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Industrial and urban water reuse should be considered along with desalination as
options for water supply in Saudi Arabia. Although the Saudi Ministry for Water and Electricity (MoWE) has estimated that an investment of $53 billion will be required for water
desalination projects over the next 15 years [1], the evolving necessity to conserve fossil
resources and mitigate GHG emissions requires Saudi policy makers to weigh in much
more heavily the energy and environmental costs of desalination. Increasing water tariffs
for groundwater and desalinated water to more adequately represent the costs of water
supply could encourage conservation, but also reuse, which may be more appropriate for
many inland and high-altitude cities. The Saudi government should expand its support
for water conservation and reuse within industry through financial incentives or through
the implementation of cleaner production standards that encourage energy and water
conservation and reuse. The case studies discussed in this work suggest that the implementation of water conservation, reuse and recovery measures in the natural gas [2] and
crude oil [3] sectors alone have the potential to conserve up to 222 million m3 of water
annually [2-4], or 29% of the total industrial water demand in 2009 [5]. In the municipal
sector, increasing secondary wastewater treatment and reuse resulted in substantial cost
and energy savings for six inland cities, while an estimated 26% of urban water needs
could be met by treated wastewater. Therefore, industrial and domestic water reuse have
the potential to appreciably reduce water withdrawals, conserve non-renewable aquifer
water, and reduce reliance on desalination, which is primarily driven by non-renewable
natural gas. Anticipated investments in desalination projects could also be deferred by prioritizing investment in sewage and water distribution networks that would ensure more
effective water reclamation and reuse while simultaneously conserving non-renewable
groundwater and natural gas resources and preventing the lock-in of potentially unnecessary desalination infrastructure that is likely to become more efficient in future.

Background
The arid nature of the Arabian Gulf has resulted in water playing a dominant role in
human settlements and socio-economic interactions [6]. Although originally reliant upon
agriculture, oil and gas have played an increasingly significant role in the economies of
this region since their discovery in the early 20th century [7]. Rapid population growth and
increased urbanization [8] in the Gulf over the past decade have created major challenges
in the provision of infrastructure and public services [9], including clean water. Although
the agricultural sector is responsible for the highest percentage of total water withdrawals in both the Arabian Gulf and worldwide [10], the present growth of the service sector
economy in the Gulf region is likely to result in increased volumes of wastewater in the
municipal and industrial sectors [11] that should be effectively reclaimed and reused to
better address water scarcity. Only 65% of the wastewater generated in the Arabian Peninsula is treated at present [5], and increases in both urban populations and wastewater
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volumes have resulted in overloaded treatment plants and highly variable, often ineffective treatment [12]. At least 35% of the total wastewater produced is discharged in the untreated form and most likely used in crop irrigation by urban and peri-urban farmers [12].

