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Abstract: Although the Gulf Cooperation Council (GCC) countries are in an arid region with limited
water resources, the per capita water and electricity consumptions are high, at 560 L/capita/day and
7000-18,000 kWh/year, respectively. Although macroscale parameters (e.g., GDP and population)
have been assumed to be correlated with water and electricity demand, this study aims to verify
whether this assumption still holds true. As opposed to the previous literature, this study reveals
that, although water production and electricity generation had been correlated with GDP and
population for years, they have been decoupled from these macroscale parameters since 2015. Such
decoupling can be explained by the three phases of economic development. In the initial stage, GDP
and population growth promoted rapid increases in water and electricity demands, which came
down in the second stage as the consumers became satisfied with water and electricity supplies.
In the third stage, the water and electricity demands were decoupled from GDP and population
due to demand-management policies for environmental protection and cost saving, combined with
consumers’ efforts, such as water-saving faucets and energy efficiency in homes, which indicates
that microscale parameters have become more influential on water and electricity demands than
macroscale parameters.

Keywords: Abu Dhabi; decoupling; electricity demand; GCC countries; GDP; Kingdom of Saudi
Arabia; oil price; population; United Arab Emirates; water demand

1. Introduction

One of the main challenges that humankind is facing is the scarcity of water, energy
resources, and food due to the rapid population and economic growth and urbanization,
as well as climate change [1-4]. The world population is expected to reach 9.7 billion
by 2050 [1]; it was estimated that the global population facing severe water scarcity will
increase from 40% today to 60% by 2025 [5]. Additionally, 66% of the global popula-
tion (4 billion) currently lives in conditions of severe water scarcity for at least 1 month
per year [6]. Many arid regions and water-stressed countries depend mainly on non-
conventional water resources, such as desalination plants, to meet their growing wa-
ter demand [7-9]. In February 2020, the total number of new desalination plants con-
tracted and installed worldwide was 155, providing an additional installed capacity of
5.2 million m®/d, the cumulative total accumulative capacity being 114.9 million m3/d [10].
In April 2020, the total net electricity production globally was 747.2 TWh [11], of which
only 48.7% was generated by renewable energy, including mainly nuclear energy and
hydropower [11].

The Gulf Cooperation Council (GCC) countries include Bahrain, Kuwait, Qatar, Oman,
the Kingdom of Saudi Arabia (KSA), and the United Arab Emirates (UAE) [12]. All
these countries share very similar values, cultures, and economies, which rely on weighty
revenue from fossil fuel [12]. Across the GCC countries, foreign nationals represent 51%
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of the total population, with particularly high expatriate rates in the UAE (89%), Qatar
(86%), and Kuwait (70%) [12]. The GCC countries are in an arid region with limited
natural water resources and thus are highly dependent on desalination plants to cater to
their growing water demand [1,13,14]. The annual per capita water consumption in the
GCC countries was reported to be high at 560 L/capita/day (LPCD), compared with the
world average of 180 LPCD [1]. The annual electricity consumption per capita in the GCC
countries is between 7000 and 18,000 kWh, whereas the global average was approximately
3000 kWh in 2018 [12]. The average growth rate of electricity consumption per capita for
the GCC countries in the period of 1971-2012 was 6.2% [15]. The electricity consumption in
residential buildings is now 43% of the total electricity consumption in the GCC countries,
and air-conditioning systems are the largest electricity consumer [12].

The production of water and power is commonly undertaken by independent water
and power projects IWPPs) [16]. The collective desalination production capacity of the
GCC countries is more than 60% of the world’s total capacity, with the majority of this
capacity installed in the KSA (36.4%) and UAE (34.4%) [1]. Desalination is a capital-
intensive industry. The total investment in the desalination sector in the GCC countries
was estimated to be USD 16-20 billion in the last 2 decades, which is expected to reach
USD 60 billion by 2050 [1]. The GCC countries produce around 40% of global oil and
20% of natural gas reserves [1,13,17]. Hence, they depend on fossil fuels to produce fresh
water and electricity (cogeneration) through desalination plants [18-20]. This reliance is
economically unsustainable and may lead to destabilization of the economy [18,19].

Globally in 2019, approximately 80% of the consumed energy was from conventional
fuels, which is the primary cause of environmental problems, including global warming [12].
The environmental impact of water and electricity production in the GCC is huge, especially
CO; emission and influence on the marine ecosystems, and the financial burden has been
increasing. The energy consumption for desalination in the UAE is about 20% of their
total energy production, followed by 13% in Qatar; 8% in Kuwait, Oman, and Bahrain;
and 7% in Saudi Arabia [1]. Global warming gas emissions from desalination systems
powered by fossil fuels are expected to exceed an annual rate of 400 million tons of carbon
equivalent by 2050 [21]. The GCC countries rank among the top 25 nations for the largest
CO; emissions per capita in the world [13,22]. Three of the GCC countries, Saudi Arabia,
the UAE, and Qatar, have already been identified as the largest per capita CO, emitters in
the world [17,18].

