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Abstract: The present paper addresses a comprehensive historical assessment of water consumption,
demand, and supply in Saudi Arabia, along with future projections regarding water balance, in terms
of demand and supply by source in various sectors. Being an arid region, Saudi Arabia experiences
scorching heat, low precipitation, a high rate of potential evaporation, and the absence of permanent
water bodies over the territory. Groundwater contributes almost 61% of total available water, while
the recharge rate is negligible. However, few widyan (ephemeral streams) systems exists to satisfy
water demand, which could contribute to approximately one year of domestic water consumption
if managed efficiently. The study also predicts water consumption scenarios for the next three
consecutive development plans, i.e., the 10th plan (2015-2019), 11th plan (2020-2024), and 12th plan
(2025-2029). The analysis shows that water consumption may decline significantly in the future, if
the present rate of decline continues. Scenario I, if the current rate is assumed, provides a decrease in
consumption of 14.36, 12.66, and 11.15 BCM for 10th, 11th, and 12th plans, respectively. Moreover, the
domestic and industrial sectors will consume more water in the future. In the same way, scenarios II
and III represent a decline in total water consumption, along with that of agriculture, while domestic
and industrial water usage would increase, thus improving environmental sustainability.
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1. Introduction

The Arabian Peninsula is one of the most water-scarce regions of the world [1,2]
and, being part of this region, Saudi Arabia has not been an exception. Natural water
supply in Saudi Arabia, regarding precipitation, remains low, and sometimes not a single
drop of water is received in a whole year [3-5]. Mainly, the country has relied upon
underground water, or fossil aquifers, to meet its household, industrial, agricultural, and
environmental needs [6]. Further, quality and quantity restrict the development of water
resources due to contaminated toxic chemicals and variability in distribution [7]. Most of
the Arabian Peninsular region is associated with tropical high-pressure dry wind systems
descending on the poleward sides of Hadley cells, and corresponding Westerlies coming
from Ferrell cells, descending towards the equator [4,8,9]. This air is generally arid, and
intersects between the Hadley and Ferrell cells, due to lack of moisture at approximately
30°latitude in both hemispheres, which has impacted the whole of the Arabian Peninsula
and the Sahara region [8,10]. Therefore, the rate of evaporation always remains higher
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than precipitation, which makes this region extremely arid. Additionally, the shift in the
thermal equator (meteorological equator), due to the thermostatic effect of oceans, has been
another reason for aridity in the Saudi Arabia region [11,12]. The Kingdom does not have
rivers and lakes from which the supply of water can be assured. It has the world’s most
extensive continuous sand desert, which includes the Great Rub-Al-Khali, Ad-Dhana, and
An-Nafud deserts. Since evapotranspiration in Saudi Arabia remains very high, at about
2500-4500 mm per year [13,14], due to the harsh and hot climate that restricts the survival
of flora and fauna, it has been estimated that two-thirds of the area of the country has
only bushes and scrublands [15]. Nevertheless, Widyan (ephemeral stream) systems are
often evident throughout the territory; these seem to be the only source of surface water
supply for agricultural development in Saudi Arabia. Fertile land is situated in limited
areas and found only in the alluvium deposits of widyan, oases, and basins, or near coastal
lands [16,17].

After 1973, the Kingdom of Saudi Arabia experienced rapid development in its eco-
nomic and social sectors, the result of the oil embargo during the Arab-Israel (Yom Kippur)
war, which resulted in a 13-fold increase in crude oil revenues. The total o0il revenue rose
to Saudi Arabian Rials (SAR) 94.19 billion in 1974, as compared to SAR 7.12 billion in
the previous year [18,19]. This produced a hefty increase in government revenues, which
led to development activities in all economic sectors. Aspirations towards self-sufficiency
and reliance, achieving better livelihoods, and prosperity goals for rural society, coun-
tered by political instability in West Asia, were major challenges that motivated the Saudi
government to initiate major infrastructural development in the country. Consequently,
the country’s development plan and various schemes were launched by the Saudi gov-
ernment to boost self-sufficiency and reliance on multiple resources, including for water
and agriculture. Substantial improvement has also been noticed in the standard of liv-
ing, especially in urban areas [20,21]. Moreover, the demand for water has increased
manifold in all sectors, domestic, agricultural, and industrial. Information on available
water resources, usage, the gap between demand and supply, management strategies,
policies and methods of estimation, etc., are lacking in the scientific literature. Few or
negligible studies have been conducted on Saudi Arabian water resources. Alotaibi et al.
(2023) have examined Saudi Arabia’s water scarcity and its impact on agriculture, industry,
and society. It was estimated that over 80% of water was used for agriculture, primarily
from unsustainable groundwater extraction. This research suggests mitigating strategies
for the water crisis, which include rainwater harvesting, treated wastewater reuse, and
more judicious water use [22]. El-Rawy et al. (2023) used five climate models for two
socio-economic pathways and forecast increased irrigation water requirements (IWR) by
2100, with projected rises in temperature and evapotranspiration. Crop areas are expected
to decrease, indicating heightened water demand from agriculture. Under the SSP2-4.5
and SSP5-8.5 scenarios, the growth in irrigation water requirements (GIWRs) could rise
by 3.1% and 6.7% by 2100, respectively [23]. Haq and Khan (2022) estimated crop water
requirements (CWRs) under changing climate scenarios, using high-resolution satellite
data and environmental variables. Results showed a varying rate of evapotranspiration,
and thus CWR usage, in Saudi Arabia [24]. This supports the idea of a decline in crop
water consumption. However, the rate of decline was not calculated by the authors, but
a detailed review of the research topic is available online in a doctoral thesis and can be
accessed at http:/ /shodhganga.inflibnet.ac.in/handle /10603 /110554 (accessed on 7 Oc-
tober 2023). Some important previous works include [18,25-40]. In the present study, a
plausible explanation has been attempted to explore the situation or status of available
water resources in Saudi Arabia, sources of water supply, and estimates, analysis, and
future projections for water demand and supply in the three main water-consuming sectors,
domestic, agricultural, and industrial. Thus, these complete scenarios can be understood
and taken as a lesson for optimum water resource management in Saudi Arabia.
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2. Materials and Methods