Focus: Saudi Arabia
Saudi Arabia occupies over 70% of the Arabian Peninsula [13], an area approximately ¼ the size of the United States, and is the largest country in the world with no
lakes or rivers [14] to sustain its population of 25.7 million [15]. Despite possessing annual
renewable water resources of only 2.4 billion m3 [13], Saudi Arabia’s water withdrawals
exceeded 20 billion m3 in 2010 [13, 16], making it the third-largest per capita water user
worldwide [16]. Over 80% of Saudi Arabia’s water supply (primarily in the agricultural sector) is withdrawn from non-renewable groundwater aquifers [17]. At present abstraction
rates [5, 13], it is estimated that these aquifers contain only a 15-25 year supply. Water
demands have been exacerbated by rapid population growth and increased urbanization
[8] and are expected to double over the next two decades [18], with the municipal and
industrial sectors increasingly reliant on desalination.
Desalination – particularly the large-scale thermal desalination prevalent in Saudi
Arabia – is a capital and energy-intensive means of producing fresh water. The operating
cost of a multi-stage flash (MSF) cogeneration plant is approximately $0.60/m3, of which
$0.27 and $0.19 - or nearly 77% - are attributable to thermal and electrical energy, respectively [19, 20]. Plant operation also results in GHG emissions of 10-20 kg CO2/m3 of
desalinated water produced [20], and environmental costs of the ocean disposal of the
resulting brine remain unknown. Saudi Arabia’s substantial thermal desalination capacity
has largely been made feasible by its wealth of oil and gas resources: the largest producer and exporter of total petroleum liquids worldwide [21], Saudi Arabia also possesses
the fourth-largest natural gas reserves globally [21]. Perhaps unsurprisingly, the country’s
economy is also highly carbon intensive, with a carbon intensity of 1.15 tonnes of CO2 per
thousand US dollars in 2009 in comparison to the US economy’s carbon intensity of only
0.38 [22]. The Saudi Minister of Water and Electricity estimated that 25% of Saudi oil and
gas production in 2009 was used domestically to generate electricity and produce water,
with present demand rates suggesting that this figure will reach 50% by 2030 [23]. Natural
gas demands are consequently also anticipated to double from 2007 to 2030, from 7.1 to
14.5 billion cubic feet (bcf) per day [21].
The majority of natural gas in Saudi Arabia (50-60%) is associated with petroleum
deposits and production costs for this associated gas have to date been consistent with
the subsidized domestic gas price of $0.75/MMBtu [21]. However, the increasing domestic demand, combined with OPEC crude oil production constraints, has necessitated the
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development of offshore high-sulfur gas fields with estimated production costs of $3.50$5.50 per MMBtu [21]. The disparity between associated and high-sulfur gas production
costs will likely impact the domestic gas price and suggests that power generation and
thermal desalination will become even more expensive in the near future. In addition, the
carbon intensity of the Saudi Arabian economy and increasing evidence of the negative
impacts of CO2 emissions from energy use imply that over time, even fossil-rich countries
will need to reduce carbon intensity. As the continued use of natural gas in the desalination industry is less justified with rising natural gas prices and also contributes to the carbon intensity of Saudi Arabia’s economy, it is increasingly urgent to identify ways to meet
the domestic water demand both sustainably and inexpensively.
Increased wastewater reuse has long been recognized as a potential intervention
strategy in addressing water scarcity [24], however the lack of national policies and/or
strategies to support wastewater treatment and reuse has significantly restricted reuse
in most Arab countries [20]. Some of these constraints include: “incomplete economic
analysis of the wastewater treatment and reuse options, usually restricted to financial
feasibility analysis”, and the “perceived high cost of developing wastewater collection networks and wastewater treatment plants and low returns” which, when combined with a
disparity between water pricing and regional water scarcity and inefficient irrigation and
water management systems, do not allow for effective water reuse [12].
Our study takes a novel approach in exploring the potential for increased wastewater reuse in Saudi Arabia by evaluating not only the economic and environmental costs
but also the potential energy implications of reusing reclaimed wastewater rather than
fossil groundwater and/or desalination in the municipal and industrial sectors. As the petrochemical sector is responsible for over 80% of Saudi Arabia’s GDP, our industrial assessment focused on the cost and energy implications of reducing total groundwater use in
the oil and gas industry through increased water conservation, reclamation, and reuse.
Similarly, our municipal analysis explored the energy, environment, and cost implications
of transporting desalinated water to six inland cities that together contain approximately
35% of the total population.