A recent study investigated the impact of oil price, economic growth, and urbaniza-
tion on CO; emissions in GCC countries in 1980-2019 using a nonlinear autoregressive
distributive lag cointegration approach; however, the influence of economic growth and
urbanization on water and electricity demand was not reported [23]. It has been known
that both macroscale parameters, such as gross domestic product (GDP) and population,
and microscale parameters, such as housing heat insulation, water-saving showerheads,
and energy-efficient electric devices, influence water and electricity consumptions [24]. The
preceding studies in the following literature review section suggest that there is a need
for re-examining the relationship between these macroscale parameters and water and
electricity demands for a more accurate prediction of the future demands. Additionally, the
previous studies have not clearly explained the influence of these macroscale parameters
on water and electricity demand in the GCC countries. Therefore, this study aimed to
reveal the relationship between macroscale parameters, such as population and GDP, and
water and electricity demand in the GCC countries based on GDP, population, electricity
generation, and water production in the last 2 decades. The effects of oil price and the
numbers of electricity and water supply connections and the demands of the national and
the expat are also analyzed.

2. Literature Review

Although it has been considered to be a policy priority to meet the increasing demand
for power and water, it is necessary for all the GCC countries to turn around from supply-
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side management (SSM: optimizing the supply to meet the required demand) to demand-
side management (DSM: managing energy use, including energy efficiency and demand
response) [25]. A study on the energy challenges in the GCC proposed the need for
reforms, such as regulation and policies for energy efficiency, electrical energy price reform,
demand-side management, renewable energy, smart grid, and raising awareness of energy
consumption and efficiency [26]. Any reduction in water and electricity consumptions
not only reduces CO, emission, but also saves fossil fuel that can be exported to generate
revenue to the GCC countries [27].

However, in the GCC countries, demand-side management has not yet been success-
fully implemented to reduce the water and electricity demands [14]. Tariffs in the GCC
countries are significantly different from the actual production costs of water and electricity,
as both are highly subsidized [28,29]. In addition, the cultural barriers and low awareness
among the residents are one of the major causes of the GCC nations’ significant increase
in water and energy demand [13,30,31]. Removal of high subsidies requires social and
political considerations [28] because the GCC countries” wealth has created a culture in
which citizens regard free energy and water to be a birthright [14,29]. However, high
subsidies lead to elevated resource consumption [28,29]. Although increases in water and
electricity tariffs may decrease usage by a considerable amount [27], it should be confirmed
with GCC countries because the tariff reform in 2015 in UAE/Abu Dhabi was reported to
have had no discernible effect on per capita water consumption [32].

In 1993, the first classification of energy system models distinguishing between top—
down and bottom—up approaches was proposed [33]. Demand forecast models generally
follow one of these two approaches [34]. Bottom—up models (ESOMs: energy system
optimization models) are often better suited to identify technical options and the associated
investments and fuel costs, but do not incorporate the impacts on the overall (macro) econ-
omy [35]. On the other hand, top—down (CGE: computable general equilibrium) models are
generally better suited to investigate overall economic impacts, such as GDP growth rates
and structural change [35]. A typical top—down approach (the macroeconomic tradition)
focuses on market interactions within the whole economy and has little technological detail
in the energy sector [36]. A typical bottom-up approach (the engineering tradition) focuses
on the substitutability of individual energy technologies and their relative costs [36].

The two modelling approaches may generate diverging estimates of the economic
impacts of climate policy and of emission reduction potentials due to their differences [35].
In 2006, a classification of energy models with a focus on the difference between bottom-up
and top—down models was recommended, and the need for hybrid integrated models
was highlighted [37]. The combined approaches are typically referred to as hybrid mod-
els [35]. An increasing number of hybrid models have emerged, which aim at combining
the advantages of both perspectives by linking macroeconomic and technological model
components [36]. As it is important to develop a suitable model to forecast water and
electricity demands to help decision makers [38], understanding the drivers of water and
electricity demand has become increasingly important [38].

In general, the GCC region has high-energy consumption influenced by a number of
factors, such as population and GDP [24]. However, there are only a few published studies
attempting to model residential electricity demand for the GCC countries [39]. A study to
forecast the electrical long-term peak load demand for the GCC countries reported that
the adaptive neuro-fuzzy inference system (ANFIS) and multiple linear regression (MLR)
methods were useful for developing models using population and GDP [24]. A review
paper analyzed different electricity demand and supply issues in GCC countries using
seven quantitative analytical tools [39]. A long short-term memory model forecasting the
water demand in the UAE, using data on population, temperature, rainfall, humidity, the
consumer price index (CPI), and GDP [40], showed a decreasing trend from 1821 million m3
in 2018 to 1809.9 million m3 in 2027 [40]. These results might be because the water demand
had been increasing from 2007 till 2015, but started to decrease the following 2 years,
although CPI, GDP, and population were increasing [40].
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Another study used the vector error correction model (VECM) to understand the
key factors affecting Jordan electricity consumption, and the results showed that GDP,
urbanization, structure of economy, and aggregate water consumption are significantly and
positively related to electricity consumption [41]. However, the population showed a signif-
icant positive effect on electricity consumption in the short run [41]. A study on the main
driving factors for water and energy consumption showed that the growth of population
and GDP per capita were dominant factors driving water and energy consumption [42]. In
Qatar, a study analyzed the nexus between electricity consumption, population growth,
and GDP growth, and the observation showed that a coupling between the variables will
continue for decades and will have consequences on the growth and development paths of
the country [43]. Demographic drivers comprise changes in the overall characteristics of
the urban population that affect resource consumption patterns [44]. Population size was
the only factor found to represent such a driver [44]. The utmost frequent finding is increas-
ing total consumption of both water and energy with increasing population size [44-51].
However, a study showed that this is not always the case, and the findings of the study
suggested that with increasing population size, consumption of natural gas and electricity
per capita actually decreases [52].

