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Abstract 
 

 

Qatar is an arid country with limited natural freshwater resources due to low rainfall and 

high evapotranspiration. The country, having the third largest natural gas reserve in the 

world, relies primarily on fossil fuel-powered seawater desalination to meet domestic water 

demand, estimated at around 600 liters per capita per day. Additionally, groundwater is 

being depleted to supply the agricultural sector, which consumes about 230 million cubic 

meters of freshwater each year. Hence, this paper aimed at improving the sustainability of 

the water management scheme of Qatar by developing a combination of water demand and 

water supply management strategies. On the demand side, the impacts of higher water 

tariffs and greywater reuse on domestic water demand were studied independently relative 

to the current conditions in which the increase in domestic water demand is met by a similar 

level of growth in desalination capacity. On the supply side, this study proposed increasing 

the reuse of treated wastewater effluent in irrigation and looked into the possibility of 

recovering a liquid fraction by anaerobic digestion of municipal solid waste for use in 

irrigation. Results revealed that maintaining the current approach to water demand 

management could result in domestic water demand exceeding supply by 12-51% in 2100, 

with a need to expand the desalination and water supply infrastructure capacity starting 

2030-2040. Increasing water tariffs could reduce national demand by 24%, which would 

keep domestic water demand below the current supply capacity up to the year 2100 or 

delay the need for further expansion of the desalination and water supply infrastructure by 

several decades in comparison to the current conditions, depending on the projected 

population. The reuse of treated greywater in future residential units, however, could only 

save up to 1.7-8.4% of the national demand, assuming a 100% response rate and a 20-50% 
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reduction in domestic water use by recycling greywater. In terms of irrigation water supply, 

reusing 30-45% of the treated wastewater effluent can cover 32-56% of the agricultural 

sector water needs by 2100. Results also showed that the liquid fraction that can be 

potentially generated by anaerobic digestion of organic waste in Qatar covers merely 0.2% 

of the groundwater abstraction and therefore is not a promising source of water for use in 

irrigation. 
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Chapter 1 
 

 
 

1.   Research justification and objectives 
 

 

1.1. Introduction 
 

In the past few decades, freshwater scarcity has become a global threat to the 

sustainable development of societies, with half of the global population living under 

conditions of severe water scarcity at least one month of the year (An et al., 2021; 

Mekonnen & Hoekstra, 2016). The increasing world population, economic development, 

changing consumption patterns, and expansion of irrigated agriculture are the main driving 

factors of the rising global demand for water, and thus the pressure on freshwater resources 

(Liu et al, 2017; Rosa et al., 2021). In regions suffering from physical water scarcity, the 

state of the economy affects both demand and supply. It is the case of developing resource- 

rich countries, such as the ones in the Gulf Cooperation Council (GCC), where increasing 

water consumption is expected with higher standards of living, and water utility providers 

have  the  capacity  to  invest  in  costly  water  supply  infrastructure  (i.e.  groundwater 

abstraction, seawater desalination) (DeFelice & Gibson, 2013; Oki & Quiocho, 2020). 

Qatar (the case studied here) is an arid country located in the Arabian Peninsula, with a 

land area of 11,610 km2, and is characterized by erratic rainfall averaging between 40 and 

80 mm/year, high temperatures, and high relative humidity (AlMamoon et al., 2014). Due 
 

to its geographical position and climatic features, the country suffers from acute freshwater 

scarcity with renewable freshwater resources of 29 m3/capita/year (2015), which is far 

below the worldwide average of 6000 m3 and the water poverty threshold of 1000 m3 (Alhaj 

et al., 2017; Alsheyab & Kusch-Brandt, 2018). Qatar, however, has the third largest natural 

gas reserve in the world and exports more than 20% of the world’s liquefied natural gas 
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(Kim et al., 2020). Having experienced a tremendous increase in national wealth and a 

rapid population growth in the last three decades (Hussein & Lambert, 2020), Qatar 

currently meets domestic water demand using energy-intensive fossil fuel-powered 

desalination technologies, and consumers receive their water needs at a heavily subsidized 

cost (Baalousha & Ouda, 2017; Ibrahim & Shirazi, 2021). While desalination may alleviate 

the pressure on freshwater resources, it is accompanied by adverse impacts on the marine 

environment and significant greenhouse gases (GHG) emissions (Liu at al., 2015). In fact, 

the energy sector is the leading catalyst of air pollution in Qatar, contributing to 96% of 

the country’s aggregate GHG emissions (Ibrahim & Shirazi, 2021), and nearly 13% of 

these emissions (109 Mt CO2 eq.) was attributed to desalination in 2015 (Sahin et al., 2019). 

In addition, Qatar’s agricultural sector relies heavily on groundwater abstraction for its 

supply, which resulted in lowering of the water table, deterioration of groundwater quality, 

and rising salinity over the years (Mohammed & Darwish, 2017). 

With increasing water demand and limited freshwater supplies, water demand 

management has been applied as a tool in the integrated management of water resources to 

balance demand and supply either by developing new resources (supply-side management) 

or by managing water consumption before increasing available water supply (demand-side 

management) (Arfanuzzaman & Atiq Rahman, 2017; Thivet & Fernandez, 2012; Xiao, 

2017). Consequently, water-scarce countries have developed strategies and technologies 

for water conservation and increased water use efficiency (Liu et al., 2020). Several studies 

have addressed the potential of water conservation in households using water-saving 

plumbing fixtures, greywater, and rainwater harvesting. Replacing conventional plumbing 

fixtures with water saving ones was shown to reduce domestic water consumption by 
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nearly 30%, while greywater reuse and rainwater harvesting can save water by up to 20% 

and 30%, respectively (Cureau & Ghisi, 2019). Also, the role of water price increase as an 

economic tool for improved efficiency of water use has been investigated globally (e.g., 

Huang et al., 2010; Rinaudo et al., 2012; Rivers & Groves, 2013; Smith & Al-Maskat, 

2007; Srouji, 2017). With the increased demand for food and agricultural products, water 

allocation and physical irrigation efficiency improvements were achieved using policies 

and innovative technologies to conserve water and increase agricultural production per unit 

of water (Dionisio et al., 2020; Koech & Langat, 2018; Mojid & Mainuddin, 2021). 

Furthermore, numerous countries facing drought and growing water scarcity have made a 

paradigm shift from traditional sources of water supply, such a surface water and 

groundwater, to non-conventional resources such as treated wastewater (Chojnacka et al., 

2020; IWA, 2018), which became commonly reused in agricultural irrigation (e.g. Belhaj 

et al., 2016; Gatto D’Andrea et al., 2015; Helmecke, 2020; Jaramillo & Restrepo, 2017; 

Jeong et al, 2016).  More recently, by-products generated from the anaerobic digestion of 

organic waste in the form of solid residues and liquid digestate from composting reactors 

and maturation fields are being applied for irrigation and also transferred to external 

wastewater treatment plants for proper management (Guido et al, 2020; Seruga et al., 

2020). 
 

In Qatar, projects that have been implemented to reduce domestic water 

consumption were limited to changing plumbing fixtures and promoting water saving and 

efficient use through conservation programs and awareness campaigns (Alghool et al., 

2019). Qatar General Electricity and Water Corporation “Kahramaa” reduced the leakage 
 

of the water distribution network from 35% to 4% by 2016 (Kahramaa, 2017) and deployed 
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17,000 water meters in households, with plans to make them smart by 2024. These newly 

installed devices, however, are unlikely to monitor and bill more than 7.3% of households 

in 2020 (Hussein & Lambert, 2020). In terms of water supply for the agricultural sector, 

the Ministry of Environment imposed regulations to limit groundwater withdrawals and 

use efficient irrigation methods, which resulted in more than 50% reduction in the volume 

of water used per ton of agricultural produce between 1995 and 2013 (Alhaj et al., 2017; 

Mohammed & Darwish, 2017). Qatar also started incorporating the use of treated 

wastewater effluent in different applications, including irrigation (Planning and Statistics 

Authority, 2018a). Although substantial research evidence has shown that treated 

wastewater can be suitable for crop irrigation and growing food, its reuse remains restricted 

to landscaping among other sectors, with small amounts reclaimed to grow nonedible crops 

and fodder, due to health, social, and environmental concerns (Qureshi, 2020). Despite 

these initiatives, withdrawals remained many folds higher than the natural recharge rate of 

groundwater resources, which prompted future projects that will rely on desalinated water 

to artificially recharge the aquifers (Alhaj et al., 2017; Baalousha et al., 2017). Overall, 

desalination provides about 61% of the national water supply, while groundwater accounts 

to 25% and treated sewage effluent to 14% (Planning and Statistics Authority, 2018a). The 

combination of growing population and high consumption rates will put more pressure on 

desalination and groundwater, contributing to higher levels of energy consumption, GHG 

emissions, and aquifers depletion. Climate change is also predicted to aggravate the 

existing challenges of water scarcity by reducing the availability of water resources and 

arable lands (Meltzer et al., 2013). Qatar's mean annual rainfall has already fallen below 

its long-term average value of 84.9 mm/year and mean annual temperature has already 



5  

increased by 0.3°C over the past four decades, with climatic projections predicting a further 

increase in temperature of 2.3–5.9°C by 2100 (Planning and Statistics Authority, 2018a; 

Planning and Statistics Authority, 2018b; Sowers et al., 2011). 

This paper first reviews the status of water demands and supply resources in Qatar. 

