Brazil, respectively; Russia shows the worst resilience
performance during this period, with an increasingly decaying
economic recovery performance yet without a decline in total
energy consumption. Considering the fixed assets investment and
the sharp decrease of RLel, Russia’s overdependence on resources
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FIGURE 6 | Countries distribution based on resilience decoupling model.

export suffered a lot during this period because of the energy
price fluctuation and the shrinking energy demand.

Indonesia lies in the most desirable condition-absolute
decoupling. This is mainly because the Indonesian government
paid more attention to domestic demand rather than export.
They also paid more attention to high-tech industry rather than
labor-intensive industry, meaning quality and efficiency of GDP
growth were stable. China and India are in the relative decoupling
area; the two prominent fast-growing economies benefit from
both expanding domestic demand and their multilateral trade
strategies. South Africa and all developed countries are in the
recessive decoupling state, although South Africa is not the same
as other countries because it is a developing country with a
relatively low fixed assets investment percentage (around 20%
in 2018). But for long-term economic development, a low fixed
assets investment may lead to a lack of development motivation.

One of the main findings in our study is that developing
countries’ economic resilience is better than developed countries
when faced with a national crisis, excluding the ones who
overly rely on resource extraction. In particular, overreliance on
energy/electricity consumption is shown to considerably weaken
the ability of the economy to mitigate crisis. Hence, continually
decreasing energy reliance will be a promising way to enhance
economic resilience.

Another important insight from our study in section Case
Study is that boosting domestic demand and strengthening
multilateral trading can yield improvements to economic
resilience. The governments may be able to exploit this to
enhance their economic resilience and energy security, by

expanding domestic demand and re-designing the cross-border
trade interdependencies.

DISCUSSION AND CONCLUSION

In this work, we have proposed a novel approach to evaluate
the impact of energy consumption on economic recovery from
a perspective of resilience. The proposed models are shown to
yield problems in the format of decoupling status. The proposed
framework can provide valuable decision-support for policy-
makers to study the impact of energy consumption on economic
recovery, and also guide decision-makers on how to improve the
resilience of an economy.

One of the main findings in our case study is that, during
the 2007–2008 financial crisis, developing countries were less
affected and had better recovery performance than developed
countries, except for Russia. Russia is overly dependent on energy
export, and its energy efficiency is much lower than most other
countries. Furthermore, in terms of developed countries, Korea
and Singapore, located in Asia, have better recovery performance
than other countries. Germany had experienced an astonishing
recovery compared to all the other countries because of its
successful trade strategy shift to Asian countries and its efficient
tax policy.

For future studies, an alternative multiregional resilience
framework can be explored, which classifies the driving factors
behind promoting economic recovery based on production-
consumption patterns in the energy supply chain. Renewable
energy consumption is also playing an increasingly significant
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role in economic productivity; researchers can quantitatively
investigate the role of renewable energy in improving economic
recovery, and ultimately improving the resilience of an economy.
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