Water for energy: the oil and gas sector
Case study data from the national oil company Saudi Aramco indicated that an
existing natural gas plant could reduce its annual water withdrawals of 1.98 million m3
by almost 45% through the implementation of water conservation, reuse and recovery
mechanisms [2]. Implementation of similar measures across Saudi Arabia’s natural gas
sector [25] could result in the conservation of over 23 million m3 of water while also saving up to 1.6 x 106 kWh of energy and 1.5 x 106 of CO2. Similar initiatives at Saudi Aramco’s
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Riyadh Oil Refinery could reduce daily water consumption by 8,400 m3 [3], and such reductions at oil refineries across the sector could save up to 199 million m3 of water annually. Based on this modeling approach, combined water savings across the oil and natural
gas sectors due to the institution of water recycling, reuse and conservation measures
were estimated at up to 222 million m3 annually, or ~29% of total industrial water withdrawals in 2009. Assuming that seawater reverse osmosis is used to supply potable water
in other refineries, water savings of up to 544 x 103 m3/day could result in cost savings of
over $91 million annually, as well as reducing energy consumption and GHG emissions by
up to 1.79 billion kWh and 1.72 billion kg CO2, respectively. This analysis suggests that reducing water withdrawals and maximizing water reuse across the petroleum sector could
appreciably reduce industrial water withdrawals within Saudi Arabia. Financial support
from the Saudi government (e.g., loans, loan guarantees, tax credits) for renovations and
process improvements to increase water efficiency could encourage water reclamation
and reuse in this sector.

Energy for water: the municipal sector
In the municipal sector, the energy and economic costs (Appendix 1) of desalinated water production and transportation relative to local wastewater treatment (requiring
little or no transportation) were modeled for six inland population centers: Mecca, Taif,
Medina, Khamis, Abha, and Riyadh. Most significantly, for all of these inland cities, the
provision of desalinated water is more energy-intensive than the secondary or tertiary
treatment of local wastewater. Based on our assessment, the treatment and reuse of the
wastewater produced in these six population centers had the potential to reduce desalinated and groundwater withdrawals by almost 192 million m3 or 8% of the total municipal
water withdrawals in 2009. Secondary wastewater treatment also resulted in substantial
cost savings for all of the cities considered, however, tertiary wastewater treatment was
more expensive than desalinated water provision in three out of six cities. Overall, an
estimated 26% of urban water needs could be met by treated wastewater, resulting in
savings of up to 4.0 × 109 kWh of energy (2% of Saudi Arabia’s electricity consumption in
2010 [26]), in these cities alone. The Saudi Arabian government should continue to prioritize the anticipated investment of $23 billion into Saudi Arabia’s sewage collection and
treatment infrastructure [27] as it has been estimated that the combination of increased
water reuse with widespread conservation measures could allow Saudi Arabia to meet
about 50% of its municipal water demand – 2.3 billion m3/year in 2006 – with treated
wastewater [28].
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Policy Recommendations
Encourage reuse before desalination, particularly for cities at high elevations
Desalination processes are energy-intensive and have to date been primarily powered by non-renewable fossil fuels [29]. Even though the cost of desalinating water has
declined in recent years [30], production costs do not account for environmental [31] or
transportation [31, 32] costs. Despite this, desalination continues to be the preferred option for countries in the Arabian Peninsula [33]. Riyadh, located at an altitude of 612m,
presently receives desalinated water from a facility in Jubail, over 400 kilometers away
[17, 34]. Given a production cost of $0.60/m3 (2009 dollars, [20]) and an approximate
transportation cost of $0.706/m3 (2009 dollars, [31, 32]), the provision of desalinated water to Riyadh costs well over $1.00/m3, while secondary or tertiary wastewater treatment
costs $0.13-0.63/m3 [24] or $1.19-$2.03 [35] (2009 dollars), respectively, and requires
little or no transportation, making it less energy-intensive, more sustainable, and more
cost-effective than transporting increasing quantities of desalinated water. Urban water
reclamation and reuse could be increased in cities located inland and/or at high altitudes,
particularly given that both domestic water demand and its associated wastewater are
expected to increase over the next few decades. Plans to increase the urban water tariff
from $0.027/m3 to as much as $1.40/m3 [36] should be accelerated to reduce overall
water consumption, and water tariffs should be delineated based on water source. The
use of treated water could be incentivized by reducing tariffs for treated wastewater and
increasing tariffs for aquifer groundwater and desalinated water to better reflect energy
and environmental costs. Finally, the introduction and enforcement of water regulations
similar to the U.S. Clean Water Act could encourage industrial water conservation and
reuse by implementing more restrictive standards for discharged wastewater [37].