Nevertheless, the survey on water resources suffers from great uncertainties because
of the imprecise and conventional methodology of the estimates [41]. The previous survey
on water resources in Saudi Arabia was conducted more than 50 years ago due to the
lack of appropriate institutional and technological provisions [42]. Though a new and
comprehensive survey has been projected to be executed under the objectives of the Eighth
Development Plan (2005-2009), published reports are still not available in the public
domain. The Ninth Development Plan (2010-2014) also lacks precise estimates of water
resources [41,43]. A comprehensive document for the 10th Development Plan (2014-2019)
cannot be made available, as there are inconsistencies in published resources in the English
language. Therefore, the statistics released by the Ministry of Environment, Water and
Agriculture, Kingdom of Saudi Arabia (MEWA), and the General Agency for Statistics
(GASTAT) were translated from Arabic to English to obtain reliable information on water
resources [44—48]. The Saudi Statistical Yearbook (SSYB) has also published an annual
database on water resources, along with economic and social development, trade and
commerce, etc. [49-55]. However, the Ministry of Water and Electricity (MOWE) is the sole
authority for the execution and implementation of water resource projects and manages the
collection of statistics on water resources [56]. Thus, there is a serious lack of insight into
the collection of statistical estimates on water resources due to the engagement of several
agencies at various levels. Present discussions on water demand and supply may suffer
from variations in estimates. However, a proper and conscious effort has been adopted to
reduce these uncertainties in the present study, which could be the first comprehensive
study that incorporates all important sources for the databases available so far. After
collecting data, descriptive and inferential statistical methods were employed to analyze
data into productive means, which include the extrapolation method using compound
annual growth rate (CAGR), the graphical method, and empirical formulas (like percentage
shares). The CAGR can be obtained by using Equation (1):

1
CACR = (VFmal)t —1 (1)

Initial

where V. and Vi1, are the values for the current and beginning year, respectively, and
t is the time in years. Further, ArcGIS 10.4.1 software and GIS techniques were adopted to
represent spatial conjectures.

3. Results and Discussion
3.1. Water Demand in Saudi Arabia

In Saudi Arabia, the consumption of water resources involves sector-wise demand
from the domestic, industrial, and agricultural sectors. This is coupled with the high
standard of living and rapid development of all sectors in the past five decades [57,58].
The highest water demand came from the agriculture sector, followed by the domestic and
industrial sectors, respectively. Due to the unfavorable climatic conditions for farming, the
practices of cultivation depend entirely on irrigation in Saudi Arabia. The total area under
cultivation in 1971 was 419,000 hectares, which increased to 609,000 hectares in 1980 and
reached a maximum of 1,597,000 hectares in 1994 [59]. After that, the kingdom realized
the value of water and took the first step towards water conservation in the agricultural
sector, which was followed by a reduction in subsidy to wheat cultivation [60]. The total
cultivated area reached 619,000 hectares in 2000, further declining to 287,000 hectares in
2010. In 2020, it was estimated to be 263 thousand hectares [20,48,58]. The cultivated area
under wheat witnessed ups and downs, from 924,000 hectares in 1992 to 419,000 hectares
in 2000 and 196,000 hectares in 2009 [59]. Moreover, the total cultivated area also decreased
from 1,597,000 hectares in 1994 to 1,120,000 and 835,000 hectares in 2000 and 2009, respec-
tively [61]. Moreover, the area under wheat cultivation was 220,000 hectares in 2010, which
declined to 87,000 hectares by 2020 [58]. The share of the area under wheat cultivation in
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relation to the total cultivated area increased from 10% in 1971 to 82% in 1992 but decreased
subsequently to 60% in 2009 [20] and further declined to 33% in 2020 [58]. Further, the Saudi
resolution on the banning of fodder cultivation is expected to contribute to decreasing
groundwater consumption in Saudi Arabia, especially from groundwater wells belong-
ing to agricultural companies that ceased fodder cultivation [62]. The demand for water
in agriculture rose from 6108 million cubic meters (MCMs) in 1970 to 10,080 MCMs in
2021 (Figure 1), peaking during 2000-2010 with 19,271 MCMs [6,47,63,64].

Agriculture Domestic [ndustrial Total
1970 6108 200 20 6328
1980 9470 446 56 9972
1990 18,776 : 1508 190 20,474
2000 19,721 : 1800 450 21,971
2010 19,721 : 2063 800 22,584
2020 8500 :l 2629 ] 1680 12,809
2021 10,080 3556 628 14,264

Figure 1. Water Demand by Sector (in million cubic meters) and Percentage Share (Color Pallets) in
Saudi Arabia.