National domestic water demand is then forecasted up to the year 2100 with respect to 

three governmental approaches to water demand management. The first approach considers 

that growing demand is met by continuous supply of desalinated water and no reduction in 

the consumer water use (current conditions), whereas the other two approaches incorporate 

the impacts of higher water tariffs and greywater reuse in future residential units on 

demand. The study also projects the volume of treated sewage effluent (TSE) that can be 

used to cover irrigation demand, either by keeping the same fraction of TSE currently 

utilized for agricultural irrigation and by adding the portion of TSE lost to evaporation 

lagoons to the existing reuse system. Moreover, it examines whether a substantial liquid 

fraction can be recovered by anaerobic digestion of municipal organic waste in Qatar so 

that it can be considered for further treatment and reclamation in irrigation. The outcomes 

of this research work may be used to develop future water management policies that can 

improve the sustainability of the water demand and supply scheme in Qatar. 

1.2.   Research objectives 
 

The overall objective of this proposed research is to render Qatar’s demand and supply 
 

management scheme more sustainable. To do so, this research will: 
 
 

1-  Forecast domestic water demand using different water demand values and population 

forecasts under the following demand management scenario: (a) maintaining the same 

approach to  water demand management whereby increasing demand is met with 
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continuous supply of desalinated water (b) increasing water tariffs (c) implementing 

in-house greywater treatment and reuse 

2-  Propose alternatives to conserve groundwater resources by: (a) managing the reuse of 

treated sewage effluent in irrigation and aquifer injection (b) seeking new non- 

conventional water resources for agriculture irrigation to limit groundwater 

withdrawals 

 

1.3.   Research questions 
 

Several questions may be answered when carrying out this research, which are: 
 

1- To what extent water tariff increase and greywater recycling in households can reduce 

domestic water demand for desalinated water? 

2- To what extent the reuse of treated sewage effluent in agricultural irrigation can alleviate 

the pressure on depleting groundwater resources? 

3- Can the liquid fraction generated by anaerobic digestion of municipal organic waste be 

a substantial source of water supply for agricultural irrigation? 

1.4.   Research hypotheses 
 

The above questions will be examined under the following hypotheses: 
 

Hypothesis #1: Meeting the increasing water demand can be partially achieved by 

managing consumptive demand trends in order to postpone or avoid the need to develop 

new resources. In Qatar, there exists a large gap between the price of water paid by 

consumers and the cost of water relatively to the producers. An increase in water price can 

induce an increase in the expected water savings and thus a reduction in desalinated water 

consumption and wastewater generation. Reducing water demand can also be met from 

existing resources such as greywater. Greywater is generally produced from showers, 
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washing machines, swimming, pools, AC units, and lavatory sinks. It is less polluted than 

black water, which comes from toilets, kitchen sinks, and dishwashers. Consequently, 

greywater requires little to no treatment and can be safely used for several purposes, 

thereby replacing more expensive water resources such as desalinated water. 

Hypothesis #2: Governmental water statistics show that Qatar withdraws nearly four to 

five times as much water from its aquifers than is replenished by rainfall each year. A small 

fraction of the treated wastewater is injected to help replenish the aquifers. It makes up 

about 26% of the water abstracted by the agricultural sector and is insufficient to balance 

extraction rates. More wastewater is expected to be generated due to population growth, 

and the increased use of treated wastewater in aquifer injection or in agriculture will have 

direct consequences on the groundwater balance. 

Hypothesis #3: Different treatment methods (i.e. ammonia stripping, anaerobic 

ammonium oxidation, direct contact membrane distillation process, constructed wetlands, 

air stripping…) have been examined to recover the liquid fraction of AD effluent and 

remove nutrients prior to sending this liquid fraction to a conventional wastewater 

treatment plant. As municipal solid waste generation is expected to increase in Qatar due 

to population growth, the AD of the organic fraction of municipal solid waste (OFMSW) 

might be an attractive option to convert waste into renewable energy with a potential to 

recover a new water resource that should be considered in future research. 

1.5.   Research innovation 
 

The sustainability of the water demand and supply management scheme in Qatar is at 

risk with population growth exerting more pressure on desalination and groundwater 

resources. Different studies have assessed water demand and supply resources in Qatar and 
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provided recommendations for future water saving initiatives. Baalousha et al. (2017) 

reviewed the status of water resources and demands in Qatar (with data up to the year 2015) 

and discussed three different scenarios (optimistic, moderate, and pessimistic) of domestic 

water demand until the year 2040. In forecasting domestic water demand, the optimistic 

scenario used a population growth rate of 2.5%, the moderate scenario considered a growth 

rate of 5%, while the pessimistic scenario applied the average growth rate of 7.4% observed 

for the years 1955-2016. In more recent years, however, the Qatari population growth rate 

has been lower than these suggested figures. In fact, it reached 1.81% in 2019 and current 

estimates predict that the construction activity will be curtailed by 2022 when Qatar hosts 

the FIFA world cup, leading to a decline in the migrant worker's population and thus the 

overall future population (Karanisa et al., 2021). The scenarios were also based on different 

trends of domestic water demand; the optimistic and moderate scenarios assumed annual 

decreases of 2% and 0.5% in consumer water demand, while the pessimistic scenario 

considered no change in water demand for the forecast period. Although the results of this 

study highlighted the importance of reducing domestic water demand relative to the past 

desalination and water supply infrastructure capacity, the yearly reductions in demand of 

2% and 0.5% used in the optimistic and moderate scenarios, respectively, were not derived 

with respect to specific water demand management strategies that would be implemented 

in the future but served to suggest initiatives and measures that can improve the 

sustainability of water resources development in Qatar. Moreover, Alhaj et al. (2017) 

conducted an in-depth review of Qatar’s available renewable water resources, water 

consumption sources and patterns, water desalination plants, as well as Qatar’s water 

footprint by calculating the virtual water flow for the country (with data up to the year 
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2014). The study also served to suggest water conservation policies and strategies that 

could improve the sustainability of the water management scheme in Qatar, underlining 

the need for an integrated approach that not only accounts for the demand but also the 

supply side management. In line with achieving this goal, the following research work 

provides an overview of the water management scheme in Qatar, using the latest data that 

could be found in literature (2017-2019), with the aim to improve its sustainability on the 

demand and supply sides. To do so, this study attempts to quantify the future trends in 

domestic water demand using probabilistic population projections up to the year 2100, with 

respect to the current domestic demand management approach. It then investigates the 

potential impacts of viable water saving strategies, mainly increased water tariffs and 

greywater reuse in future households, on domestic water demand. These strategies were 

developed based on local data, studies from the Arabian Peninsula, and global 

observations. This research work also looks into developing the water supplies of the 

agricultural sector by increasing the reuse of treated wastewater in irrigation and seeking a 

new non-conventional water source that may replace groundwater, which is the liquid by- 

product generated by anaerobic digestion of municipal organic waste. Reducing the 

consumption from modern non-renewable resources (i.e. fossil-fuel powered desalination) 

and reusing treated wastewater and other recovered resources in different applications fall 

under the circular economy lens and align with Qatar’s National Development Strategy, 

which aims toward achieving the Sustainable Development Goals of the 2030 Agenda for 

Sustainable Development of the United Nations. 



10 

Chapter 2 
 

 
 

2. Methodology 
 

2.1. Rationale 
 
 

Desalination is the main source of domestic water supply in Qatar, contributing to 
 

more than 60% of the country’s total water demand (Planning and Statistics Authority, 
 

2018a). The average per capita water demand in Qatar has been one of the highest in the 

world, varying between 216 and 242 m3/capita/year for the period of 2015-2019 

(Kahramaa, 2020). Anticipating the increase in national water demand with rising 

population, the country constructed two additional desalination plants, with a combined 

capacity of 172 MIGD, bringing the total supply capacity of desalination units from 328 

MIGD (540 MCM) in 2014 to 500 MIGD (830 MCM) in 2017 (Rahman H & Javaid Z, 
 

2018). To enhance water savings, Kahramaa invested in reducing the leakage of the water 

distribution network from 29% to 6% by 2016 (Planning and Statistics Authority, 2018a). 

It also spent 4 billion dollars in 2018 on the world’s largest potable water mega-reservoir. 

The reservoir has been designed to provide seven days of reserve water supply in case of 

desalination shut-off, and is part of a project of 15 concrete reservoirs connected to the 

country’s main desalination plants, each with a capacity to hold 100 million gallons of 

water (Hussein, & Lambert, 2020). 

Qatar now relies on three desalination technologies for freshwater supply: the multi-stage 

flash distillation (MSF), the multi-effect distillation (MED), and reverse osmosis (RO). In 

order to reduce the environmental impacts associated with thermal desalination, there has 

been a shift of trend in desalination in Qatar to rely on using RO technologies to a greater 

extent, and the distribution of the overall capacity of desalination plants changed from MSF 
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(75%), MED (24%), and RO (1%) in 2010 to MSF (22%), MED (31%), and RO (47%) 
 

since 2016 (Rahman H & Javaid Z, 2018). 
 