Economic drivers include changes in the economic domain of a city, namely, in its sys-
tem of production and exchange of goods and services, that influence resource consumption
patterns [44]. There are studies showing that water and energy consumption increase when
GDP increases [44,46,51,53]. However, another study showed opposite findings [44,54].
Stockholm fuel consumption decreased to 63% of the 1996 fuel consumption level in 2011,
despite a population increase of 20% and GDP growth [44,54], hence concluding that
decoupling of resource consumption and economic growth took place [44,54].

3. Materials and Methods
3.1. Study Areas: GCC, KSA, UAE, and the Emirate of Abu Dhabi

The GCC countries have a total area of 2,672,700 km? [12], with a total population
of around 57,100,000 in 2019 [55]. The KSA was founded on 23 September 1932, with a
total area of 2,000,000 km?, and the population in 2019 was 34,200,000 [55]. The UAE was
established on 2 December 1971, with a total area of 83,600 km?2, and the population in
2019 was 9,500,000 [55,56]. The KSA and the UAE are the economic powerhouses of the
GCC countries, and together account for around 70% of its gross domestic product (GDP)
and 80% of its population [38]; hence this study will focus on these two countries. The
emirate of Abu Dhabi (hereafter called Abu Dhabi) is the capital of the UAE and the largest
emirate with an area of 67,340 km? [57]. Water and power production is undertaken by
independent water and power project (IWPP) companies [16]. Abu Dhabi has five INPP
plants with a total water production capacity of 4.14 million m®/day (910 million imperial
gallons per day (MIGD)), and the total capacity of electricity generation was 16,701 gross
MW in 2020 [58]. The water production and electricity generation are driven by the water
and electricity consumptions. Hence, to have a better understanding of the macroscale
parameters, the water and electricity consumptions will be analyzed; however, due to a
lack of accessibility to GCC detailed consumption data, water production and electricity
generation are analyzed in this study for the GCC countries KSA, UAE, and Abu Dhabi.
Additionally, the water and electricity consumptions for Abu Dhabi are analyzed.

3.2. Influencing Factors of Water Production and Electricity Generation—Abu Dhabi

The water production and electricity generation data in 1999-2020 were obtained from
the 2019 EWEC statistical report and the 2020 leaflet [58,59]. The demographic data for
2010-2016 and 2017-2020 were supplied by Statistics Centre Abu Dhabi (SCAD) and the
Emirates Water and Electricity Company (EWEC), respectively [60,61]. The gross domestic
product (GDP) data in 2001-2019 were obtained from SCAD [62]. The crude oil price data
from 1999 to 2021 were obtained from the Statista website [63]. The relationships between
GDP, oil price, water production, and electricity generation are analyzed in this study. The
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natural gas price data on natural gas spot prices in 1999-2021 were supplied by Henry
Hub [64]. Abu Dhabi IWPPs are using natural gas as the main fuel to produce water and
electricity. The fuel consumption data for the production in 1999-2020 were obtained from
the EWEC statistical report [55]. Hence, the yearly total fuel cost in US dollars for the water
and electricity production is calculated by multiplying the fuel consumption (MMBTu) by
the natural gas price (USD/MMBTu).

3.3. Trend Analysis of Water and Electricity Consumptions—Abu Dhabi

The Abu Dhabi Distribution Company (ADDC) provided data on water and electricity
consumptions and the number of connections for each water user category (residential,
commercial, government, agriculture, and industrial) and each electricity user category
(residential, commercial/government/agriculture, industrial, Emirates Steel Industry (ESI),
and Abu Dhabi National Oil Company (ADNOC)) from 2010 to 2020 [65,66]. The de-
mographic data for 2010-2020 were provided by SCAD and EWEC [60,61]. Water and
electricity consumptions in each category were examined to determine their comparative
ratios. Since the residential water consumption category was found to be the highest among
all categories, at ~47%, and the second highest category in electricity consumption, at ~22%,
it was further analyzed in this study.

There are three types of residential categories: (1) nationals, who are the local people
(Emiratis); (2) expats, who are nonlocal residents working in Abu Dhabi; and (3) the
exempt, who are individuals spared from paying the water and electricity tariff. They can
be either nationals or expats. Abu Dhabi used to comprise around 90% expats and only 10%
nationals [30]. Nationals usually live in villas with their entire extended families; thus, the
number of individuals per home was high, at around 14-20 persons [32]. However, over
the last decade, young national families have increasingly preferred to live by themselves in
their own smaller villas; hence, the number of persons per home has decreased [32]. On the
other hand, expats usually live alone—or in a group, to share the cost of an apartment/flat
that is smaller than a villa [32]. However, since the population of the exempt was not
disclosed, per capita water consumption for this category was not calculated.

