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Abstract

Saudi Arabia is a water‑stressed nation and meets much of its daily demand through de‑
salination, an energy‑intensive process with a significant carbon footprint. As a Muslim‑
majority country, residents perform ablution before five daily prayers, making this ac‑
tivity a substantial yet under‑quantified component of residential water use. This study
focuses on household‑level ablution water savings across 13 regions for both Saudi and
non‑Saudi households by replacing standard taps with a flow rate of 5.7 L/min with a
proposed Saudi Standards, Metrology and Quality Organization (SASO)‑compliant ultra‑
low‑flow tap (1.9 L/min). Moreover, this study evaluates this ultra‑low‑flow tap as an en‑
vironmental technology capable of reducing ablution water consumption and found that
per capita savings are identical for both demographic segments, but the total household
savings differ because Saudi households are larger, supporting sustainable water manage‑
ment. Results show that under the stated assumptions, full national adoption of the pro‑
posed tap would reduce monthly ablution water use from 27 million m3 to 9 million m3,
conserving 212.14 million m3 annually with 67% efficiency and offsetting 702,198 tonnes
of desalination‑related carbon emissions. This highlights the effectiveness of deploying a
simple water‑saving technology in a water‑stressed environment. Conservation potential
is concentrated in Riyadh, Makkah, and the Eastern Province due to their high household
counts. A four‑year phased implementation roadmap is proposed, beginning with 25%
adoption in year one (53.01 million m3 annual savings), expanding to moderate‑impact
regions in year two, and reaching 75–100% adoption nationwide by years three and four.
The findings demonstrate how simple and commercially available water‑efficient technol‑
ogy can contribute to sustainable resource management by simultaneously reducing wa‑
ter demand, energy consumption associated with desalination, and related greenhouse
gas emissions. This study supports Saudi Arabia’s Vision 2030 water strategy and can po‑
tentially support UN‑SDGs 6, 7, and 13 by demonstrating the substantial water, carbon,
and economic benefits of a simple, commercially available tap of 400 SAR. In addition,
the study develops a regionally prioritized technology deployment framework that can
support decision makers in planning large‑scale implementation. The analysis assumes
that household members perform ablution five times daily for approximately one minute,
based on field measurements, and they require validation of projected gains through
actual implementation.
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1. Introduction
As a country with no permanent rivers, limited rainfall, and limited renewable

groundwater, Saudi Arabia faces a severe water shortage. This situation is considered
unsafe for long‑term water security, as, on average, each person has access to only 89.5 m3

of renewable water per year [1]. In addition, climate change, rising temperatures, over‑
extracted water from aquifers, rapid population growth, expanding cities, and intensive
agricultural activity have placed heavy pressure on existing limited resources [2,3]. With
scarce natural water, Saudi Arabia relies heavily on desalination and produces more than
6.6 million m3 accounting for 22% of global production of desalinated water every day [1].
Desalination is regarded as one of the highest‑emission utilities as it is energy‑intensive
and generates significant emissions; each cubic meter of desalinated water roughly pro‑
duces 5.06 kg of CO2 [4].

To address these issues, major reforms were introduced in the Saudi Vision 2030.
The implementation of these reforms has resulted in reduced water use per capita from
232 L/day to 187 L/day, increased wastewater reuse from 21% to 55%, increased renewable
energy use in water utilities from 3% to 35%, with an overall reduction in sector emissions
by 28% [5]. However, with rapid population growth and expansion in cities, national mod‑
els warn that water shortages could increase by 45% by 2030 if demand continues to rise [6].
These pressures highlight the need for effective technological solutions to be planned and
implemented first at domestic and later at commercial levels, where a large amount of wa‑
ter is consumed daily [7,8]. In this context, water sustainable technologies, such as efficient
water taps that reduce water consumption without compromising user requirements, are
increasingly recognized as important tools for achieving long‑termwater and environmen‑
tal security.

In Saudi Arabia, being a 100% Muslim country, water is frequently used in ablution
(wudu) in homes, mosques, and offices. Ablution is performed at least five times a day,
and, on average, a single ablutionwithmodern taps uses 4–8 L of water [9–12]. In addition,
30–47% of water is observed to be wasted because taps are left running between washing
steps. Similar patterns of using six to eight times more water than needed for a valid ablu‑
tion are observed in Oman, Australia, and Malaysia ([10,11]. Studies have shown that in
Saudi Arabia, a small fraction of the community follows water‑saving practices at home
using water‑saving tools due to current awareness; however, most communities need to
gain awareness to adopt such practices for water conservation during ablution [13]. This
suggests that behavioral and cultural factors play an important role in determining actual
water use during ablution [14,15].