While plans are underway to expand the desalination plants supply capacity and meet the 

future water demand of the growing population for at least the next 50 years, this process 

is environmentally unsustainable (Alhaj et al. 2017). The thermal-based MSF and MED 

facilities are energy-intensive, consuming more than 20 kWh/m3 of desalinated water, 

while membrane-based RO systems require an energy supply of 4-5 kWh/m3 of desalinated 

water for operation (Darwish et al. 2016). Substantial GHG emissions result from burning 

fossil fuels in desalination processes. The carbon footprint associated with desalination 

ranges from 0.3 to 26.94 kg CO2 eq/m3 of water produced using MED and reaches up to 

34.7 kg CO2 eq/m3 of water produced using MSF. For RO technologies, it is significantly 
 

lower and falls between 0.08 and 4.3 kg CO2 eq/m3 of desalinated water (Cornejo et al., 
 

2014; Jiahong et al., 2015). Desalination also has negative effects on marine ecosystems 

due to the discharge of concentrated brine at high temperature into the sea (Darwish et al., 

2013). Additionally, the country's future financial ability to maintain the same approach to 

water management could be compromised given the fluctuating fossil-fuel prices, which 

represent 70-80% of all desalination costs (Alhaj et al. 2017; Darwish et al., 2016). Qatari 

nationals are still granted desalinated water for domestic use free of charge, and non- 

nationals pay for water depending on the volume of water consumed past a given threshold 

(increasing block structure) at a highly subsidized cost: it starts at 1.21 USD/m3 for the first 

20 m3 of monthly water use (55.84% subsidization rate) and rises to 2.58 USD/m3 past 250 
 

m3 of monthly water use, while to the true cost of production and distribution of desalinated 

water is valued at 2.74 USD/m3 (Mackey H et al., 2018; Srouji, 2017). In addition, although 
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Qatar has broad network system for the collection and treatment of domestic wastewater, 

greywater and black water are currently diverted into one sewer line before being sent for 

treatment through the main sewage network (Alghool et al., 2019). 

Thus, two water demand management strategies were considered in this study to lower 

domestic water demand and desalinated water production: increasing water tariffs 

(Alternative 1) and the implementation of in-house greywater treatment and reuse 

(Alternative 2). 

On the other hand, groundwater withdrawals contribute to nearly 25% of total water 

supply in Qatar and have been estimated at around 250 MCM/year throughout the period 

of 2008-2016. The decrease in groundwater storage is primarily attributed to water 

abstraction for agricultural irrigation which amounted to 226-230 MCM/year during the 

same period. (Alhaj et al., 2017; Planning and Statistics Authority, 2018a). In recent years, 

local farmers started adopting modern cultivation techniques such as greenhouse structures 

and efficient water-conserving irrigation methods in order to improve their agricultural 

production while consuming less water. As a result, water use per unit of agricultural 

produce dropped from 940 m3 to 437 m3 between 1995 and 2013 (Alhaj et al., 2017; 

Karanisa et al., 2021). Treated wastewater also started being used to grow some nonedible 

crops and fodder. However, because of Qatar's limited water resources and arid climate, 

agriculture remains an emerging activity in the country, which imports more than 90% of 

its food requirements. The total virtual water flow of agrifood products into Qatar 

amounted to 24,470 MCM for the period of 1998–2015, with an average virtual water flow 

of 1,350 MCM/year (Alhaj et al., 2017; Mohammed & Darwish, 2017). The growth in 

population and per capita income contribute substantially to the increase of agrifood 
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demand and virtual water trade of Qatar, whereby every 100,000 increase in population 

could result in a need for an additional 127 MCM of virtual water (Mohammed & Darwish, 

2017). With the start of political rift between Qatar and some of its GCC neighbors in 2017, 

the country no longer imported food from Saudi Arabia (KSA) and the United Arab 

Emirates (UAE), its largest food trade partners (Embassy of the Kingdom of the 

Netherlands in Doha, 2019), and Qatar’s self-sufficiency ratio in agrifood decreased from 

13.5% in 2014 to 11.5% the same year of the blockade (Alhaj et al., 2017; Karanisa el al., 
 

2021). Meanwhile, Qatar still aims to increase its self-sufficiency of agrifood needs to 40% 

by 2025, which will likely put additional pressure on dwindling groundwater resources if 

no other water resources are utilized (Hussein & Lambert, 2020). Remaining groundwater 

withdrawals for use by different sectors have been stabilized by 2016 as follows: 0.18 

MCM/year for the industrial and construction sectors, 9.7 MCM/year for domestic wells, 

and 10.4 MCM/year for municipal wells (Alhaj et al., 2017; Planning and Statistics 

Authority, 2018a). 

Overall, groundwater withdrawals have been exceeding the rate of replenishment 

and annual deficits in groundwater reserves in the range of 97-158 MCM were observed in 

the past decade due to irrigation water needs (Planning and Statistics Authority, 2018a). 

Therefore, to improve the sustainability of the water management scheme at the level of 

the agricultural sector, two approaches were considered to increase the available water 

supply for irrigation. The first looked into the impact of increasing the fraction of treated 

wastewater reuse in irrigation relative to groundwater abstraction, while the second 

investigated the possibility of developing a new water resource by recovery of the liquid 

fraction generated by anaerobic digestion of municipal organic waste. 
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2.2. Demand-side water management strategies 
 

The impacts of higher water tariffs (Alternative 1) and greywater reuse (Alternative 
 

2) on domestic water demand were evaluated relative to the current governmental approach 

to water demand management, whereby the increase in domestic water demand is met by 

a similar level of growth in desalination capacity (current conditions). For this analysis, 

domestic water demand was estimated up to the year 2100 using probabilistic population 

forecasts established by the United Nation’s Department of Economic and Social Affairs, 

which include lower 95%, median, and upper 95% projections (United Nations, 2019), and 

using the per capita water demand figures reported by Kahramaa between 2015 and 2019, 

with a minimum value of 216 m3/c/year (592 LCD), an average of 227 m3/c/year (623 

LCD), and a maximum of 242 m3/c/year (663 LCD) (Kahramaa, 2020). 
 

 

2.2.1. Impact of water tariffs 
 

The impact of water tariff reforms on water consumption was projected by applying 

the principles of price elasticity of demand (PED). PED is a measure that assesses the 

sensitivity of the water demand slope to the change in water price. A studied commodity 

is said to be price inelastic when the change in price has little effect on the quantity 

demanded (-1 < PED < 0), whereas it is elastic when it is strongly affected by price changes 

(PED greater than -1) (Srouji, 2017). Recent studies on domestic water demand price 

elasticity from the Arabian Peninsula have covered the United Arab Emirates (UAE) 

(DeFelice and Gibson, 2013; Srouji, 2017). The UAE is a neighboring country to Qatar 

and is characterized by a high water demand (544 LCD), historically linked to the country’s 

wealth, subsidized utilities, and the government continuous investment in desalination 

infrastructure. The government has had a fully subsidy for water supplied to UAE nationals 
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and about 71% for non-nationals until 2014. It then restructured water tariffs, starting 

January 2015, to subsidy nationals by around of 75% compared to 21.7% for expatriates. 

Previous estimates of PED for Abu Dhabi, capital and largest emirate of the federation, 

were established by DeFelice and Gibson (2013) in the range of -0.37 and -0.27 based on 

global findings. Srouji (2017), however, studied the impact of water price increases on 

elasticity of demand in Abu Dhabi between 2014 and 2015 (full year comparisons). It was 

found that the average PED is -0.23 for all nationals and -0.33 for all non-nationals, 

indicating that water consumption is rather price inelastic. Since the actual elasticity of 

water demand in Qatar is unknown due to the lack of data on water consumption changes 

with respect to water price variation, PED values of the UAE were used in this study (-0.23 

for all nationals and -0.33 for all non-nationals), as both countries are members of the CCG 

with tremendous natural gas reserves, share a similar economy and demography (~ 88% 

expatriate workers and only 12% nationals), and have had comparable consumption habits 

linked to the incessant supply of desalinated water at heavily subsidized costs (Baalousha 

& Ouda, 2017; Srouji, 2017). 
 

Global studies of PED used two main categories of water demand data: bulk water 

demand and metered water demand. The data provided by Qatar’s water utility correspond 

to bulk water use divided over the population to obtain the yearly per capita water demand, 

as metered water data are not yet fully introduced (Alrefai, 2020). Statistical data on the 

number of water users and water use per tariff block are therefore not available. The 

average per water capita demand values reported by Kahramaa for the years 2015-2019 

fall within the first block of the water pricing system in Qatar (< 20 m3/c/month; 1.21 

USD/m3). Consequently, water price increases were applied with respect to the first block, 
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considering it should be representative of the reduction in average per capita water demand 

due to tariff reform. Given that the real value of desalinated water in Qatar amounts to 2.74 

USD/m3 of water produced and in accordance with the pricing reforms adapted by UAE, 
 

Alternative 1 considered that the Qatari government will subsidy nationals by 75% as 

opposed to 100% and that nationals will pay 0.69 USD/m3 of used water, whereas subsidy 

will be reduced from 55.84% to 6.5% for non-nationals by increasing water price to 2.63 

USD/m3. Water consumers’ response to increased tariffs is also linked to the number of 

users who receive or pay a bill. A national phone survey conducted by researchers at Qatar 

University in 2015, revealed that the water billing system in Qatar is inefficient, as only 

8% of nationals and 51% of expatriates ever received a bill. Among the expatriates, only 
 

45% pay their own bill, while for over half of them, it is paid by their employers (Hussein 
 

& Lambert, 2018). Hence, Alternative 1 considered that water use should be fully metered 

by 2024 and that 100% of water consumers will receive and have to pay their water bill. 

The final domestic water demand values after a full year following water price increases 

were estimated using two PED models. 

The following model was used by DeFelice and Gibson (2013) to estimate water demand 

changes with price: 

w ൌ αpe

 
Where 𝑤 = demand, 𝑝 = price, e = demand elasticity and 𝛼 = constant determined by

 
dividing  current  demand  by  current  price  raised  to  a  power  equal  to  the  elasticity 

 
(determined using the initial water demand and price information). The above function can 

estimate water demand changes with pricing reforms at the level of non-nationals but will 

yield invalid results for nationals who receive water at no charge. Consequently, the 
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midpoint  method  for  elasticity  was  employed  to  alleviate  the  discrepancy  of  fully 
 

subsidized water price and estimate water demand changes for nationals (Srouji, 2017): 
 

PED ൌ | 
ሺQ1 െ Q0ሻ/ሺQ1 ൅ Q0 ሻ 

| ሺP1 െ P0ሻ/ሺP1 ൅ P0ሻ 
 

Where �0  is the initial marginal water price, �1  is the new marginal price, �0  is the initial
 

water demand value, and �1 is the new water demand value.