3.4. GDP, Water Production, and Electricity Generation—Comparison between UAE and KSA

The electricity generation data between 2003 and 2017 for the KSA and UAE were
obtained from different sources: the GCC energy statistical data, the Organization of
Arab Petroleum Exporting Countries (OAPEC) annual statistical report, and the EIA
database [67-69]. The water production data for these countries during the aforemen-
tioned period were obtained from the GCC water statistical data [70]. The GDP data for the
KSA and UAE in 2003-2017 were supplied from two sources: the GCC national account
and the World Bank database [71,72]. The petroleum and other liquid productions for each
country were obtained from the EIA database [73]. The population data for each country
were used from the GCC population statistic [55]. The relationship between the GDPs of
the UAE and KSA and the water production and electricity generation was also analyzed.
GDP per capita, water consumption per capita, and electricity consumption per capita for
each country were calculated by dividing GDP, water production, and electricity generation
by population.

4. Results
4.1. Influencing Factors on Water and Electricity Demand in Abu Dhabi

Figure 1a,b shows how GDP relates to the water production and the electricity genera-
tion, respectively, in Abu Dhabi between 2001 and 2019. As shown in this figure, the water
production and electricity generation increased linearly with GDP in three distinct phases,
namely, rapid increase in water production and slow increase in electricity generation in
2001-2006, slow increase in water production and rapid increase in electricity generation
in 2007-2014, and then a very slow or no-increase phase after 2015. Thus, it is clear that
the water production and electricity generation have been decoupled from GDP since 2015.
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Therefore, in order to predict future power and water demands, it is important to find the
causes of the decoupling that took place in Abu Dhabi in 2015.
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Figure 1. Relationship of GDP with water production and electricity generation in Abu Dhabi
(2001-2019). (a) GDP vs. water production; (b) GDP vs. electricity generation.
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Figure 2 shows the relationship between population and the water production and
electricity generation in Abu Dhabi (1999-2020). The water production showed three
phases in the last 2 decades (Figure 2a). In the first phase (1999-2006), water consumption
increased rapidly in correlation with the population growth. In the second phase (2007-
2014), the increasing rate of water production decreased; in the third phase (2015-2020),
the water production decreased for the first time, which indicated the decoupling of water
production from the population since 2015. Figure 2b shows that the electricity generation
is linearly correlated with the population throughout the entire period of 1999-2020, which
was different from GDP (Figure 1b). However, the growth rates were significantly smaller
after 2015 than those between 2007 and 2014.
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Figure 2. Relationship of population with water production and electricity generation for Abu Dhabi
(1999-2020). (a) Population vs. water production; (b) population vs. electricity generation.

Figure 3 shows the relationship between oil price and GDP in Abu Dhabi since 2001;
the GDP in Abu Dhabi increased linearly with the oil price increase until 2011. Although
the oil production has increased only by 60% in UAE, most of which was produced in Abu
Dhabi, GDP increased fourfold during the same period (Appendix B, Figure Al); therefore,
oil price had more influence on GDP rather than oil production. Hence, when the oil price
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dropped in 2009 and 2015, GDP also plummeted. Then, both GDP and oil price increased
from 2009 to 2011, getting back to the linear increasing trend. However, between 2011 and
2014, although oil price decreased by 11.0% from 111.26 USD/barrel to 98.97 USD/barrel
in 2014, and the production increased by 10.2% from 3214 Mb/d in 2011 to 3542 Mb/d,
GDP increased during the same period, which indicates a decoupling between oil price
and GDP, possibly due to the Abu Dhabi government’s policy to transform the economy to
be less dependent on oil sales [74,75].

GDP vs Oil Price

1,200,000

1,000,000

800,000

600,000

GDP (million AED)

400,000

200,000

0
0 20 40 60 80 100 120

Oil price ($/Barrel)

Figure 3. Oil price vs. Abu Dhabi’s GDP (2001-2019).

In Abu Dhabi, natural gas is used as the main fuel for electricity generation and
water production. Figure 4 shows the natural gas price, the fuel cost, and the total fuel
consumption for electricity and water production. The fuel cost increased until 2008 due
to increasing fuel consumption and the natural gas price. However, the natural gas price
plunged significantly in 2009, and the following years, the fuel cost dropped only in 2009
but has not decreased much because fuel consumption continued to increase until 2015.
Based on the average natural gas price of 3.81 USD/MMBTu in January 2021 [76] and the
fuel consumption of 782,755,804 MMBTu in December 2020, fuel cost is expected to increase
again to USD 2.98 billion, which is 1.87 times higher than USD 1.59 billion in December
2020 when the natural gas price was 2.03 USD/MMBTu [63]. The high volatility of the
natural gas price undermines the sustainable management of the water and electricity
supply, which could also lead to an economic crisis in Abu Dhabi if the natural gas price
will further increase.

»— Total fuel cost Billion US Dollars —e— NG price ($/MMBTu) —e— fuel consumption MMBTu

100 900

9.0 .| 80

8.0

N
8

Fuel Consumption MMBtu

7.0
600

6.0
500
5.0
400
4.0
300

Fuel Cost in Billion $

30 [

g

20

8

1.0

0.0

o

NNNNNNNNNNNNNNNNNNNNNN

Figure 4. Fuel cost, consumption, and natural gas price in Abu Dhabi (1999-2020).