In addition to technological improvements, behavioral awareness and complemen‑
tarywatermanagement strategies can further enhancewater conservation during ablution.
Studies have shown that users’ knowledge, attitudes, and religious values strongly influ‑
ence water consumption behavior, while awareness campaigns and faith‑based reminders
encourage more responsible water use [11,14–16]. Islamic teachings also emphasize mod‑
eration and discourage excessive water use, even when water is abundantly available [17].
Another complementary approach is the reuse of ablution greywater, which, because of its
relatively good quality, can be treated using simple and low‑cost technologies for applica‑
tions such as irrigation, toilet flushing, and cleaning ([18–21].
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Keeping the importance of ablution in daily practice with a large water footprint in
mind, there is a need for water conservation using suitable technological solutions. Wa‑
ter waste reduction of 12% and 97% is observed using automatic sensor‑based taps and
purpose‑built fixtures for comfort and controlled mist spray, respectively, without affect‑
ing ritual validity [22]. Considering renewable energy use for water pumping, solar‑
powered ablution systems offer sustainable options, reducing water use by more than
50% [23]. Earlier work focused mainly on water‑efficient aerators, which demonstrated
strong potential but were limited by installation variability and user handling, whereas
the present study provides more stable flow control and easier standardization across
households by proposing full faucet replacement with low‑cost electronic systems, such as
Arduino‑based automatic faucets. The implementation of such faucets has shown promis‑
ing results, reducing water use by 44% in small mosques [24]. These studies collectively
demonstrate that water conservation can be enhanced through technological interventions.
However, evidence regarding the large‑scale deployment potential and national‑level im‑
pact of such technologies remains limited.

In this section, previous studies are categorized into three scales covering the national,
regional, and facility levels. First, considering a nationwide scale, Abdella et al. [1] quan‑
tified overall water scarcity indicators and reported 89.5 m3 annual per capita renewable
water access. In another study by Almulhim and Abubakar [25] employed segmentation
approaches to analyze household consumption patterns across demographic groups. They
identified factors such as household size, income, and education influencing water use
behavior significantly. More specifically, in the context of Saudi Arabia, Suhail et al. [8]
highlighted the widening gap between supply and demand utilizing detailed historical
analysis of water resources. However, none of these national‑scale models specifically
disaggregated ablution water use as a distinct consumption category. Second, consider‑
ing the regional scale, Alzahrani and Tawfik [26] analyzed heterogeneity in urban water
consumption patterns across all 13 administrative regions of Saudi Arabia. Similarly, Wa‑
jid [27] developed an activity‑basedmathematical modeling framework for household wa‑
ter consumption at the regional level. Neither of these studies focused on ablution‑specific
analysis. Third, at the facility level, several ablution‑specific studies have been conducted,
such as Zaied [9], who measured ablution water use in Saudi Arabia for a range of tap
types. Al Alawi et al. [10] assessed ablution consumption in Omani mosques, whereas
Hurayra et al. [11] studied an Australian mosque. More recently, Wajid and Eid Alluq‑
mani [12] quantified household savings potential using ultra‑low‑flow rate water aerators.
However, these studies are limited to small sample sizes and have not scaled their find‑
ings to both the regional and national levels. This review reveals a clear research gap as
no study has integrated these three scales to quantify the nationwide impact of ablution
water‑saving across all regions and population segments. The present study addresses
this gap by combining regional demographic data, activity‑based consumption modeling,
and nationwide deployment scenarios to provide a comprehensive assessment using an
ultra‑low flow rate tap as a technology deployment.

Recent studies indicate that improving end‑user water‑use efficiency remains one
of the most cost‑effective approaches for reducing urban water demand, complement‑
ing supply‑side strategies such as desalination and wastewater reuse [28]. Consequently,
household water‑saving technologies are increasingly recognized as an important compo‑
nent of sustainable water management [29]. Accordingly, the present study evaluates an
ultra‑low‑flow tap as a scalable technology and investigates its potential contribution to
water conservation and carbon footprint. Also, this study focuses on household ablution
performed by both males and females across all regions of Saudi Arabia, making it more
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representative for evaluating the nationwide impact of water‑saving technologies address‑
ing the following three objectives:

1. To quantify household ablution (wudu) water usage across all 13 regions and popu‑
lation segments of Saudi Arabia with standard and proposed tap types.

2. To quantify nationwide water savings achievable by replacing the standard tap with
the proposed one and calculate carbon emissions linked to the desalination of pro‑
ducing freshwater purely in a Saudi Arabian context.

3. To identify a regionally prioritized phased implementation strategy for large‑scale
technology deployment and enhanced economic and environmental benefits.

The remainder of the paper is organized as follows. Section 2 presents the methodol‑
ogy, followed by Section 3, which presents and discusses the results. Section 4 concludes
with policy recommendations, followed by Section 5 addressing limitations of this study
and future research directions.