 
2.2.2. Impact of greywater reuse 

 
Greywater recycling has been previously tested by Alghool el al. (2019) for a 

residential villa in Qatar, where greywater was separated from black water by retrofitting 

at different end points and reused to replace a fraction of the consumed desalinated water. 

A prototype dual-purpose GSM-based smart water/power nano-grid was implemented in 

this residential unit and was coupled with on-site treatment and recycling of greywater 

using a RO unit, providing users with information about their water consumption as well 

as quality of the recycled greywater. As a result, a 20% reduction in freshwater 

consumption was reached by reusing treated greywater for cleaning, flushing, laundry, and 

gardening. The study noted, however, that efficiency improvements in the adopted 

greywater collection network and treatment systems can be made to increase the volume 

of reusable greywater. In this context, global studies have shown that domestic water 

consumption can be reduced by up to 30-59% for different greywater reuse systems and 

domestic applications (Byrne et al., 2020; Samayamanthula et al., 2019). 

The implementation of greywater reuse is also dependent on the level of awareness of the 

public on the problem of water shortage, the advantages of greywater reuse and water 

conservation, their desire to apply in-house greywater reuse, and their opinion about its 

quality (Al-Jasser, 2011). In a recent survey on the Qatari's public perception of treated 
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wastewater reuse, Lambert & Lee (2018) established that Qataris are very likely to accept 

the use of greywater to replace desalinated water in various residential applications. A wide 

majority of the respondents said they would use treated greywater in garden irrigation (85- 

92%), toilet flushing (72-83%), or car washing (71-76%), with particularly 82% of Qataris 

and 91% of expatriates in favor of using greywater in landscaping. However, the 

consumption of fully treated greywater for drinking was not accepted, due to health 

concerns, psychological repugnance, and religious norms. Lambert & Lee (2018) also 

emphasized that the high level of acceptance of greywater use stems mainly from the fact 

that retrofitting costs associated with the separation of grey and black waters will be fully 

covered by the government, being the primary stakeholder with the greater interest in 

introducing water efficiency measures, since most Qatari residents do not own their houses. 

Recycling greywater by retrofitting all buildings in Qatar is not economically sound 

and should be applied only where enough water resources are available and minimal 

engineering costs are required (i.e. future household units) (Lee & Lambert, 2018). 

Therefore, Alternative 2 estimated the potential savings in domestic demand for 

desalinated water by integrating greywater reuse in new residential units, assuming the 

growth in the number of households is based on population. According to the General 

Census of Population, Housing and Establishments (2015), the number of built and 

occupied residential units in Qatar increased from 146,707 to 201,432 between 2010 and 

2015, at an annual rate of 6.55%, which strongly correlates with the average annual 

population growth rate (6.78%) for the same period. Nearly 40% of the population 

(955,769 members) occupied those residential units (Ministry of Development Planning 

and  Statistics,  2016).  For  Alternative  2,  it  was  considered  that  new  houses  under 
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construction will be required to build a greywater reuse system by including designs in the 

plans and making the construction permit conditional on incorporating a greywater reuse 

system, starting 2024. This would ensure a 100% response rate to greywater recycling in 

the future. It was also considered that the implementation of greywater reuse systems in 

new households is optional and will be promoted through awareness campaigns and water 

conservation programs, with an anticipated response rate of 70-90% based on the survey 

by Lee & Lambert (2018). A probable 20% reduction of the domestic water consumption 

by using treated greywater was first used in accordance with the findings of the system 

tested by Alghool et al. (2019), and then increased to 50% by minimizing the losses induced 

during the collection, treatment, and recycling processes of greywater, based on global 

observations. 

2.3. Supply-side water management strategies 
 

 

2.3.1. Impact of improved wastewater reuse 
 

Darwish et al. (2015) showed that the quality of treated wastewater effluent in Qatar 

is safe for reuse in crop irrigation, with minimal risks to soil, groundwater, and crops. By 

2017, a total of 24 urban wastewater treatment facilities were in operation across the 

country, with a total design capacity of 302.17 MCM/year. The volume of wastewater 

generated was 233.91 MCM in 2017, of which 231.47 MCM were collected (98.95% 

wastewater collection rate) and 228.668 MCM actually treated (98.8% wastewater 

treatment rate). All wastewater treatment facilities were equipped with at least a secondary 

level of treatment to remove organic pollutants and nitrogen using anaerobic–anoxic– 

aerobic methods (Alhaj et al, 2017). Five of these facilities used biological treatment only 

and received less than 0.19% of the collected wastewater stream, while tertiary level 
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treatment was implemented in the remaining facilities with around 30% of the wastewater 

passing through disinfection and 70% of the wastewater being treated by removal of 

nitrogen and phosphorous (Alsheyab & Kusch Brandt, 2018; Planning and Statistics 

Authority, 2018a). Collectively, the treatment efficiency of wastewater treatment plants in 

Qatar reached 95% in terms of BOD5 and 90% in terms of COD in most of the years during 

the period 2004-2017, and nitrogen and phosphorous removal rates of 78-80% and 52%- 

85% were achieved by Qatar’s three largest wastewater treatment facilities in 2017 

(Planning and Statistics Authority, 2018a). In the same year, around 57% of the TSE was 

reused for agriculture (29.93%) and green space irrigation (26.94%), 27.93% of the TSE 

was injected into aquifers, and the excess TSE was directly discharged into lagoons 

(14.96%) and the sea (0.24%) due to the lack of infrastructure to divert the water for use in 

different applications (Planning and Statistics Authority, 2018a). These figures suggest that 

around 15% of the treated wastewater may be recovered towards reuse in irrigation. The 

current wastewater collection and conveyance networks can therefore be expanded to allow 

additional TSE reuse in irrigation. 

Therefore, to evaluate the impact of improved wastewater reuse in agriculture, the 

volume of treated wastewater that can be used to cover irrigation demand without the need 

for groundwater abstraction was evaluated up to the year 2100 by: (1) maintaining the same 

approach to TSE reuse applications, whereby 30% TSE is reclaimed for irrigation and 15% 

TSE is sent to lagoons due to the lack of infrastructure that supports the reuse of the total 

TSE generated-(2) increasing TSE reuse in irrigation to 45% by incorporating the fraction 

of TSE lost to lagoons and the sea in the expansion of the wastewater reuse infrastructure. 
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The volume of treated wastewater available for reuse in irrigation was also assessed with 

respect to the current conditions, Alternative 1, and Alternative 2. 

 

2.3.2. Impact of recovering water from solid waste 
 

Municipal solid waste (MSW) management continues to be a serious challenge faced 

by Qatar, and is fueled by its fast growing population, urbanization, industry, and economy. 

The country already generated more than 2  million tons of MSW in 2011 (Al-Maaded, 

2012) and has had one of the world's highest per capita waste generation rates at 1.37 

kg/capita/day (2008-2014) (Embassy of the Kingdom of the Netherlands in Doha, 2019). 

Around 57% of the generated MSW in Qatar is comprised of organic materials, while the 

remaining fraction is made up of recyclables: plastics (13%), paper (17%), metals (5%), 

construction  and  demolition  waste  (5%),  and  glass  (3%)  (Al-Maaded,  2012; Qatar 

Development Bank, 2017). MSW is managed by Doha’s main waste processing plant, the 

Domestic Solid Waste Management Centre (DSWMC). Established in 2011, it treats 

around 2,300 tons/day of comingled solid waste by sorting and recycling (26%), 

composting (35%), waste-to-energy applications (38%), and landfilling of non-renewable 

materials (Clarke et al., 2016). Overall, more than 95% of the waste managed by DSWMC 

is reclaimed or converted to energy, with 30 MW of electricity produced by incineration 

of non-organic waste and 8 MW generated by anaerobic digestion combined composting. 

(Embassy of the Kingdom of the Netherlands in Doha, 2019). With the anaerobic digestion 

combined composting process adopted by DSWMC, the generated biogas is exhausted as 

fuel in a combined heat and power unit. The electricity produced from biogas is used to 

handle the digestate and aerate the composters. For the aerobic digestion stage, the 

digestate and effluent from AD are fed into the composter with the addition of leaves and 
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yard waste, producing 300 kg of compost/ton of waste processed (Al-Rumaihi et al., 2020). 

In 2013-2014, a total of 2,700 tons/day of domestic solid waste was produced in Qatar, of 

which 2,300 tons were treated and the remaining 400 tons sent to the Mesaieed landfill 

(Farah, 2016). Because of DSWMC limited treatment capacity, the current waste 

management system is unable to cope with the amount of MSW produced by the growing 

population and is already stretched beyond its capacity following the closure of one of the 

country’s three main landfills (Umm Al-Afai) in 2012 (Bello, 2018). The Qatari 

government should thus consider other sustainable waste disposal methods such as AD to 

replace landfilling in Qatar, where land availability is limited. 