Ensure effective reuse while considering social norms and health implications
Treated effluent in Saudi Arabia is primarily reused in large cities for the irrigation
of non-edible crops [13] (36%), land discharge (34%), sea discharge (18%) and industrial
purposes, groundwater recharge and landscaping (12%) [11]. Wastewater reuse guidelines are more restrictive in Saudi Arabia than in other countries in the region [38], but
although the development of more discriminating standards for water reuse could allow for increased use of treated wastewater without jeopardizing public health [39, 40],
the reuse of wastewater within the industrial, rather than the agricultural, sector may
present fewer public health implications while simultaneously decreasing demands on
non-renewable groundwater and energy. Additionally, although the use of recycled wastewater for drinking and ablution was authorized by the Council of Leading Islamic Scholars
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(CLIS) in Saudi Arabia in 1978, there remains strong public resistance towards the use of
recycled water for this purpose [41] and the reuse of treated wastewater in industry is likely
to encounter less resistance than domestic reuse. Water use requirements in the industrial
sector are also relatively consistent year-round in comparison to more seasonal uses such
as irrigation [42].

Fulfill commitments to increase sewerage rates to 100% and expand distribution
infrastructure; this could have significant impacts on desalination planning
Saudi Arabia has by far the lowest overall sewerage rate of the GCC countries, at
37% [12]. Sewage systems are only available in large urban centers and wastewater disposal is limited only to cesspits in small towns and rural areas [39], resulting in over 467
million m3 of wastewater being discarded annually [5]. In addition, an average of 20%
of distributed water is unaccounted for in Saudi Arabia, due to outdated and in some
cases deteriorating infrastructure [43]. In Riyadh, as much as 60% of the water supply is
lost through leakage in the 10,000 kilometers of pipes that transport water to the urban
population of 5 million [1]. Recognizing the potential of wastewater as a future water
source, the Saudi government created a National Water Company (NWC) to help increase
wastewater network coverage to 100% [44] through public-private partnership (PPP) [1].
The NWC is in the process of awarding PPP management contracts for Saudi Arabia’s five
largest cities, which are together responsible for 65% of the country’s total water consumption, in order to reduce water leakage, to ensure continuous water provision, and
to expand wastewater treatment [1]. This is a crucial first step in reducing total water
withdrawals: if the volume of treated wastewater presently being discarded (0.55 x 109
m3) was instead reused in industry, it could reduce industrial water withdrawals by more
than 70% (Fig. 1).
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Figure 1: Wastewater production, treatment and reuse in Saudi Arabia, 2009

Municipal and industrial water demand is met primarily by desalinated and groundwater. Treated wastewater is
not reused for urban water supply.
b
Wastewater is limited by low sewerage rates partly attributable to inadequate wastewater treatment networks
c
Wastewater reuse was calculated based on present reuse of approximately 18% [36, 45]
a

The Saudi Ministry for Water and Electricity (MoWE) has estimated that an investment of $53 billion will be required for water desalination projects over the next 15 years,
with an equivalent amount required for the sewage sector [1]. Yet by prioritizing investment in sewage and water distribution networks, such an increase in desalination capacity
may prove unnecessary and also help conserve natural gas reserves.
*

*

*

Therefore, increased water conservation and reuse within the industrial and domestic sectors have substantial potential to reduce total groundwater withdrawals in Saudi Arabia and the use of reclaimed water should be considered in addition to desalination
as a future water supply option.
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APPENDIX A: COSTS, ENERGY REQUIREMENTS, AND CO2 EMISSIONS FOR
WATER PRODUCTION
Table 1: Energy requirements, GHG emissions and costs for various types of potable water
Process