This rapidly increased, tripling during 1970-1990. After the change in government
policy on subsidies, the demand became almost constant from 1990 to 2010. The share of
water demand for agriculture was 95% of the total in 1980, which decreased approximately
by a decadal rate of 3% and reached 87% in 2010. Further, it is continuously declining,
reaching 71% of total water demand (Figure 1). This decline in water demand from
agriculture was coupled with the combined effect of policy change along with the increase
in the share of water demand from other sectors, i.e., domestic and industry [47,63,65].
The domestic sector is the second highest water-consuming sector in Saudi Arabia. The
population of Saudi Arabia was 5.8 million in 1970 [66], which rose at an annual growth rate
of 3.8% and reached 15.2 million in 1990 [49]. After that, the annual growth of the population
decreased to 2.5% from 1990 to 2010 [49]. In 2010, the population of Saudi Arabia was
estimated to be 27 million, of which 58.6% were Nationals while 41.1% were expatriates [49].
The population has witnessed a steady increase since then and rose to 31 million in 2020,
with 57% Saudi Nationals [67]. The demand for water in the domestic sector was 200 MCMs
in 1970 and reached 3556 MCMs in 2021 (Figure 1). The water demand increased sharply
after 1980 from 446 MCMs to 1508 MCM in 1990. Therefore, a triple-fold increase in a
period of 10 years (1980-1990) was marked by the demand for water in the domestic sector.
In 2000, the demand reached 1800 MCMs with an additional increase of 300 MCMs from
the preceding period, further, an increase of 263 MCMs, with a total of 2063 MCMs also
estimated for 2010. This shows a significant increase, due to an increase in population
and construction activities across the Kingdom. The total water demand in the domestic
sector was at its peak in 2021, as evident from the figures (Figure 1). However, MEWA
indicates that the average monthly water consumption bill declined after 2019 due to new
tariffs, the installation of new smart meters, and ongoing water rationalization awareness
campaigns [58]. During 1970-1980, the decadal change of population was 60.60%, while the
demand for water in the same period increased by 123%, coupled with the high standard of
living. During 1980-1990, the trend in water demand reached at highest level, along with
population growth in the next decade. In the same period, the decadal change of population
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growth was 63%, whereas the increase in water demand was 238%. This was the highest
ever change in domestic water demand due to the maximum rate of immigration in Saudi
Arabia [68]. The decadal change, during 1990-2000, in population witnessed a decrease and
registered a growth of only 35%. Therefore, demand for domestic water was also envisaged
to decline by 19%, as compared to 238% in the previous decade. During 2000-2010, the
changes in domestic water demand and in population were recorded at 14.6% and 32.5%,
respectively. Moreover, the share of household water for total water demand was 3,4, 7, §,
9, and 21% in the years 1970, 1980, 1990, 2000, 2010, and 2020, respectively.

3.2. Water Supply in Saudi Arabia

There are four primary sources of water supply in Saudi Arabia, i.e., groundwater from
deep aquifers, surface water with renewable water, desalinated water, and treated wastew-
ater. The contribution of groundwater is highest in the total water supply. Groundwater
comes from deep aquifers spread over the whole of the territory of the Kingdom of Saudi
Arabia. Eight principal aquifers contain almost 86% of non-renewable water, and the re-
maining water is stored in secondary aquifers. Most are spread in the northeast and central
parts of Arabia. According to [33,63], the supply of water from non-renewable groundwater
(GW-NR) was 3662 MCMs in 1980, which increased triple-fold to 10,421 MCMs in 2010. The
supply of water increased rapidly after 1980 and quadrupled in 1990 (13,824 MCM), and
after that the supply was almost constant until 1990 (Figure 2). Due to the reduction of wa-
ter use in the agriculture sector, the supply started to decline after 2000 and dropped from
14,071 MCMs in 2000 to 10,421 MCMs in 2010. It was further rationalized to 9723 MCM
in 2020. The average share of total water supply from GW-NR was 37, 67, 66, 58, and
61% in 1980, 1990, 2000, 2010, and 2020, respectively [6,46,47,63]. Subsequently, there is
an absolute absence of river and natural lake systems in Saudi Arabia. Precipitation is the
primary source of surface water. Some part of precipitation is directly collected into dams
and reservoirs while the remaining flows as runoff. The practice of water storage through
dams and reservoirs is concentrated along both sides of the Asir and Hijaz mountains in
the western part of Saudi Arabia.

Surface water | Desalinated Treated
Groundwater (NR Total
toudvater (NR) and Recharge water Wastewater ’

1082 400

2275 E 1680 -

Figure 2. Supply of Water by Source (in million cubic meters) and Percentage Share (Color Pallets) in
Saudi Arabia; Groundwater (NR) stands for Groundwater Non-Renewable.

B

Moreover, most of the recharge dams are built in the central and eastern parts of the
country. According to [56,59,69,70], there were 302 dams in 2009 for various purposes,
including 210 storage dams, 65 for flood control, 25 dams for drinking, and two dams for
irrigation purposes. Further, this number was increased to 550 with a storage capacity of
2.4 BCMs in 2021, which also includes several multi-purpose dams. Surface and renewable
water collectively contribute almost 6000 MCMs of water to the supply. This includes
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recharge and runoff of widyan flows. The share of surface and renewable water from the
total supply was 60, 29, 28, 34, and 14% in 1980, 1990, 2000, 2010, and 2020, respectively
(Figure 2).