Effective management and treatment of MSW by incorporation of AD reduces the 

environmental impacts associated with other disposal methods, with an 18% to 40% lower 

carbon footprint than landfilling and combined sorting-composting-incineration process 

(Kang J, & Yuan, 2017). AD of the OFMSW is usually followed by a mechanical 

separation of raw digestate (the end product of the AD) into a liquid and a solid fraction 

(Akhiar, 2017; Akhiar el al., 2019). A digestate of 60-70% liquid content is generally 

produced when the OFMSW undergoes a dry AD process (Mohanakrishnan & 

Visvanathan, 2019). After solid–liquid separation, the liquid fraction retains some nutrients 

and suspended solids. Digestate can then be processed into sustainable bio-fertilizers for 

crop production (e.g. Guido et al, 2020; Ronga et al., 2020; Sigurnjak et al., 2017), or may 

undergo a treatment similar to that of wastewater in order to remove nutrients and organic 

matter before it can be safely discharged into a receiving water body (Mohanakrishnan & 

Visvanathan, 2019). 
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In this study, the volume of liquid that can be recovered by anaerobic digestion in Qatar 

was estimated considering the total fraction of MSW that exceeds the current capacity of 

the DSWMC and is being diverted to landfills, while assuming no expansion of the 

DSWMC capacity during the study period. The mass of MSW was first determined on a 

yearly basis using the population forecasts and the average MSW generation rate of 1.37 

kg/capita/day. Then, the volume of liquid digestate produced by AD of OFMSW was 

projected by considering that 57% of the comingled domestic waste is organic and that 50- 

70% of the OFMSW mass is generated as a liquid by-product. 
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Chapter 3 
 

 
 

3.   Results and discussions 
 

 

3.1. Impact of increased water tariffs on domestic water demand 
 

The water subsidy reduction range considered in this study, results in an increase of 

water tariffs to 0.69 USD/m3 for nationals and from 1.21-2.58 USD/m3 to 2.63-5.6 USD/m3 

for expats. Within the sensitivity range of 592-663 LCD, the tariffs increase is expected to 

reduce the total domestic water demand by up to 24% (average = 393  22 LCD for expats 

and 488  27 LCD for expats) under lower 95%, median, and upper 95% population 

projections. 

 

Under the current conditions of water pricing in Qatar, and within the sensitivity range 

of 592-663 LCD, the domestic water demand is anticipated to surpass the current supply 

capacity of the desalination plants (830 MCM/year) during 2030-2040 (by 39.5 to 51%) 

under upper 95% population projections, during 2035-2050 (by 12 to 21.4%) under median 

population projections, and only in year 2035 (by 6%)  for the highest demand (663 LCD) 

under lower 95% population projections (Figures 1.a to 1. b). 

 

In comparison, domestic water demand is not likely to exceed the present-day supply 

capacity of the desalination facilities, within the sensitivity range of 592-663 LCD, for 

lower 95%, and median population forecasts (Figures 1.a and 1.b). However, under upper 

95% population forecasts, domestic water demand could exceed the desalination supply 

capacity between 2070 and 2090 (by 2.5 to 16.4%). 

 

Hence, higher water tariffs have the potential to reduce the pressure on desalination 

plants either by stabilizing domestic water demand below the current supply capacity of 
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the desalination units (the case of the median and lower 95% population projections) or by 

delaying the need to expand the desalination and water supply infrastructure by several 

decades in comparison to the current conditions (the case of the upper 95% population 

projections). 

 

Similarly, reducing water demand will limit the need for expansion of wastewater 

treatment facilities. Under current conditions, the results suggest that wastewater 

generation could become 15% to 62% higher than the current wastewater treatment 

capacity (302 MCM/year). Expansion of the wastewater collection and treatment 

infrastructure is needed around the years 2027-2040, if the median and upper 95% 

population projections are reached (Figures 2.a and 2.b). 

 

By increasing water tariffs on domestic water consumption, the volume of produced 

wastewater is expected to drop to 202-300 MCM for the lower 95% and median population 

projections (Figure 2.a and 2.b). The capacity of the wastewater treatment plants is only 

exceeded when considering the upper 95% population forecasts, starting 2055. In this case, 

wastewater generation could reach 328-373 MCM by 2100, which is 9-24% higher than 

the present capacity of the wastewater treatment facilities (Figure 2.c). 



26 

c 

. 

..

u

".£.; 1

0

"' 

"..' 
1100

. 

a) 
950 

 
900 

"..'  850 

 
 
 
 
Lower95% 

:E  
800  Population Projections 

u 
750 

-+-Current Conditions - 
"C      700  Domestic Demand (663 LCD) 

E"'  650 -+-Current Conditions- Domestic 

Demand (623 LCD) 
0 600 

-+-Current Conditions - 
Domestic Demand (592 LCD) 

s":'  550
 ..._Alternative 1:Domf'stic 

-       500 Demand (415-524 LCD)
 

E   450 - . Alternative 

1:Domestic 
0 Demand (390-494 LCD) 
0 400 

..,..Alternative 1:Domestic 

350 Demand (371-461LCD) 

 
300 

2020    2025      2030    2035    2040    2045     2050    2055      2060     2065    2070   2075    2080    2085     2090    2095    2100 

Years 
 

 
 

"..' 

 

b) 
1050 

1000 

950 

.....   900  Median 

:E   850 
Population Projections 

800 
-+-Current Conditions - 

"cC     750  Domesti c Demand (663 LCD) 

E"..'  700 
0 650 

-+-Current Conditions - 
Domesti c Demand (623 
LCD) 

-+-Current Conditions- 

600 Domesti c Demand (592 LCD) 

s:  550 -+-Atl ernative 1:Domestic 
u Demand (415-524 LCD) 

500 
......Atl ernative   :Domestic 

E   450  Demand (390-494 LCD) 
0 

400  .......Alternative 1:Domestic 

Demand (371-461LCD) 
350 

300 

2020    2025      2030     2035    2040     2045    2050     2055      2060    2065      2070    2075     2080    2085      2090     2095      2100 

Years 

c) 
1300 

1250 

1200 

1150 

..... 

 
 
 
 

Upper95% 

:E 
u 1050 

Population Projections 

1000 -+-Current Condition;- 

c"C       950  Domestic Demand (663 LCD) 

E"'  900 -+-Current Condition;- 
850  Domestic Demand (623 LCD) 

0 
 

s":' 
t.;. 

800  Current Conditions - 

750  Domestic Demand (592 LCD) 

700  _._ Alternative 1:Domestic 

650 

u Demand {415-524LCO) 

E    600 _._ Alternative 1:Domestic 

0   550 Demand (390-494 LCD) 
0 -+-Alternative 1:Domestic 

500 Demand (371-461LCD) 
450 

400 

2020      2025     2030    2035      2040     2045      2050     2055      2060      2065     2070      2075     2080    2085      2090     2095      2100 

Years 

 
Figure  1. Domestic  water  demand  forecasts  under  the  Current  Conditions  and Alternative  1, 

considering (a) upper 95%, (b) median, and (c) lower 95% probabilistic population projections. 
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Figure 2. Domestic wastewater generation forecasts under the Current Conditions and Altematrive 

 
1, considering (a) upper 95%, (b) median, and (c) lower 95% probabilistic  population projections 
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3.2. Impact of greywater reuse on domestic water demand 
 

The impact of reusing treated greywater in new residential units on future domestic 

water consumption was studied, assuming 100% response, within the sensitivity range of 

592-663 LCD. Based on the local figure of 20% reduction (Alghool et al., 2019), the total 

volume of recycled greywater could reach 12-13 MCM in 2100 for the lower 95% 

population projections, 20-23 MCM for the median population estimates, and 37-42 MCM 

for the upper 95% population forecasts (Figure 3-a). However, by reaching a higher 

reduction of 50%, similar to global rates (Byrne et al., 2020; Samayamanthula et al., 2019), 

the total volume of reclaimed greywater could amount to 29-33 MCM for the lower 95% 

population projections, compared to 51-57 MCM and 93-105 MCM for median and upper 

95% population forecasts, respectively (Figure 3-b). Thus, greywater reuse has the 

potential to save 1.7-3.4% of the country’s domestic water demand that can go up to 4.2- 

8.4%. 
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Figure 3. Volume of reused greywater, for the upper 95%, median, and lower 95% probabilistic 

population projections with: (a) 20% reduction and (b) 50% reduction in domestic consumption 

 

 

3.3. Impact of increasing treated wastewater reuse on water supply for irrigation 
 

Under the current rate of 30% TSE reuse, adopting median population projections 

within the sensitivity range of 592-663 LCD, the reclaimed water can supply 34% to 38% 

of the total agricultural irrigation demand – equivalent to 102-114 MCM by year 2100 

(Figure 4). However, by making use of the 15% TSE currently disposed in lagoons, the 
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reuse rate increases to 45%, leading to a supply equivalent to 51%-56% of the total 

irrigation water supply – equivalent to 153-171 MCM by year 2100 (Figure 4.a). 

 

It should be noted that implementing water demand reduction strategies 

(Alternative 1 and Alternative 2) would reduce the volume of produced wastewater, thus 

the overall amount of TSE available for reuse. Combining increased TSE reuse with higher 

water tariffs (Alternative 1), under median population projections, the potential irrigation 

supply drops to 26%-29% for 30% TSE reuse and may reach 39%-44% if TSE reuse 

increased to 45% - equivalent to 77-88 MCM and 116-132 MCM by 2100, respectively 

(Figure 4.b). These rates remain substantial. 

 

Similarly, combining increased TSE reuse with greywater reuse (Alternative 2), 

under median population projections, the volume of water available for irrigation decreases 

only marginally to: (a) 99-111 MCM and 150-168 MCM in 2100 using 30% and 45% TSE 

reuse, respectively, in case of 20% saving in domestic water use (Figure 5.a); and (b) 96- 

107 MCM and 144-162 MCM for 30% and 45% TSE reuse, respectively, in case of 50% 

saving in domestic water (Figure 5.b). Overall, the volume of TSE that can be allocated to 

the agricultural sector amounts to 32%-56% of the aggregate irrigation water needs. 
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Figure 4. Volume of TSE that can be used in irrigation for 30% and 45% TSE reuse rate, adopting 

median population projections, under: (a) current conditions, and (b) increased water tariffs 
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Figure 5. Volume of TSE that can be used in irrigation for: (a) 30% and (b) 45% TSE 
 

reuse rate, combined with greywater reuse 
 

 
3.4. Liquid fraction of the AD of OFMSW 

 
The water in the OFMSW that is currently landfilled, ends as leachate that is usually 

treated and evaporated in lagoons. Alternatively, this water may be recovered through 

anaerobic digestion. In this case, about 0.5 MCM may be recovered in 2100, assuming 50% 

of the OFMSW is recovered as liquid digestate (Figure 6-a). This value may reach 0.7 

MCM if the recovered liquid is 70% of OFMSW (Figure 6-b) – adopting the upper 95% 
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population forecasts. These results show that AD may not be considered a substantial water 

source for the agricultural sector. 