2. Methodology
2.1. Study Framework

In this study, regional water savings and associated carbon emissions offset are quan‑
tified by replacing standard ablution taps with ultra‑low flow rate tap alternatives across
Saudi Arabian households. Also, a yearly phased, prioritized regional implementation is
proposed for quick and enhanced impact. The methodology integrates four official Saudi
Arabian data sources:

1. Regional household demographics from the General Authority for Statistics (GAS‑
TAT) [30].

2. Monthly regional household average water consumption data by smart meters from
Saudi Water Authority (SWA) [31].

3. Specifications of a commercially available tap of ultra‑low 1.9 L per minute flow rate
by Saudi Standards, Metrology and Quality Organization (SASO) [32].

4. Carbon intensity factor derived from desalination technology mix specifically for
Saudi Arabia from the Saline Water Conversion Corporation (SWCC) report [33].

The selected analytical framework follows the activity‑based modeling approach es‑
tablished by Wajid [27] based on regional disaggregation across all 13 administrative re‑
gions to quantify heterogeneity in ablution water consumption patterns. A similar frame‑
work is also used in studies by Almulhim and Abubakar [25] and Alzahrani and Taw‑
fik [26].

2.2. Data Collection
2.2.1. Household Demographic Data

Household demographic data is obtained from the GSTAT [30] and is presented in
Table 1 covering regional household count and average sizes for both the Saudi and non‑
Saudi population segments for all 13 regions. It is evident from Table 1 that disaggrega‑
tion by household type is essential because household sizes differ significantly in both
population segments. Saudi households have 4.5–5.8 members compared with 2.2–3.2 in
non‑Saudi households. This variation is a key factor for regional ablution water usage
quantification and separate demographic segment analysis for strategic rollout, overall en‑
vironmental impact, and water savings.
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Table 1.Regional demographic distribution of households by size and count.

Saudi Arabian
Regions

Saudi Household Non‑Saudi Household

Average Size Households Count Average Size Households Count

Northern Borders 5.8 49,257 3.1 23,474

Al Jouf 5.7 80,069 2.5 44,961

Najran 5.4 78,162 2.9 53,318

Hail 5.2 105,794 2.2 72,182

Jazan 5 208,696 3.2 100,705

Al Qassim 5 192,468 2.6 120,779

Asir 5 303,684 2.5 175,286

Tabuk 5 130,689 2.5 76,564

Riyadh 4.8 996,166 2.6 1,277,031

Al Madinah 4.8 298,443 2.9 220,240

Al Baha 4.7 55,923 2.6 26,702

Eastern Province 4.7 662,741 2.4 687,028

Makkah 4.5 991,405 2.8 1,142,907

2.2.2. Regional Water Consumption Data

A novel contribution of this study is the use of actual monthly regional household wa‑
ter consumption data in cubic meters obtained from the Saudi Water Authority live dash‑
board [31] (Saudi Water Authority, n.d.) for the current year, 2026. This data is publicly
available through the Saudi Water Authority dashboard https://www.swa.gov.sa/en/Key‑
Residential‑Water (accessed on 1 April 2026), reported by smart water meters deployed
across Saudi Arabia [34]. Moreover, the monthly regional average household water usage
data is shown in Figure 1.
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Figure 1.Monthly regional average household water usage reported by smart meters.
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2.2.3. Ablution Tap Specifications

Tap with ultra‑low flow rate of 1.9 L per minute (L/min) is selected as per the guide‑
lines of SASO [32] and local commercial availability in Saudi Arabia for 400 SAR, includ‑
ing shipping by brand Peerless with the model number P1512LF‑M‑0.5 (manufactured by
Delta Faucet Company, Indianapolis, IN, USA) [35]. It offers a certified water efficiency
flow rate and has been rigorously tested in a laboratory under varying pressure condi‑
tions, earning SASO [32] and EPA WaterSense, USA [36] certifications. Moreover, locally
approved and certified countrywide commercially available products ensure immediate
and easy replacement. This is highly important as per the nature of this study, which
aligns with life‑cycle assessment approaches in water conservation research presented by
Kalbusch and Ghisi [37].

2.3. Ablution Water Consumption Formulation

Monthly ablution water consumption per household and regional total are calculated
using the following formulae:

WCmonthly
HH = 30.42 × Q × t × f × SHH

WCmonthly
regional total = WCmonthly

HH × NHH,region

where

Q = Tap flow rate in liters per minute (L/min).
t = Ablution duration in minutes.
f = Daily ablution frequency.
SHH = Per person average household size.
NHH,region = Regional household count.