This declining trend is coupled with the increased contribution of desalination and
wastewater reuse. It is important to note that the quantity of water supply remained
constant from 1980 to 2010, while the average share decreased due to an increase in other
water supply sources. Other important sources of water supply are desalinated water and
treated wastewater. Desalinization plays a significant role in the domestic water supply in
Saudi Arabia. There was a total of 33 desalinization plants functioning, of which 25 were
situated along the Red Sea coast and 8 were towards the Persian Gulf. With a collective
production capacity of 2275 MCMs, Saudi Arabia is the largest desalinated water producer
in the world [58,71]. The supply of desalinated water was 200 MCMs in 1980, reached
1082 MCMs in 2010 (Figure 2), and further increased to 2275 MCMs in 2020. The average
share of desalinated water was 2, 3, 5, 6, and 14% of the total supply in 1980, 1990, 2000, 2010,
and 2020, respectively (Figure 2). However, the process of desalinization is economically
costly but the contribution to the supply, as a prime source of domestic consumption, marks
the great importance of this source. The Saline Water Conversion Corporation (SWCC) has
registered a new Guinness World Record for the lowest energy consumption for a water
desalination plant, with 2.27 kW /h per cubic meter of desalinated water. This achievement
came by designing, building, and operating mobile plants that use eco-friendly reverse
osmosis technology [72,73]. Additionally, preliminary data indicate that the total residential
consumption of water stood at 3557 MCMs for the year 2021. The SWCC indicates that the
total capacity of its water transport system exceeds 11 MCMs per day. The amount of water
transported reached 2.44 BCMs in 2021, with private sector desalination plants contributing
710.8 MCMs. Further, the Makkah region was the largest consumer of desalinated water
in 2021, with a share of 34.4% of total production, which was followed by Riyadh and the
Eastern region with 26.4% and 19.4% respectively.

Moreover, the practice of water treatment started late compared to that of other
countries. Ref. [74] reported that there were 35 major water treatment plants situated in
various locations in Saudi Arabia. The capacity of water treatment from these plants was
1.55 MCMs per day and the actual treated amount was reported as 1.45 MCMs per day [57].
In 2020, wastewater use witnessed a significant increase with an amount of 1680 MCMs
from 116 treatment plants across the country, now accounting for almost 11% of the total
water supply in the Kingdom (Figure 2), which realized the importance of treated water
very late due to religious constraints and customs (See: CLIS, 1978, Royal Decree No. 64
dated 28 September 1978) [75]. Therefore, the average share of treated water remained at
about 1% of the total water supply from 1980 to 2000. This almost doubled by 2010, and
further quadrupled in the ten years between 2010 and 2020 (Figure 2).

3.3. The Gap between Water Demand and Supply

The estimate shows that the water demand is increasing sharply and sources of are
limited. Therefore, the gap between water demand and supply has widened significantly.
It is evident from Figure 3 that demand was entirely fulfilled from 1980 to 1990. However,
a gap between water demand and supply was created in 2000 with a deficit amount of
610 MCMs.

This shows that the available water resources were not sufficient to satisfy water
demand in 2000 and onwards. Therefore, it is evident that the sources of water supply
are limited in Saudi Arabia. Consequently, the government adopted a policy of ‘demand
management’ rather than ‘supply management’ to achieve self-reliance and self-sustenance.
Further, the gap between demand and supply reached its maximum in 2010, which marked
a deficiency of almost 4231 MCMs. This amount is equal to the total domestic supply of
2000 and 2010. However, the water balance became positive after 2010 with a surplus of
about 3170 MCCs in 2020 (Figure 1). This is due to a significant shift in policy regime and
the development of non-conventional water resources [36]. The total demand for water
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under various uses was 6328, 9972, 20,474, 21,971, 22,134, and 12,809 MCMs in the years
1970, 1980, 1990, 2000, 2010, and 2020, respectively (Figure 1). Simultaneously, the supply,
including all sources, was 9972, 20,474, 21,361, 17,903, and 15,979 MCMs in 1980, 1990, 2000,
2010, and 2020, respectively (Figure 2). Therefore, the gap between supply and demand
was positive, and it could be said that the expected demand for freshwater resources could
also be managed efficiently in the near future. The government is reducing subsidies in
the agriculture sector to manage the gap between water demand and supply, as this is the
major water-consuming sector. The total decline in the agriculture sector was 450 MCMs
during 2000-2010, while an increase of 163 MCM was recorded in total water demand
during the same period. In 2020, agricultural water demand further declined by more than
half that of the previous decade, an amount of 11,221 MCMs.

250 -~
230 4 —Supp]y eeeeee Demand .
210 - _#.;,“'\
%\ 190 -
S 170 A
< 150 A
&
T 130 -
5
T 110 A
90 T ,
1980 1990 2000 2010 2020
Year

Figure 3. The gap between Water Demand and Supply in Saudi Arabia (Demand-Supply Curve), the
red and blue boxes depict the amount of water deficit and surplus respectively.