 

 
 

Figure 6. Water recovered by AD of OFMSW, for the upper 95%, median, and lower 95% 

probabilistic population projections with: (a) 50% of OFMSW (b) 70% of OFMSW as liquid 

digestate 
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Chapter 4 
 

 
 

4.   Recommendations and conclusions 
 

 

4.1. Recommendations and future research 
 

This study showed that water pricing is a major determinant in reducing domestic water 

demand. Yet, accurate water metering should be the starting point to capture water 

consumption patterns, categories and variables. Those are needed to calculate accurate and 

location-specific PED values, followed by water demand modeling and forecasting based 

on socio-economic variables (e.g. water price, location, social status, consumer and 

property characteristics, etc.), and weather characteristics. Only then, efficient water 

pricing strategies may be developed and effectively implemented (Alrefai, 2020). 

 

Also, a detailed analysis is needed for the potential of reusing greywater in various 

residential applications (toilet flushing, garden watering, floor cleaning, car washing, 

clothes washing, etc.). This allows a practically accurate estimation of the impacts of 

greywater reuse, and allows informed decision making for the reduction of water demand, 

combining water pricing and greywater reuse. The studied demand and supply 

management initiatives can then be merged in a single scenario by considering the 

interrelations between the various demand and supply sectors, in order to perform a 

scenario-based optimization and find the configuration of strategies that would best 

improve the water management scheme in Qatar. 

 

From a supply perspective, this study showed that reusing all the TSE, currently 

disposed in evaporation lagoons, has a considerable impact on agricultural water supply – 

thus reducing the extraction of fossil water. Yet, financial and technical analyses are needed 
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to assess the feasibility of this alternative. This has to be combined with agriculture-related 

issues and solutions, including climate change adaptation and the use of modern production 

methods (e.g. greenhouses and hydroponics, among others) to minimize the use of space, 

soil, and water (Karanisa el al., 2021). 

 

Other non-conventional water resources need to be considered and for specific 

applications. Those include the 2 m3 of brine generated for every 1 m3 of desalinated 

freshwater produced and discharged into the Arabian Gulf (Sezer et al., 2017). Several 

technologies may be investigated, such as membrane distillation, reverse osmosis, 

nanofiltration, and ultrafiltration (Adham et al., 2013). Another possible source is the 

wastewater generated during the extraction of natural gas and oil in Qatar, which is 

currently being injected into deep wells (Shaikh et al., 2020). A water-to-oil ratio of 3:1 

was previously estimated for Qatar, implying that 3 barrels of wastewater is produced for 

every barrel of extracted oil (Echchelh et al., 2018). Various technologies have been 

proposed such as membrane bioreactors (Jason et al., 2014), sand filtration, activated 

carbon filtration, and modified activated carbon filtration (Al-Kaabi et al., 2016), 

adsorption using natural and synthetic adsorbents (Yousef et al., 2020), bioelectrochemical 

treatment (Mohanakrishnan et al., 2019), and finally combined chemical precipitation and 

filtration units (Ersahin et al., 2018). 

 

Finally, studies on the impacts of climate change on water security, with plans to 

increase the resilience of water supply infrastructure are lacking in Qatar (Al-Saidi & 

Saliba, 2019). Future research should therefore incorporate the climate change impacts on 

water resources availability and water demand sectors. Decision-support modeling 

packages can aid in simulating climate change scenarios and developing a combination of 
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water demand and water supply management strategies under various environmental and 

associated uncertainties (Wang et al, 2016). 

 

4.2. Conclusions 
 

Qatar is a water scarce country relying mainly on desalination and extraction of non- 

renewable water to provide the country’s water demand. This calls for creative approaches 

to improve the sustainability of the water management scheme, through reduced water 

demand and new non-conventional supply methods. For the demand-side management, this 

study revealed that increasing water tariffs could substantially lower water consumption 

by up to 24%, and delay the need to expand the desalination infrastructure past the year 

2060. On the other hand, integrating greywater treatment and reuse in new constructions 

could save up to 1.7-8.4% of domestic water demand. As for the supply-side management, 

the study showed that upgrading the wastewater reuse network, to convey the 15% of TSE 

currently discharged in lagoons, could supply up to 39-56% of the total irrigation water 

demand. Recovering water from the OFMSW by anaerobic digestion cannot supply a 

considerable amount of water. 



37 

References 
 

 

Adham, S.; Hussain, A.; Minier Matar, J.; Janson A., & Gharfeh, S. (2013) Screening of 
advanced produced water treatment technologies: overview and testing results, IDA 
Journal of Desalination and Water Reuse, 5(2), 75-82. doi: 
10.1179/2051645213Y.0000000009 

 
Akhiar, A. (2017). Characterization of liquid fraction of digestates after solid-liquid 
separation from anaerobic co-digestion plants. Chemical and Process Engineering. 
Université Montpellier. https://tel.archives-ouvertes.fr/tel-01684830/document 

 
Akhiar, A., Zamri, M., Torrijos, M., Battimelli, A., Roslan, E., Hanif, M., Shamsuddin, 
A.H., & Carrère, H. (2019). Current Technology on Nutrients Removal, Recovery and 
Reuse from Liquid Fraction of Digestate. Test Engineering and Management, 81, 5861- 
5868. https://www.researchgate.net/publication/339551916 

 
Alghool, D., Al-Khalfan, N., Stabrag, A., & Musharavati, F. (2019). Perspectives on 
Dual-Purpose Smart Water Power Infrastructures for Households in Arid Regions, 
Electric Power Conversion, Marian Găiceanu, IntechOpen. doi: 
10.5772/intechopen.83626. Available from: https://www.intechopen.com/books/electric- 
power-conversion/perspectives-on-dual-purpose-smart-water-power-infrastructures-for- 
households-in-arid-regions 

 
Alhaj, M.A.; Mohammed, S.; Darwish, M.; Hassan, A.; Al-Ghamdi, S.G. (2017). A 
review of Qatar’s water resources, consumption and virtual water trade. Desalination and 
Water Treatment, 90(2017), p. 70–85. doi: 10.5004/dwt.2017.21246 

 
Al-Jasser, A. (2011). Greywater reuse in Saudi Arabia: Current situation and future 
potential. Greywater reuse in Saudi Arabia: Current situation and future potential, 153, 
159-169. doi: 10.2495/WS110151 

 
Al-Kaabi M, Ghazi AB, Qunnaby R, Dawwas F, Al-Hadrami H, Khatir Z, Yousif M, 
Ahmed T, Al-Ghouti MA. (2016). Enhancing the Quality of “Produced Water” by 
Activated Carbon. Qatar Foundation Annual Research Conference Proceedings 2016: 
EEPP2459. doi: 10.5339/qfarc.2016.EEPP2459 

 
Al-Maaded, M., Madi, N.K., Kahraman, R., Hodzic, A., & N. G. Ozerkan, N.G. (2012). 
An Overview of Solid Waste Management and Plastic Recycling in Qatar. Journal of 
Polymers and the Environment, 20, 186–194. doi: 10.1007/s10924-011-0332-2 

 
AlMamoon, A.; Joergensen, N.E.; Rahman, A.; & Qasem, H. (2014). Derivation of new 
design rainfall in Qatar using L-moment based index frequency approach. International 
Journal of Sustainable Built Environment, 3(1), 111-118. doi: 
10.1016/j.ijsbe.2014.07.001 



38 

Alrawi, O., Bayram, I. S., Al-Ghamdi, S. G., & Koc, M. (2019). High-Resolution 
Household Load Profiling and Evaluation of Rooftop PV Systems in Selected Houses in 
Qatar. Energies, 12(20), 3876. doi:10.3390/en12203876 

 
Alrefai, B.M. (2020). Price Elasticity and Determinants of Residential Water 
Consumption in Al Ain Region. Civil and Environmental Theses.20. 
htpps://scholarworks.uaeu.ac.ae/civil_enviro_theses/20 

 
Al-Rumaihi, A., McKay, G., Mackey, H. R., & Al-Ansari, T. (2020). Environmental 
Impact Assessment of Food Waste Management Using Two Composting Techniques. 
Sustainability, 12(4), 1595. doi:10.3390/su12041595 

 
Al-Saidi, M.; Saliba, S. (2019).Water, Energy and Food Supply Security in the Gulf 
Cooperation Council (GCC) Countries—A Risk Perspective. Water, 11(3), 455. doi: 
10.3390/w11030455 

 
Alsheyab, M.A.T.; Kusch-Brandt, S. (2018) Potential Recovery Assessment of the 
Embodied Resources in Qatar’s Wastewater. Sustainability, 10(9), 3055, p.1–16. doi: 
10.3390/su10093055 

 
An M, Fan L, Huang J, Yang W, Wu H, Wang X, Khanal R. (2021).The gap of water 
supply-Demand and its driving factors: From water footprint view in Huaihe River Basin. 
PLoS One, 16(3):e0247604. doi: 10.1371/journal.pone.0247604 

 
Arfanuzzaman, Md., & A. Atiq Rahman, A. (2017). Sustainable water demand 
management in the face of rapid urbanization and ground water depletion for social– 
ecological resilience building.  Global Ecology and Conservation, 10, p. 9–22. ISSN: 
235–894. doi: 10.1016/j.gecco.2017.01.005. 