4.2. Trend Analysis of Water and Electricity Consumption in Abu Dhabi

Figure 5 shows water consumption by the consumer categories. The highest water
consumption category is the residential category, followed by the commercial, agriculture,
and government categories. Hence, this study focuses on the residential category analysis
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for water and electricity. The industrial water consumption is very small compared with
other consumer categories. The sudden decrease in water consumption in the government
category and increases in the commercial and agricultural categories in 2015 were due to
the revision of the components of these categories.

o—Commerdal —®—Agricultural —— Government Industrial —e— Resedential
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Figure 5. Water consumption by the consumer categories (2010-2020).

Figure 6 shows the electricity consumption by the consumer categories. In contrast
to the water consumption categories, the highest consumption is found in the commer-
cial/government/agriculture categories, and the second highest category is residential,
followed by ADNOC, which is an oil company. The residential electricity consumption
has ceased increasing since 2014, but electricity consumption in other sectors continued to
increase until 2019. The slight increase in electricity consumption in the residential category
and decreases in other categories in 2020 were due to the COVID-19 pandemic.
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Figure 6. Electricity consumption by the consumer categories (2010-2020).

Figure 7a,b shows the water consumption per capita vs. the number of connections
(2010-2020) for the residential water consumption for nationals and expats, respectively.
The per capita water consumption for the nationals reached the maximum in 2011 and then
decreased. Nonetheless, the national water consumption was still as high as 631 LPCD
in 2019 compared with the world average consumption of 180 LPCD [1]. Expat water
consumption per capita has been only 1/10 of the per capita water consumption of the
nationals and has been decreasing since 2013, although the number of connections is
increasing. In 2020, the number of expat connections decreased significantly due to COVID-
19. However, it is interesting to note that the numbers of connection increased for the
nationals but decreased for the expats from 2019 to 2020.
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Figure 7. Water consumption per capita vs. number of connections. (a) Nationals; (b) expats.

Figure 8a,b shows the electricity consumption per capita vs. the number of connec-
tions (2010-2020) for the residential electricity consumption by the nationals and expats,
respectively. The per capita electricity consumption is linearly correlated with the number
of connections for the nationals, but the par capita electricity consumption of the expats
shows a falling trend in relation to the number of connections, especially since 2013, which
was similar to the per capita water consumption for the expats.
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Figure 8. Electricity consumption per capita vs. number of connections. (a) Nationals; (b) expats.

4.3. Effects of GDP on Water Production and Electricity Generation—GCC, UAE, and KSA

Figure 9a,b shows the relationship between GDP and water production and electricity
generation, respectively, for the GCC countries from 2003 to 2019. Water production
and electricity generation were mostly linearly correlated with GDP until 2014; however,
since 2015, GDP was decoupled from water production and electricity generation; namely,
water production increased from 2014 to 2016 despite a decrease in GDP, but then slightly
decreased, although GDP increased from 2016 to 2019. Electricity consumption increased
even after 2015, although the increasing rate was smaller than that before 2014. After 2016,
GDP recovered to the level of 2014, but water production and electricity generation were
higher than the levels of 2014. These results show that water and electricity demands
decoupled from GDP in 2015, not only in Abu Dhabi but in all GCC countries.
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Figure 9. Water production and electricity generation vs. GDP in the GCC countries (2003-2019).
(a) GDP vs. water production; (b) GDP vs. electricity generation.

Figure 10a,b shows the relationship between GDP and water production and electricity
generation, respectively, in the KSA in 2003-2019. Figure 11a,b presents the relationship
between GDP and water production and electricity generation, respectively, in the UAE in
the same period. For both countries, the GDPs increased steadily until 2012 or 2013, except
for 2009, after which the rate of GDP increase then decreased. The decreases in GDP due to
the collapse of oil price in 2009 and 2015 did not influence the increasing rates of electricity
production. Thus, GDP has been decoupled from electricity generation in both countries
since 2015.
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Figure 10. Water production and electricity generation vs. GDP in the KSA (2003-2019). (a) Water
production vs. GDP; (b) electricity generation vs. GDP.
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Figure 11. Water production and electricity generation vs. GDP in UAE (2003-2019). (a) GDP vs.
water production; (b) GDP vs. electricity generation.

5. Discussion
5.1. Decoupling of Water Production and Electricity Generation from GDP and
Population—Abu Dhabi

Two macroscale parameters, namely, GDP and population, have been commonly used
for the prediction of water and electricity demand [38,39]. However, the results of this study
clearly show that there has been a decoupling of water production and electricity generation
from GDP since 2015, and water production has also been decoupled from population since
2015. There were three phases of GDP and population growth in correlation with water
production and electricity generation (Figures 1 and 2). In the first phase, at the beginning
of the economic development, many people enjoyed their affluence and bought electric
devices, such as televisions, refrigerators, air conditioning, and washing machines, and they
then connected them to the piped water supply; thus, electricity and water consumption
increased rapidly (increase phase). However, once all households owned these electric
appliances and were able to use as much piped water as they needed, there was no more
increase in electricity and water consumption (saturation phase). The government, as well
as the population, became aware of the environmental protection and cost of electricity
and water; hence, they started using more efficient devices and living in electricity- and
water-saving houses (decrease phase) [23,32]. In the increase phase, macroscale parameters,
such as GDP and population, influenced electricity and water consumption more than
other parameters, but in the decrease phase, microscale parameters, such as house type and
the energy efficiency of devices, had a greater influence than macroscale parameters, which
caused a decoupling of water and electricity consumption from GDP and population [77].
Hence, there has been no correlation between GDP and water and electricity production
since 2015.