3.4. Water Consumption Assessment Based on Five-Years Development Plan

The introduction of a five-year development plan in Saudi Arabia was the first step
toward the comprehensive development of all economic sectors. The first agency for
planning was established on the recommendation of the International Monetary Fund
(IMF) in 1958 [63]. The responsibility of planning was assigned to the Central Planning
Organization (CSO) in 1965, later remaining as the Ministry of Planning in 1975 [76]. It
drafted its first complete five-year plan (1970-1975) in the late 1960s that was effected on
2 September 1970 [77]. This plan also proposed measures relating to water supply and
demand, including a consumption policy. Planning included all the required sectors, i.e.,
municipal, industrial, and agriculture. According to the sixth five-year plan (1994-1999),
the estimated consumption for municipal, industrial, and agriculture sectors was 1750,
450, and 18,540 MCM respectively (Table 1). Supply came from non-renewable (56.75%),
renewable (38.29%) desalinated water (3.81%), and treated water (1.16%) in the same plan.

In the 7th development plan (1999-2004), consumption in the domestic and industrial
water sector increased, while it slightly declined in the agriculture sector. Total consumption
was 20,270 MCMs, and of that 2100 MCMs was consumed by the municipal, 640 MCMs by
the industrial, and the remaining 17,530 MCMs by the agricultural sector (Figure 4a and
Table 1).

This supply was met at 66.75, 26.95, 5.28, and 1.48 MCMs by non-renewable, renewable,
desalinated, and treated water, respectively (Figure 4b and Table 1).
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Table 1. Water Balance of Consumption and Supply in Saudi Arabia (in million cubic meters).
6th Plan 7th Plan 8th Plan 9th Plan 10th Plan
Sector/Five- (1995-1999) (2000-2004) (2005-2009) (2010-2014) (2020) *
Years Plan 1999 % 2004 % 2009 % 2014 % 2020 %
Share Share Share Share Share
Municipal 1750 8.44 2100 10.36 2330 12.59 2583 15.84 3629 22.7%
Industrial 450 2.17 640 3.16 713 3.85 930 5.70 1680 10.5%
Agricultural 18,540 89.39 17,530 86.48 15464  83.56 12,794  78.46 10,670  66.8%
Total 20,740 100.00 20,270 100.00 18,507 100.00 16,307 100.00 15,979 100.00

Non-Renew. 11,769  56.75 13,490  66.55 11,551 6241 8976 55.04 9723  60.8%
Renewable 7941 38.29 5410 26.69 5541 29.94 4644 28.48 2301 14.4%
Desalinated 790 3.81 1070 528 1048 5.66 2070 12.69 2275  14.2%
Treated 240 1.16 300 1.48 367 1.98 617 3.78 1680  10.5%

Total 20,740  100.00 20,270 100.00 18,507 100.00 16,307 100.00 15,979 100.00
Source: [41-43,60], * estimated from [46,47].

200 -~
R 6th Plan 7th Plan = 8th Plan

tH 9th Plan Il 10th Plan*
150 A

100 ~

a1
(=]
I

Hundreds (MCM)

-
T T
LTI
T T
-

Agricultural Municipal Industrial

(a)

H 6th Plan 7th Plan H 8th Plan
11 9th Plan H 10th Plan*

80 +

(o)}
o
1

S
s
1

Hundreds (MCM)

N
o
1

o
I

Non-Renew. Renewable Desalinated Treated

(b)

Figure 4. (a) Water Consumption in Saudi Arabia as per Five-Year Development Plan. (b) Water
Supply in Saudi Arabia as per Five-Year Development Plan. * Estimated values from SSYB.

The consumption pattern is almost similar to the previous plan in the subsequent
eighth development plan (2004-2009). Moreover, domestic consumption increased by
two percentage points of the prior plan outlay and reduced in agriculture by almost three
percentage points in the same plan. The non-renewable source of water was the highest
contributor (62.4%) to the total water supply followed by renewables (29.94%), desalinated
(5.66%), and treated water (1.98%) in the Eighth five-year plan. Due to the accumulated
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effect of the efforts and measures taken in the last plan, water consumption in the Ninth
development plan (2009-2014) declined significantly. Total water demand had fallen at an
average annual rate of 2.5%, from 18.5 billion cubic meters (BCMs) in 2009 to 16.3 BCMs
in 2014 (Table 1). This is due to the demand rationalization in agricultural purposes at an
average annual rate of 3.7%, reduced from 15.5 BCMs to 12.8 BCMs. In contrast, water
demand for industrial usage increased at an average annual rate of 5.5%, from 713 MCMs
to 930 MCMs, due to a rise in the number of factories, and operations in the new industrial
cities, in addition to other cities. However, municipal use rose at an average annual rate
of 2.1%, from 2.3 BCMs to 2.6 BCMs. It is remarkable to note that the rate of consumption
for municipal purposes closely matched expected population growth in the next decade.
Moreover, the supply from non-renewable sources declined significantly. On the other
hand, the share of water supply from desalinated and treated water sources increases
almost two-fold compared to the previous plan. In the 10th five-year development plan
(2015-2019), total water consumption decreased incessantly to 1.5 BCMs, with an average
2% decrease from the previous plan. Similarly, the demand in the agriculture sector also
dropped by 17 percent from the previous plan. However, the industrial sector has witnessed
a significant increase in percentage terms of about 80% as compared to the 9th five-year
development plan. Demand in the domestic sector also rose to 3629 from 2583 MCMs
as compared to the previous plan outlay. Further, the supply of water resources has
also improved considerably to meet total demand during this five-year plan. It is noted
that the reliance on non-renewable groundwater resources remains the primary source of
water consumption at more than 60%, followed by surface and desalinated water with a
14% share for each. The share of treated wastewater, however, increased significantly by
10%, compared to 3.7% in the previous plan.