 
Baalousha, H.M. (2016).Using Monte Carlo simulation to estimate natural groundwater 
recharge in Qatar. Modeling Earth Systems and Environment, 2(87). doi: 
10.1007/s40808-016-0140-8 

 
Baalousha, H.M., Ouda, O.K.M. (2017). Domestic water demand challenges in Qatar. 
Arabian Journal of Geosciences, 10(537), p.1–12. doi: 10.1007/s12517-017-3330-4 

 
Belhaj, D., Jerbi, B., Medhioub, M., Zhou, J., Kallel, M., & Ayadi, H. (2016). Impact of 
treated urban wastewater for reuse in agriculture on crop response and soil ecotoxicity. 
Environmental science and pollution research international, 23(16), 15877–15887. doi: 
10.1007/s11356-015-5672-3 

 
Bello, H. (2018).Impact of Changing Lifestyle on Municipal Solid Waste Generation in 
Residential Areas: Case Study of Qatar. International Journal of Waste Resources, 8(2). 
doi: 10.4172/2252-5211.1000335 



39 

Byrne, J.; Dallas, S.; Anda, M.; & Ho, G. (2020). Quantifying the Benefits of Residential 
Greywater Reuse. Water, 12(8), 2310. doi:10.3390/w12082310 

 
Campuzano, R., & González-Martínez, S. (2016). Characteristics of the organic fraction 
of municipal solid waste and methane production: A review. Waste management (New 
York, N.Y.), 54, 3–12. doi: 10.1016/j.wasman.2016.05.016 

 
Chojnacka, K.; Witek-Krowiak, A.; Moustakas, K.; Skrzypczak, D.; Mikula, K.; & 
Loizidou, M. (2020). A transition from conventional irrigation to fertigation with 
reclaimed wastewater: Prospects and challenges, Renewable and Sustainable Energy 
Reviews, 130, 109959. doi: 10.1016/j.rser.2020.109959 

 
Clarke, SF.; Nawaz, W.; Skelhorn, C.; & Amato, A. (2017). Towards a more sustainable 
waste management in Qatar: Retrofitting mindsets and changing behaviours, QScience 
Connect, Shaping Qatar’s Sustainable Built Environment doi: 
10.5339/connect.2017.qgbc.4 

 
Cornejo, P. K.; Santana, M.V.E.; Hokanson, D.R.; Mihelcic, J.R.; Zhang, Q.(2014). 
Carbon footprint of water reuse and desalination: a review of greenhouse gas emissions 
and estimation tools. Journal of Water Reuse and Desalination, 4(4), p. 238–252. doi: 
10.2166/wrd.2014.058 

 
Cureau, R.J.; Ghisi, E. (2019).Reduction of Potable Water Consumption and Sewage 
Generation on a City Scale: A Case Study in Brazil. Water, 11(11), 2351. doi: 
10.3390/w11112351 

 
Darwish, M. A.; Abdulrahim, H. K.; & Hassan, A.S. (2016). Realistic power and desalted 
water production costs in Qatar. Desalination and Water Treatment, 57(10), p. 4296- 
4302. doi: 10.1080/19443994.2014.992977 

 
Darwish, M.; Abdulrahim, H.; Abdel Mabrouk, A.N.; Ashraf Hassan, A.; Shomar, B. 
(2015). Reclaimed wastewater for agriculture irrigation in Qatar. Global Science 
Research Journals, 3(1), pp. 106-120. 

 
DeFelice, N.; & MacDonald, G. (2013). Effect of domestic water use on air pollutant 
emissions in Abu Dhabi, United Arab Emirates. International Journal of Energy and 
Environmental Engineering, 4(33). http://www.journal-ijeee.com/content/4/1/33 

 
Echchelh, A.; Hess, T.; & Sakrabani, R. (2018). Reusing oil and gas produced water for 
irrigation of food crops in drylands. Agricultural Water Management, 206, p.124-134. 
doi: 10.1016/j.agwat.2018.05.006 

 
Embassy of the Kingdom of the Netherlands in Doha Uniting Water Energy Food Nexus 
in Qatar. Available online: https://www.rvo.nl/sites/default/files/2019/07/Uniting-water- 
energy-food-NEXUS-in-Qatar.pdf (accessed on 22 April 2021). 



40 

Ersahin, M.E., Ozgun, H., Kaya, R., Mutlu, B.K., Kinaci, C., & Koyuncu, I. (2018). 
Treatment of produced water originated from oil and gas production wells: a pilot study 
and cost analysis. Environmental Science and Pollution Research, 25, 6398–6406. doi: 
10.1007/s11356-017-0961-7 

 
Farah, A. (2016). Sustainable solutions for domestic solid waste management in Qatar. 
Professional Masters Project, Qatar University. doi: http://hdl.handle.net/10576/5383 

 
Gatto D’Andrea, M.L.; Salas Barboza AGJ.; Garcés, V.; Rodriguez-Alvarez, MS.; 
Iribarnegaray, M.A., et al. (2015). The Use of (Treated) Domestic Wastewater for 
Irrigation: Current Situation and Future Challenges. International Journal Water and 
Wastewater Treatment, 1(2). doi:10.16966/2381-5299.107 

 
Guido, V.; Finzi, A.; Ferrari, O.; Riva, E.; Quílez, D.; Herrero, E.; Provolo, G. (2020). 
Fertigation of Maize with Digestate Using Drip Irrigation and Pivot Systems. Agronomy, 
10(10), 1453. doi: 10.3390/agronomy10101453 

 
Helmecke, M., Fries, E. & Schulte, C. (2020). Regulating water reuse for agricultural 
irrigation: risks related to organic micro - contaminants. Environmental Sciences Europe, 
32(4). doi: 10.1186/s12302-019-0283-0 

 
Huang, Q., Rozelle, S., Howitt, R., Wang, J., & GHuang, J. (2010). Irrigation water 
demand and implications for water pricing policy in rural China. Environment and 
Development Economics, 15(3), 293–319. doi:10.1017/S1355770X10000070 

 
Hussein, H.; Lambert, L.A. (2020). A Rentier State under Blockade: Qatar’s Water- 
Energy-Food Predicament from Energy Abundance and Food Insecurity to a Silent Water 
Crisis. Water, 12(4), 1051.https://doi.org/10.3390/w12041051 

 
Ibrahim, A.J.; Shirazi, N.S. (2021).Energy-Water-Environment Nexus and the Transition 
towards a Circular Economy: The Case of Qatar. Circular Economy and 
Sustainability. doi: 10.1007/s43615-021-00037-w 

 
IWA (2018). Wastewater Report 2018 -The Reuse Opportunity: Cities seizing the reuse 
opportunity in circular economy. The International Water Association and OFID. 
Available online: https://iwa-network.org/publications/the-reuse-opportunity/ 

 
Janson, A.; Katebah, M.; Santos, A.; S. Adham, S.; & Judd, S. (2014). Assessing the 
Biotreatability of Produced Water from a Qatari Gas Field. Conference Proceedings, 
IPTC 2014: International Petroleum Technology Conference, Jan 2014, cp-395-00232. 
European Association of Geoscientists & Engineers. https://doi.org/10.3997/2214-4609- 
pdb.395.IPTC-17318-MS 

 
Jaramillo, M.F.; Restrepo, I. (2017). Wastewater Reuse in Agriculture: A Review about 
Its Limitations and Benefits. Sustainability, 9(10), 1734. doi: 10.3390/su9101734 



41 

Jeong, H.; Kim, H.; Jang, T. (2016). Irrigation Water Quality Standards for Indirect 
Wastewater Reuse in Agriculture: A Contribution toward Sustainable Wastewater Reuse 
in South Korea. Water, 8(4), 169. doi: 10.3390/w8040169 

 
Kahramaa. (2017). Sustainability Report 2016: Implementing Smart Solutions, 
Rationalizing Resources. Qatar General Electricity and Water Corporation: Conservation 
& Energy Efficiency Department: Doha, Qatar. 

 
Kahramaa. (2020). Statistic Report 2019. Planning & Quality Department with Kahramaa 
Departments, Public Relations & Communication Department, Doha, Qatar. 

 
Kang J., & Yuan, Q. (2017). Enhanced Anaerobic Digestion of Organic Waste, Solid 
Waste Management in Rural Areas, Florin-Constantin Mihai, IntechOpen, DOI: 
10.5772/intechopen.70148. Available from: https://intechopen.com/books/solid-waste- 
management-in-rural-areas/enhanced-anaerobic-digestion-of-organic-waste 

 
Karanisa, T.; Amato, A.; Richer, R.; Abdul Majid, S.; Skelhorn, C.; Sayadi, S. (2021). 
Agricultural Production in Qatar’s Hot Arid Climate. Sustainability, 13(7), 4059. doi: 
10.3390/su13074059 

 
Kim, S.-H.; Lim, Y.-Y.; Kim, D.-W.; Kim, M.-K. (2020). Swing Suppliers and 
International Natural Gas Market Integration. Energies, 13(18), 4661. doi: 
10.3390/en13184661 

 
Kuo, J.; & Dow, J. (2017). Biogas production from anaerobic digestion of food waste and 
relevant air quality implications. Journal of the Air & Waste Management Association, 
67(9), 1000-1011. doi: 10.1080/10962247.2017.1316326 

 
Lambert, L.A.; Lee, J. (2018). Nudging greywater acceptability in a Muslim country: 
Comparisons of different greywater reuse framings in Qatar. Environmental Science and 
Policy, 89, 93-99. doi: 10.1016/j.envsci.2018.07.015 

 
Liu J., Silan Chen S., Hao Wang H., Xiangdong Chen X. (2015). Calculation of Carbon 
Footprints for Water Diversion and Desalination Projects. Energy Procedia, 75(2015), p. 
2483-2494. doi: 10.1016/j.egypro.2015.07.239. 