Different increasing rates of electricity generation and water production were observed
in the first and second phases; namely, the increasing rate of water was greater in the first
phase than in the second phase, but the rate of electricity generation was greater in the
second phase than in the first phase. This might be because people could use as much
water as they needed once their homes were connected to a piped water supply, while
they purchased more electronic appliances in the second phase. The different shares of the
major consumers of water and electricity might also have influenced the different rates of
increasing; namely, the government, commercial, and agriculture sectors are the highest
consumers of electricity, while the residential category was the largest water consumer
(Figures 5 and 6). The residential consumption of both water and power has been almost
stable since 2015 (reached the saturation phase); however, the electricity consumption by
government, commercial, and agriculture users is still growing. Thus, the Abu Dhabi
government and the UAE should focus on the government, commercial, and agriculture
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categories to reduce their electricity consumption by implementing policies, reducing
energy/water subsidies, improving energy efficiency, and increasing the share of renewable
energy in the energy mixed building [26].

Although electricity generation is linearly correlated with population, the increasing
rate of electricity generation has decreased significantly since 2015 (Figure 2a). This is
because the electricity consumption by the residential users has been almost constant since
2015, and the total electricity consumption has been increased by the increased consumption
of other users. In Figure 2b, the relationship between water production and population can
be explained by looking more into the population groups that compose the total population,
namely, nationals and expats. In the first phase, the water demand increased rapidly due
to the increasing water consumption of the nationals; however, in the second phase, the
water demand increased slowly due to the increased population of the expats (~80%),
who consume less water than the nationals (~20%). In the third phase, the water demand
decreased due to the water saving of the nationals, as reported in the previous study [32].
Hence, water production has been decoupled from population since 2015 because of the
water-saving strategy of the Abu Dhabi government.

5.2. Oil Price and Fuel Cost

Figure 3 shows that there were two major plunges in oil price in 2009 and 2015, and
the Abu Dhabi GDP also fell in the same years. In 2009, the plummeting price was almost
entirely due to a collapse in demand due to an international economic crisis [78]. However,
in 2015, the oil price dropped because of a combination of multiple factors, including the
strong U.S. dollar, large inventories, a weak economy, and a growing production [79].

There are two components of GDP for Abu Dhabi based on the economic activity: (1)
oil activity and (2) nonoil activity [74,75]. Oil activity refers to all activities related to the oil
industry, and it is affected directly by the oil price. On the other hand, nonoil activity is any
activity not related to oil, such as manufacturing, construction, agriculture, transportation,
and real estate (Appendix A, Table Al). After 2009, the UAE and Abu Dhabi governments
focused on an economic diversification program in order to increase nonoil activities [80].
Measured at constant prices, the GDP for nonoil activities rose by 7.6% in 2015, while oil
activities rose by 5.0%. As a result, the contribution of nonoil activities to the total GDP
at constant prices has increased since 2011 [74] (Appendix A, Table A2). This explains the
results in Figure 3 where, although the oil price collapsed between 2011 and 2014, the GDP
increased because of the economic initiative by the Abu Dhabi government to increase
nonoil activities.

As shown in Figure 4, the high cost and price volatility of fuels, especially those
of natural gas, compromise the sustainable supply of water and electricity in the GCC
countries. Although the demands for water and electricity were strongly correlated with
GDPs, it was shown that GDP was decoupled from the demands (Figures 1, 10 and 11).
Although it is true that the revenues of the GCC countries are high at times of high oil
prices, their GDPs are also becoming less dependent on those prices. Therefore, in order to
realize a sustainable supply of water and electricity, it is important to reduce the demand
and dependence on natural fuels for electricity and water production.

5.3. Electricity Supply and Water Consumption—Abu Dhabi

As shown in Figures 5 and 6, the electricity consumption by the government, commer-
cial, and agriculture sectors in 2020 (19,905,771,009 KWh) was more than twice as high as the
residential supply (9,405,635,837 KWh), but their water consumption (320,759,089 m3/ year)
was nearly the same as that of residential users (326,437,439 m3/ year). This is because water
consumption depends mainly on personal consumption; however, electricity consumption
depends on other factors, such as building characteristics/size, weather conditions, the
energy efficiencies of electric devices, and the behavior of home/building occupants [12,81].
Additionally, it depends on the efficiency of the cooling and heating systems [12]. Hence,
the government, commercial, and agriculture sectors use more energy for air-conditioning
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systems, and buildings are larger than residential houses. The demand control for electricity
and water should focus on the different categories of consumers, namely, government, com-
mercial, and agriculture, for electricity demand management and residential consumers for
water demand management.