3.5. Regional Growth of Water Consumption

Data from the 10th five-year plan indicate that overall consumption declined by
1.5 percent per annum since the 8th plan, while the highest decline was reported in Al-Jawf
Province by an amount of 5% annually, followed by the Hail (3.2%) and Najran region
(2.9%). Out of 13 provinces, only three regions were estimated to demonstrate an increase
in total water consumption. The highest increase was reported in the Northern Border with
an amount of 4.9% per annum followed by the Eastern Region (2%), and Makkah (1.7%).
The remaining regions have witnessed an average range of 1 to 2.5% decline per annum in
their total water consumption (Table 2).

It is expected that the trend of decline may persist in the upcoming two decades.
Moreover, it is striking to note that agriculture, the largest water-consuming sector with an
amount of 67% of total water consumption, has declined at a faster rate by 3.6% annually.
The highest decline in agriculture water consumption was reported in the Al-Jawf region at
about 5.7% followed by the Najran, Al-Baha, and Medina regions, with more than 4% an-
nually. Overall, every region except the Northern Border has observed an average range of
more than 3 to 4% decline per annum in agricultural water consumption. The domestic
sector, however, grew at a 4.5% rate annually along with population and the development
of new residential units in the Kingdom of Saudi Arabia. The highest growth in domestic
water consumption was reported in the Al-Qassim region at about 7.7% followed by the
Eastern, Riyadh, Medina, Northern, and Hail regions at 6.9, 5.2, 5.1, 4.7, and 4.5% per year,
respectively. The remaining regions have reported a range of 1 to 3% per annum increase
except the Asir region. However, industrial water consumption has grown at an alarming
rate of about 8.6% per year, which is the highest growth among the sectors. The highest
industrial water consumption was reported in the Hail region at about 21.5% followed by
Jazan, Najran, Al-Baha, and Tabouk at an average growth range of 18% to 19% per annum.
Following these, the Asir (11.8%), Makkah (9.8%), Al Jawf (9.6%), and Madinah (9.4%)
regions have reported the highest growth in industrial water consumption. The remaining
regions were observed to have a range of 7% to 8% annual growth rate, except for the
Northern Border region (Figure 5).
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Table 2. Water Consumption by Region (in million cubic meters).

8th Plan (2005-2009)

9th Plan (2009-2014)

10th Plan (2014-2019) *

Average Annual Growth Rate
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Riyadh 673 4089 236 4998 752 3467 280 4499 1121 2896 441 4458 52% —34% 65% —1.1%
Makkah 608 861 144 1613 667 737 193 1597 841 691 368 1900 3.3% —22% 9.8% 1.7%
Madinah 158 968 52 1178 178 775 69 1022 261 646 128 1035 5.1% —4.0% 94% —1.3%
Qassim 8 2274 21 2381 96 1866 24 1986 180 1546 41 1767 7.7% —3.8% 69% —2.9%
East Reg 353 911 198 1462 387 734 249 1370 686 657 431 1774 69% —32% 8.1% 2.0%
Asir 124 350 16 490 137 330 24 491 117 272 49 438 —0.6% —2.5% 11.8% —1.1%
Tabouk 67 733 8 808 75 565 15 655 74 503 42 619 1.0% —37% 18.0% —2.6%
Hail 45 1352 7 1404 50 1099 18 1167 70 896 49 1015 45% —4.0% 21.5% —32%
North Bord 24 4 3 31 27 6 3 36 38 8 4 50 47% 72% 29% 4.9%
Jazan 86 2040 8 2134 97 1712 20 1829 112 1486 47 1645 2.7% —31% 194% —2.6%
Najran 37 252 5 294 42 207 12 261 40 152 28 220 0.8% —49% 188% —29%
Baha 30 120 5 155 32 100 11 143 33 76 27 136 1.0% —4.5% 184% —1.3%
Jawf 39 1510 10 1559 43 1196 12 1251 57 841 25 923 39% —57% 9.6% —51%
Total 2330 15464 713 18,507 2583 12,794 930 16,307 3629 10,670 1628 15979 4.5% —3.6% 8.6% —1.5%
Source: [41-43,60], * estimated from [46,47].
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Figure 5. Sector-wise water Consumption by Region during VIII, IX, and X Development Plan
(in MCMs).