 
Liu J., Yang H., N. Gosling S., Kummu M., Flörke M., Pfister S., Hanasaki N., et al. 
(2017). Water scarcity assessments in the past, present, and future. Earth's Future, 5(6), 
p.545–559. doi: 10.1002/2016EF000518 

 
Liu, H.; Zhao, Y.; Li, H.; Wang, L.; Wang, Q. (2020). Individual Water-Saving Response 
Based on Complex Adaptive System Theory: Case Study of Beijing City, China. Water, 
12(5), 1478. doi: 10.3390/w12051478 



42 

Mackey, H.; Alkandari, H.; Mckay, G. (2018). The Role of Tariffs in Reducing 
Residential Water Demand in Qatar. Qatar Foundation Annual Research Conference 
Proceedings 2018: EEPP1059. doi: 10.5339/qfarc.2018.EEPP1059. 

 
Mekonnen, M.; & Hoekstra, A. (2016). Four billion people facing severe water scarcity. 
Science Advances, 2(2), e1500323. doi: 10.1126/sciadv.1500323. 

 
Meltzer, J.; Nathan, H.; Claire, L. (2014).Low-Carbon Energy Transitions in Qatar and 
the Gulf Cooperation Council Region. Brookings Papers on Economic Activity. SSRN 
Electronic Journal. doi: 10.2139/ssrn.2408743 

 
Ministry of Development Planning and Statistics (2018). Second Voluntary National 
Review, The State of Qatar 2018. Doha-Qatar 

 
Ministry of Development Planning and Statistics. (2016). Analysis of the Results of 
Population, Housing and Establishments Census 2015. Doha – Qatar 

 
Missimer, T.M.; Maliva, R.G.; Ghaffour, N.; Leiknes, T.; Amy, G.L. (2014). Managed 
Aquifer Recharge (MAR) Economics for Wastewater Reuse in Low Population Wadi 
Communities, Kingdom of Saudi Arabia. Water, 6(8), p. 2322– 
2338. doi:10.3390/w6082322 

 
Mohammed, S.; Darwish, M. A. (2017). Water footprint and virtual water trade in Qatar. 
Desalination and Water Treatment, 66(2017), p.117–132. doi: 10.5004/dwt.2017.20221 

 
Mohanakrishna, G.; Al-Raoush, R. I.; Abu-Reesh, I. M.; & Aljaml, K. (2019). Removal 
of petroleum hydrocarbons and sulfates from produced water using different 
bioelectrochemical reactor configurations. The Science of the total environment, 665, 
820–827. doi: 10.1016/j.scitotenv.2019.02.181 

 
Mohanakrishnan, L.; Chettiyappan Visvanathan, Ch. (2019). Management strategies for 
anaerobic digestate of organic fraction of municipal solid waste: Current status and future 
prospects. Waste Management & Research, 37(1), p. 27–39. doi: 
10.1177/0734242X18816793 

 
Oki, T., & E. Quiocho, R. (2020). Economically challenged and water scarce: 
identification of global populations most vulnerable to water crises. International Journal 
of Water Resources Development, 36(2-3), p. 416–428. doi: 
10.1080/07900627.2019.1698413 

 
Panigrahi, & K. Dubey. (2019). A critical review on operating parameters and strategies 
to improve the biogas yield from anaerobic digestion of organic fraction of municipal 
solid waste. Renewable energy, 143, 779-797. doi: 10.1016/j.renene.2019.05.040 

 
Planning and Statistics Authority. (2018a). Water Statistics In the state of Qatar, 2017; 
Planning and Statistics Authority: Doha, Qatar. 



43 

Planning and Statistics Authority. (2018b). Qatar National Development Strategy, 2018– 
2022; Planning and Statistics Authority: Doha, Qatar. 

 
Qatar Development Bank (2017). Materials Recovery. Doha-Qatar. 

 
Qureshi, A.S. (2020).Challenges and Prospects of Using Treated Wastewater to Manage 
Water Scarcity Crises in the Gulf Cooperation Council (GCC) Countries. Water, 12(7), 
1971. doi: 10.3390/w12071971 

 
Rahman, H.; Zaidi, S.J. (2018). Desalination in Qatar: Present Status and Future 
Prospects. Civil Engineering Research Journal, 6(5), p. 133–139. doi: 
10.19080/CERJ.2018.06.555700 

 
Rinaudo, J.D.; Neverre, N.; Montginoul, M. (2012). Simulating the impact of pricing 
policies on residential water demand: a Southern France case study. Water Resources 
Management, 26(7), p. 2057–2068. doi: 10.1007/s11269-012-9998-z 

 
Rivers, N. & Groves, S. (2013) The Welfare Impact of Self-Supplied Water Pricing in 
Canada: A Computable General Equilibrium Assessment. Environmental & Resource 
Economics, 55, 419–445. doi: 10.1007/s10640-013-9633-3 

 
Ronga, D.; Caradonia, F.; Parisi, M.; Bezzi, G.; Parisi, B.; Allesina, G.; Pedrazzi, S.; 
Francia, E. (2020).Using Digestate and Biochar as Fertilizers to Improve Processing 
Tomato Production Sustainability. Agronomy, 10(1), 138. doi: 
10.3390/agronomy10010138 

 
Rosa L., D. Chiarelli D., Rulli M.C. , Jampel Dell’Angelo J., & D’Odorico, P. (2020). 
Science Advances, 6(18), eaaz6031. doi: 10.1126/sciadv.aaz6031 

 
Sahin, E. S., Bayram, I. S., & Koc, M. (2019). Demand side management opportunities, 
framework, and implications for sustainable development in resource-rich countries: case 
study Qatar. Journal of Cleaner Production, 241(118332). doi: 
10.1016/j.jclepro.2019.118332 

 
Samayamanthula, D.R.; Sabarathinam, C.; & Bhandary, H. (2019). Treatment and 
effective utilization of greywater. Applied Water Science, 9, 90. doi: 10.1007/s13201- 
019-0966-0 

 
Seruga, P.; Krzywonos, M., & Wilk, M. (2020). Treatment of By-Products Generated 
from Anaerobic Digestion of Municipal Solid Waste. Waste Biomass Valorization, 11, 
4933-4940. doi: 10.1007/412649-019-00831-6 

 
Sezer, N., Evis, Z., & Koç, M. (2017). Management of disalination brine in Qatar and the 
GCC countries. 10th International Conference in Sustainable Energy Environmental 
Protection, Bled, Slovenia. doi:10.18690/978-961-286-053-0.11 



44 

Shaikh, S. S., Abu-Dieyeh, M. H., Al Naemi, F. A., Ahmed, T., & Al-Ghouti, M. A. 
(2020). Environmental impact of utilization of "produced water" from oil and gas 
operations in turfgrass systems. Scientific reports, 10(1), 15051. doi: 10.1038/s41598- 
020-72069-5 

 
Sigurnjak, I., Vaneeckhaute, C., Michels, E., Ryckaert, B., Ghekiere, G., Tack, F., & 
Meers, E. (2017). Fertilizer performance of liquid fraction of digestate as synthetic 
nitrogen substitute in silage maize cultivation for three consecutive years. The Science of 
the total environment, 599-600, p. 1885–1894. doi: 10.1016/j.scitotenv.2017.05.120 

 
Smith, M.; Al-Maskati, H. (2007).The effect of tariff on water demand management: 
implications for Bahrain. Water Science & Technology: Water Supply, 7 (4), p. 119–126. 
IWA Publishing. doi: 10.2166/ws.2007.101 

 
Sowers, J., Vengosh, A. & Weinthal, E. (2011). Climate change, water resources, and the 
politics of adaptation in the Middle East and North Africa. Climatic Change 104(3), p. 
599–627. doi: 10.1007/s10584-010-9835-4 

 
Srouji, H. (2017). The Impact of Residential Water Price Increases and Subsidy 
Reductions on Elasticity of Demand in Abu Dhabi City. Master's thesis, Harvard 
Extension School. http://nrs.harvard.edu/urn-3:HUL.InstRepos:33826970 

 
Thi, N.B.D., Lin, C-Y., & Kumar, G. (2016). Electricity generation comparison of food 
waste-based bioenergy with wind and solar power: A mini review. Sustainable 
Environment Research, 26, 197-202. doi: 10.1016/j.serj.2016.06.001 

 
Thivet, G., & Fernandez, S. (2012).Water Demand Management: The Mediterranean 
Experience. Global Water Partnership. ISSN: 2001–4023. ISBN: 978-91-85321-88-9 

 
United Nations (2019). World Population Prospects 2019. Department of Economic and 
Social Affairs Population Dynamics, United Nations. https://population.un.org/wpp/ 
(accessed on 3 June 2021) 

 
Wang, Xj.; Zhang, Jy.; Shahid, S.; Guan, Eh.; Wu, Yx.; Gao, J.; & He, Rm. (2016). 
Adaptation to climate change impacts on water demand. Mitigation and Adaptation 
Strategies for Global Change, 21, 81-99. doi: 10.1007/s112027-014-9571-6 

 
World Bank. (2012). Renewable Energy Desalination: An Emerging Solution to 
9.1report: Washington, DC: World Bank. 

 
Xiao, Y. (2017). Basin-wide Water Demand Management: Transfers and Compensation 
among Competing Users. UWSpace. http://hdl.handle.net/10012/11977 