5.4. Decoupling of Electricity and Water—Abu Dhabi

It is interesting that electricity and water consumptions have decoupled since 2011
among nationals (Figures 7a and 8a), but they have been synchronized among expats
(Figures 7b and 8b). This is due to the influence of persons per connection; namely, for
nationals, persons per connection gradually decreased, while this statistic remained almost
stable for expats [32]. The persons-per-home value has been decreasing for nationals
because young families prefer to live as nuclear families rather than in traditional large
families [32]. Thus, the rooms per person might have increased, along with the electricity
consumption; however, the water consumption is dependent on persons, not floor area,
and the number of rooms per person.

As shown in Figure 8b, the water consumption per capita among expats decreased
after 2011 at a slow rate because of the Abu Dhabi government’s strategy to reduce the
water consumption by using water-saving faucets [32] and decreased more after 2015 due
partly to the increase in tariffs after 2015 (Appendix A, Table A3). This also occurred among
nationals (Figure 8a): the water consumption decreased after 2011 and became almost
stable after 2016.

5.5. GCC, KSA, and UAE GDP, Water, and Electricity Relations

Figures 8-10 show that, similarly to Abu Dhabi, GDP has been decoupled from water
production and electricity generation since 2015 in the GCC countries. However, the
decoupling of water production and electricity generation from GDP was more obvious in
the UAE than in the other GCC countries (Figure 11a,b). These results provide new insights
against the results of previous analyses that there has been no decoupling between economic
growth and energy demand in the Arab region in the preceding decades before 2013 [82].
Nevertheless, the growth in energy consumption has been faster than the economic growth
during the past decade; the average annual GDP growth rate has been around 4%, while the
increase in primary energy and electricity demand has been about 8% [82]. Higher growth
rates of water and electricity demands pose threats to the future sustainability of water and
electricity supply, but the recent decoupling of water and electricity demands from GDP
and population indicates that such a risk has been gradually mitigated in the GCC countries.
Nevertheless, it is important to reduce or at least stop the increase in fuel consumption
for electricity and water supply. Demand management, along with supply management,
should be integrated into the management policies of water and electricity supply in all
GCC countries, including tariff reform by lowering or demolishing the subsidy.

5.6. Limitation of the Study

Although the decoupling of macroscale parameters (i.e., GDP and population) from
water and electricity demands is verified in this study, a more detailed analysis in each
sector of water and electricity consumption is necessary to elucidate the causes and effects
of decoupling. Improved access to detailed water and electricity consumption data in
the GCC countries would make it possible to carry out such studies. Additionally, a
detailed analysis of economic activities that constitute GDP is required for understanding
the cause of decoupling. In addition to the macroscale parameters (GDP and population), it
is advisable to analyze the microscale parameters to predict water and electricity demands
because it was shown in this study that the macroscale parameters are not good indicators
for predicting water and electricity demands anymore. Although this study employed
graphical analysis to verify decoupling of GDP and population from water and electricity
demands, there could be other methods and tools to analyze and verify the facts presented
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in this study. It is also important to understand how the uncovered decoupling will evolve
in the future in the GCC countries.

6. Conclusions

The influence of macroscale parameters (i.e., GDP and population) was analyzed using
statistical data obtained for the last 2 decades on water production, electricity generation,
water and electricity consumption categories and connections, population, GDP, and oil
price. The following conclusions can be made.

In Abu Dhabi, water production and electricity generation were correlated with GDP
until 2014 but have been decoupled from GDP since 2015. Electricity generation was
linearly correlated with population throughout the entire period of 1999-2020; however,
water production has been decoupled from population since 2015. These decouplings can
be explained by the three phases of economic growth and water and electricity demands
in each of those phases. Macroscale parameters, such as GDP and population, influenced
water and electricity consumption in the first phase of economic growth, but the growth of
water and electricity demands then slowed down in the second phase. In the third phase,
the national economy entered into a mature stage, so GDP and population were decoupled
from water and electricity demands.

Abu Dhabi’s GDP highly depends on oil price, rather than oil production. The two
major plummets in oil price in 2009 and 2015 caused sudden decreases in Abu Dhabi’s GDP.
However, between 2011 and 2014, although the oil price plummeted, the GDP increased
because of the economic reform implemented by the Abu Dhabi government to increase
the nonoil economy. As the economy of Abu Dhabi matured, the water and electricity
consumptions by residential consumers reached saturation points, in which all people had
access to water and electricity and thereby could use as much as they needed. There were
no further increases in water demands by residential consumers, even though the economy
continued to grow.

However, in Abu Dhabi, electricity consumption was highest in the commercial/
government/agriculture categories and is still increasing. Water consumption mainly
depends on personal consumption; however, electricity consumption depends on other
factors, such as building characteristics/size, weather conditions, the kinds of equipment
being used, occupant behavior, and the efficiency of cooling and heating systems. Therefore,
although electricity consumption is decoupled from GDP, it is important to reduce electricity
consumption in the commercial, government, and agriculture sectors by building more
energy-efficient buildings and air-conditioning systems.