Energy Requirements

Costs
($/m3)
(2009
dollars)

Thermal
energy
(MJ/m3)

Electrical
energya
(kWh/m3)

Treated surface water

-

0.15-0.30c

0.15-0.30c

0.29b

nd

Groundwater

-

0.4-0.8

0.4-0.8

0.77

Secondary treated wastewater
Tertiary treated wastewater

nd

0.13-0.64

d

Total electric
equivalent
(kWh/m3)

GHG
emissions
(kg CO2/
m3 H2O)

d

Product
water
recovery
ratio (%)
n/a
e

$0.31-1.68

n/a

$0.13-0.63
$1.19-2.03h

n/a

0.77-0.96b

jm

b

0.8-1.0c

0.13-0.64
0.8-1.0c

i

MSF: Seawater (cogeneration) 250-300

3.5-5.0

15-25

10-20

$0.60

10-14k

MED: Seawater (cogeneration)

150-220i

1.5-2.5i

8-20.1i

11.2-19.6bim

$0.50m

12-15k

ROa: Seawater (cogeneration)
Brackish groundwater

-

5-9i
0.98c

5-9i
0.98c

8.6bi
0.94

$0.46m
$0.26i

34k

Distribution (per km):
Horizontal
Vertical

nd
nd

nd
nd

0.00024n
0.223n

nd
nd

$0.001l
$0.92l

n/a
n/a

i

f

i

f

0.12-0.61

b

m

g

n/a

MSF: Multistage flash distillation
MED: multi-effect distillation
RO: reverse osmosis
nd: no data
n/a: not applicable
Electrical energy inputs vary based on whether or not an energy recovery system is used.
CO2 emissions are estimated based on the assumption that 1 kWh of electricity production results in 0.96 kg of
CO2 emissions.
c
d
e
f
g
h
i
j
l
[35]
[46]
[17]
[47]
[24]
[39]
[48]
[49] k[50]
[31] m[20]
n
Estimated based on the vertical transportation costs cited [51]
a

b
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Surface water and groundwater
Energy and production costs for surface water and groundwater are mostly due to
drilling and pumping [17].

Wastewater treatment
Primary wastewater treatments merely remove a portion of the suspended solids and organic matter from wastewater, while secondary treatments remove a higher
proportion of biodegradable organic matter (both in solution and suspension) as well as
suspended solids and typically involve some form of disinfection [42]. Tertiary treatments
remove residual suspended solids after secondary treatment, usually though granular
medium filtration, surface filtration, and/or membranes, and typically include disinfection
and nutrient removal [42]. Finally, advanced treatments remove trace constituents, as
required, for specific water reuse applications [42].

Desalination processes
Multistage flash distillation (MSF) and multi-effect distillation (MED) are desalination processes that require two types of energy: low temperature heat (usually supplied through imported steam from a power generation plant [52]) and electricity. The
efficiency of an MSF desalination plant is quantified by the gain output ratio (GOR) and
the performance ratio (PR): the ratio between the amounts of water produced per unit
mass of dry saturated stream supplied to the system, and the amount of product water in
kilograms per million joules of low-temperature heat supplied to the system, respectively.
For an MED plant, the specific thermal energy consumption and process performance are measured by the GOR as the amount of product distillate per unit mass of dry
saturated heating steam; maximizing GOR for a given heat source temperature means
minimizing thermal energy consumption [52].
Reverse osmosis desalination filters saline solutions at high pressure through a porous membrane; pressurization of the saline solution is usually accomplished using pumping devices, which are driven either directly by diesel engines, steam, or gas turbines,
or indirectly by electricity using electric motors [52]. Specific energy consumption in RO
desalination systems is highly dependent on feed water characteristics, plant design and
operating conditions, although the inclusion of energy recovery systems (which convert
the hydraulic energy of the rejected solution to useful energy) helps minimize overall energy consumption [52].
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