In the ninth five-year development plan (2009-2014), the overall growth of total water
consumption declines at a rate of 2.5% per annum in Saudi Arabia (Table 2). This is due to a
significant decline in agricultural water use. At the provincial level, the rate of consumption
has also decreased except in Najran and Asir, where it has increased due to the recent
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expansion of agricultural activities in Najran and the setup of industrial units in Asir. The
highest decline in water consumption was observed in Jauf and Tabouk provinces at an
annual rate of 4.3% and 4.1%, respectively, caused by a considerable decline in agricultural
water use (Table 2). Consumption in Qassim (—3.6%), Hail (—3.6%), Jazan (—3.0%), and
Medina (—2.8%) have also decreased significantly as compared to the total rate of decline.
Moreover, consumption in Najran, Riyadh, Eastern Region, and Baha has decreased, but
only slightly when compared to the national rate of decline. However, consumption in
Makkah and Asir provinces saw no change in total water consumption from the previous
period, which was coupled with a decline in agricultural consumption and a commendable
increase in municipal and industrial water use. Nonetheless, the scenario of decline has
changed, while considering the sector-wise growth rate. It is increasing rapidly in the
industrial sector, at an annual rate of 5.5%, and the municipal sector, at an annual rate of
2.1% (Table 2). In contrast, agricultural water consumption is declining at a rate of 3.7% per
annum. Regarding industrial water consumption, the highest growth rate was observed
in the Hail (20.8%) and Jazan (20.1%) provinces. A total of six provinces, Najran, Baha,
Tabouk, Asir, Madinah, and Makkah, were above the average annual growth rate in the
Kingdom regarding industrial water consumption. Only four provinces, Eastern Province,
Jawf, Riyadh, and Qassim, were below the average annual growth rate for Saudi Arabia,
while Northern Province saw no change. Moreover, only Najran experienced a high annual
growth rate (2.6%) in municipal water consumption, followed by Northern Border, Jazan,
and Riyadh (2.4% each). A total of seven provinces were above the national average growth
rate for municipal water consumption, while the remaining six provinces were below this
average. The lowest annual growth rate for municipal water consumption was observed
in Baha province (1.3%). On the other hand, the annual growth rate for agricultural
water consumption was negative in all regions except for the Northern Border. This had
a positive growth rate at an annual increase of 8% for agricultural water consumption,
due to a commendable increase in cultivated area. The highest decline in agricultural
water consumption was found in Tabouk (—5.1%) province followed by Jawf (—4.6%) and
Madinah (—4.3%) provinces. There are a total of seven provinces, including Tabouk, Jawf,
and Madinah, above the national average for decline (3.7%), while only five regions were
below this average.

3.6. Projections of Future Water Demand by Sector

In setting goals and future planning, predictions of various aspects could be one of
the most strategic steps in water resource management, to ensure water security, stability,
and national sustainability. The figures for projection provide a wide range of actions
and necessary policy recommendations for the integrated management of resources. The
balance between water supply and consumption was ascertained in order to cope with
various future expectations and challenges. Therefore, a systematic statistical assumption
with two predicted scenarios for the period 2015-2029 has been adopted in the present
study. It was assumed that there are three scenarios, i.e., SC-I with the current rate of
growth, SC-II under controlled management, and SC-III with little or no management
strategy. Both the SC-II and SC-III scenarios were predicted from the current pattern of
change (SC-I) as given in the 9th development plan (Five Years Plan 2009-2014) of the
Saudi government (Table 3).

In this regard, weight has been assigned statistically to all three water-consuming
sectors, along with total water consumption for SC-II and SC-III scenarios. The highest
weight + 1% annual growth (i.e., positive growth for SC-III and negative growth for
SC-II scenario) was given to the industrial sector, which is growing at a faster rate (i.e.,
5.5% during 2009-2014).

The agricultural and domestic sectors have been assigned an equal weight of £0.5% be-
cause of the decline in cultivated area and stabilization of population growth rate, respec-
tively (Table 3). After the estimation of these projections, results are presented in Figure 6a—d
for each sector along with total water consumption.
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Table 3. Coefficient Value for Scenario Projections.
Rate of Change as per Scenario Analysis
Sectors/Scenarios  Actual Predicted Predicted Predictor
(sC-n* (SC-II) ** (SC-1II) ** Value
Municipal 2.1 1.6 2.6 +0.5
Industrial 5.5 4.5 6.5 +1
Agricultural 3.7 —4.2 —-3.2 +0.5
Total —-2.5 -3 -2 +0.5
Source: [41-43,60], * estimated from [46,47], ** Authors’ estimates based on predictor values.
150 -+ <~ e SCI 20 SC-1
el S L e e - 1 _
140 1 NS i(cj ﬁl o R, :g EI
5 130 ~ -~ O SN3TS
E \\\ = ~ E 90 - ‘\\..."-.\ ~
2 120 ‘~\\ 2 TSN ~. o
151 \\\ 7] 80 - ‘~~\' .......
5 S ol Sl e
T 110 - . g 70 - Rt
=) ~.. 2 -
T 100 ‘ ‘ ‘ | 60 ‘ ‘ |
10th Plan (2015- 11th Plan (2019- 12th Plan (2024- 10th Plan (2015- 11th Plan (2019- 12th Plan (2024-
19) 24) 29) 19) 24) 29)
(a) (b)
39 26
--------- SC-I - ceveeenns SC-I
37 | ame-- SC-II - 244 ... SC-I1 -
35 | — = SCI o7 22 | = . = SCI -7
= 33 - RN ) s 20 - .
Y o e _e==" Y 18 - s -
E 31 - o e ,—’—— 2 [ . —”’
3 T e 2 16 7 et T e
9] 29 _’_::;__—— o 14 | - .i._..-:—_,—r
= - b s leie=T
527 g 12 - Tus
T 25 T T | = 10 T T {

10th Plan (2015- 11th Plan (2019- 12th Plan (2024-
24)

19)

(©)

10th Plan (2015- 11th Plan (2019- 12th Plan (2024-
19) 24) 29)

(d)

29)

Figure 6. Prediction Scenarios for Total (a), Agricultural (b), Domestic (c), and Industrial (d) Water
Consumption.