In Abu Dhabi, electricity consumption has been decoupled from water consumption
among nationals since 2011, but they have continued to be synchronized for expats. This is
due to the influence of the persons-per-connection value; namely, persons per home has
been decreasing for nationals, as young families prefer to live as nuclear families rather
than in traditional large families. Therefore, the rooms-per-person value has increased, and
so has electricity consumption. However, water consumption is dependent on persons, not
floor area per person. Water consumption for nationals and expats has been decreasing
since 2011 due to the Abu Dhabi government’s strategy to reduce water consumption by
using water-saving faucets.

The water production and electricity generation in Abu Dhabi are highly dependent
on fossil fuel, especially natural gas. The high volatility of the natural gas price makes it
difficult to estimate water production and electricity generation costs. Hence, it is important
to have a sustainable supply of water and electricity in Abu Dhabi, nay, in all GCC countries,
to reduce the demands for water and electricity.

Similarly to Abu Dhabi, in all GCC countries, including the KSA and UAE, water
production and electricity generation have been decoupled from GDP since 2015, which
indicates the similarity of the economies in the GCC countries for water and electricity
demands. Thus, the detailed analysis results for Abu Dhabi could be adapted to other
GCC countries.
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Although the growth in electricity consumption has been faster than the economic
growth over the past decades, the faster growth of consumption compared with GDP un-
dermines the future sustainability of the electricity and power supply due to the increasing
and variable costs. However, it was found in this study that both water production and
electricity generation, which reflects consumption, have been decoupled from macroscale
parameters, such as GDP and population. The results of this study, therefore, indicate a
reduction in future risks in the sustainability of water and electricity supplies in the GCC
countries. As a next step, it is important to look into microscale parameters that have a
greater influence on water and electricity consumptions than macroscale parameters to
make the water and electricity supplies in GCC countries more sustainable.
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Appendix A

Table A1. Abu Dhabi GDP by total and nonoil economic activity [74].

Activities 2011 2012 2013 2014 2015
Total 641,831 672,668 702,941 733,825 779,984
Total Nonoil 302,256 320,052 339,120 368,060 395,997
Agriculture, forestry, and fishing 5006 5264 5383 5468 5755
Mining and quarrying (includes 339,575 352,615 363,821 365,765 383,987
crude oil and natural gas)
Manufacturing 37,830 38,319 40,090 42,843 47,655
Electricity, gas, and water supply; 16,798 18,076 18,589 20,514 23,386
waste management activities
Construction 83,759 85,077 85,545 89,738 93,807
Wholesale ar}d retail trade; repair of 23315 24719 26,705 29502 32,476
motor vehicles and motorcycles
Transportation and storage 18,739 20,598 22,042 23,820 25,452
Accommodation and food services 7314 7428 7921 8429 8979
Information and communication 18,808 18,409 18,469 20,692 21,779
Financial and insurance activities 27,462 33,043 44,886 53,042 57,953
Real estate activities 27,384 31,810 31,757 37,167 41,245
Professional, scientific, and technical 15,761 14,930 15,137 15,502 15,745
Administration and support services 7932 7952 8037 8588 9216
Public administration and defense 20,738 23,991 28,327 29,748 30,090
Education 7287 7385 7748 8103 8440
Human health and social work 3612 5114 6800 7505 8047
Art, recreation, and other services 2146 2295 1940 1955 2024
Activities of households as employers 1470 1695 2583 3153 3664
Imputed bank services —23,102 —26,053 —32,842 —37,705 —39,716
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Table A2. Abu Dhabi national account by statistics [74].
Activities 2011 2012 2013 2014 2015
GDP at CO““”E%; prices (million 641,831 672,668 702,941 733,825 779,984
GDP at constant 2007 prices (annual 93 48 45 44 6.3
% change)
Oil value added at constant 2007 339,575 352,615 363,821 365,765 383,987
prices (million AED)
QOil Va'lue added atoconstant 2007 117 38 32 05 50
prices (annual % change)
QOil value added at constant 2007
prices (% contribution to total) 529 524 518 49.8 492
Nonoil vale added at constant 2007 302,256 320,052 339,120 368,060 395,997
prices (million AED)
Nonoil 'Vale added a})t constant 2007 6.7 59 6.0 85 76
prices (annual % change)
Non91l Valoue addgd at. constant 2007 471 476 482 502 508
prices (% contribution to total)
Table A3. Water tariff per month for the residential category before and after 2015 [32].
National Expat
Category
Before 2015 After 2015 Before 2015 After 2015
3
057 USD/m 0.6 2.13 USD/m3 up to 5 m?
. up to7 m
Villa Free P $/m3
0.71 USD/m? over 7 m> 2.83 USD/m?3 over 5 m>
0.57 USD/m?3 up to 0.7 m? 0.6 2.13USD/m3 up to 0.7 m?
Apartment Free $/m?
0.71 USD/m? over 0.7 m3 2.83 USD/m?3 over 0.7 m?
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Figure Al. Relationship between oil and other liquid production (2003-2019). (a) GCC, (b) KSA,

(c) UAE.
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Figure A2. Time course of GDP, electricity, and water per capita for GCC, KSA, and UAE. (a) GDP,
(b) electricity, (c) water.
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