Thus, from the figures, it can be drawn that:

The highest growth in water consumption has to be in the industrial sector in the next
15 years.

The industrial sector needs particular attention regarding water management to meet
the expected high demand for water consumption in the upcoming decades.

The municipal sector will have slow growth as compared to the industrial demand
for water consumption.

The agricultural sector is showing an entirely different trend that will decline sharply
and help to maintain a balance between total water supply and demand, holding as it
does the largest share among all sectors.

It is anticipated that the total water demand, including all sectors, will decline and
open opportunities to ensure sustainability for the Kingdom during 2015-2029.

The demand-supply curve will remain positive in upcoming decades for the King-
dom’s water resources.
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4. Conclusions

Limited research work has been done so far on water resource management in Saudi
Arabia. Naturally, the Kingdom of Saudi Arabia is very arid and two-thirds of the total
area falls under sand and limestone-related topography. Only alluvial plains and a few
widyan flourish and are able to sustain life, but both collectively contribute less than 2% to
the total area of territory. Climatically, the country lies in the tropical and sub-tropical
region, which is characterized by a high-pressure system along with dry winds. This is
why precipitation is absent and the temperature remains high for the whole of the year.
Therefore, there is a great imbalance between water availability from precipitation and the
evapotranspiration rate. Saudi Arabia has a good amount of groundwater, which is the
most significant source of water supply as a whole, apart from surface, desalinization, and
treated wastewater. Groundwater contributes almost 61% of the total available (2272 BCM)
water, while the recharge rate is negligible and contributes only 0.17% (3958 MCM) of
total available water in Saudi Arabia. However, the widyan flow (2060 MCMs) could
contribute an amount almost equal to one year of domestic water consumption, if managed
efficiently. Therefore, a proper strategy should be incorporated to control the flow of runoff
and maximize the recharge.

The demand for water has increased manifold due to rapid industrial development,
population increase, and cultivation of food grains to achieve reliance and self-sufficiency.
However, total water consumption is decreasing due to a substantial decline in agriculture,
i.e., the biggest water-consuming sector, water usage. Sector-wise, consumption was still
highest in the agricultural sector, followed by domestic and industrial. The projections
for water consumption have also been made for the next consecutive three plans, i.e.,
10th plan (2015-2019), 11th plan (2020-2024), and 12th plan (2025-2029). The analysis
shows that water consumption may also decline significantly in the future if the present
rate of decline continues. There are three predicted scenarios for water consumption based
on certain assumptions. The analysis of scenario I, if the current rate of decrease is assumed,
provides a decrease in consumption of 14.36, 12.66, and 11.15 BCMs for the 10th, 11th,
and 12th plans, respectively. Moreover, the domestic and industrial sectors will be bigger
water-consuming sectors in the future. In the same way, scenarios II and III represent
decline in total water consumption along with that of agricultural usage, while domestic
and industrial water usage would be increasing. Regarding provincial water consumption,
Riyadh (4.45 BCMs) is the biggest water consumer followed by Makkah (1.90 BCMs),
Eastern region (1.77 BCMs), Qassim (1.76 BCMs), Jazan (1.64 BCMs), Jawf (1.25 BCMs),
Madinah (1.03 BCMs), and Hail (1.01 BCMs) regions in the 10th five-year development
plan (2014-2019). Less water-consuming regions include the Northern border (0.05 BCMs),
Baha (0.14 BCMs), Najran (0.22 BCMs), and Asir (0.43 BCMs) in the same period. At the
policy and management level, the Kingdom of Saudi Arabia has shown great achievements
regarding the decline in total water consumption. The government has worked on both
levels of management, i.e., both supply and demand side of water resource management.
However, it has a phase-wise development pattern, as compared to the integrated water
resources management approach, where both approaches have to work simultaneously.
Therefore, the government adopted a variable/object-oriented approach to sustaining its
water resources over a long period time. As per the trend analysis, it has been proven
that the future of Saudi Arabia is sustainable, regarding water resource management.
The measures, based on priority function, also include the phase-wise development of
a water resources infrastructure, plan-based initiatives, education and awareness, water
conservation, and institutional and organizational development in Saudi Arabia.

5. Recommendations

Although, Saudi Arabia has improved greatly in water resource management at the
levels of technical, institutional, organizational, governance, and water conservation, the
gap between water demand and supply is not able to be met appropriately; therefore, the
search for new alternatives is made possible as follows:
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1. Several studies [78-81] conducted on the feasibility of fog water collection in some
arid areas have shown good potential in the development of non-conventional water
resources. The coastal region of Saudi Arabia has good potential in this regard, as fog
formation is a widespread phenomenon in many parts of the tropical, temperate, and
arid regions of the world.

2. The shift of the agricultural sector to a water surplus region, or bilateral ties with
foreign nations, could ensure water saving. However, this could increase the level of
dependency on the host nation.

3. Water could be saved through the cultivation of less water-consuming crops, rather
than investing in high water-consuming crops, like wheat and rice. The proper
balance between the import and export of food commodities can minimize the gap in
water resources.

4. Weather modification, leakage prevention during water distribution, efficiency im-
provement, and several other small measures could contribute to water saving in
Saudi Arabia.
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