The corresponding monthly household and regional ablution water savings are cal‑
culated using the formulae given below:

∆WSmonthly
HH = WCmonthly

HH,standard − WCmonthly
HH,proposed

∆WSmonthly
regional = WCmonthly

regional tatal,standard − WCmonthly
regional total,proposed

Moreover, the justification of the parameters used in the above mathematical formu‑
lations is summarized in Table 2.
Table 2.Key parameters and justifications.

Parameter Value Justification References

Tap flow rate

5.7 L/min
Empirical observations are

common in the Saudi
market

Zaied [9], Wajid and Eid Alluqmani [12]
and Memon et al. [38]

1.9 L/min SASO certified; EPA
WaterSense; 67% efficient

SASO [32], EPA WaterSense [36],
Kalbusch and Ghisi [37] and Englart

and Jedlikowski [39]

Ablution duration 1 min Empirical average of
1.04 min from field studies

Zaied [9], Wajid and Eid Alluqmani [12],
Fidar et al. [40] and Khan [41]

Ablution frequency 5 times per day
per person

Five mandatory daily
prayers

Zaied [9], Al Alawi et al. [10], Hurayra
et al. [11] and Raduan et al. [17]

The 5.7 L/min flow rate tap represents baseline water usage, and this tap is termed
the standard tap in this study. Some households may even use higher flow rates, such as
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8.2 L/min. However, the 67% proportional saving remains constant, allowing linear scal‑
ing to alternative baselines. The 1.9 L/min ultra‑low flow rate tap is termed the proposed
tap and is chosen to maintain adequate pressure for proper ablution completion while
achieving the targeted 67% water savings. Hassan and Abdul Hamid [22] demonstrated
that evenmist‑spray devices with 97% reduction maintain user comfort and ritual validity.

Moreover, per capita ablution water consumption is defined as the amount of water
used by one person per ablution and is calculated as (Q× t× f ). Per capita value is the same
for both Saudi and non‑Saudi segments, contrary to total household consumption, which
is different because household sizes differ for both segments. Saudi households are larger
and therefore consumemore water per household. We focus on household‑level consump‑
tion and savings because water tap replacement is implemented at the household level.

2.4. Regional and Nationwide Carbon Emission Offset Calculation

Saudi Arabia relies heavily on energy‑intensive seawater desalination, generating ap‑
proximately 11.5 million m3/day of fresh water ([33], page‑7) with a significant associated
carbon footprint. The commitment of Saudi Arabia in mitigating this negative impact is
highlighted in a study by Hamieh et al. [4], where it is presented that the average appar‑
ent emission factor improved from 21.4 kg CO2/m3 in 2016 to 15.2 kg CO2/m3 in 2019
(SWCC, 2023, page‑58). As reported in [33] (page‑59), the average emission factor for
thermal desalination plants, multi‑stage flash (MSF) and multi‑effect distillation (MED)
is 11.17 kg CO2/m3, whereas reverse osmosis (RO) plants achieve a lower emission factor
of just 1.7 kg CO2/m3. Also, SWCC aims to increase the share of RO capacity from 22% in
2019 to 83% by 2026, while reducing thermal capacity to 17% ([33], page‑68). Using this
target technology mix and current best‑practice emission factors, the weighted average
carbon intensity is calculated as:

CIavg = (0.83 × 1.7) + (0.17 × 11.17) = 1.411 + 1.899 = 3.31 kg CO2/m3.

This value is consistent with the literature range of 2.1–3.6 kg CO2/m3 reported for RO
desalination [42,43]. Hence, the monthly regional CO2 savings are calculated in million kg
CO2 using the following formula:

∆COmonthly,regional
2 = ∆WSmonthly

regional × CIavg.

The countrywide carbon emissions offset is calculated by summing regional savings.

2.5. Sensitivity Analysis Framework

Sensitivity analysis against key parameters such as ablution duration and adherence
frequency, tap flow rate, etc., is conducted in Section 3.5.

3. Results and Discussions
In this section, we present and discuss the regional and nationwide environmental

and economic impact of proposed taps, along with an effective implementation roadmap.

3.1. Per‑Household Ablution Water Consumption

Wenowpresent and discuss key insights fromTable 3 in detail. With the standard tap,
Saudi households consume between 3.90 and 5.03 m3 monthly, while non‑Saudi house‑
holds consume between 1.91 and 2.77 m3. This variation mainly reflects household size.
Northern Borders has the largest Saudi households, with an average of 5.8 members, and
therefore shows the highest consumption. In contrast, Makkah has the smallest Saudi
households, with an average of 4.5 members, and shows the lowest consumption. Na‑
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tionwide, the average Saudi household uses 4.37 m3 of water monthly for ablution, com‑
pared to 2.32 m3 for non‑Saudi households. Also, it is evident from Table 3 that the pro‑
posed tap adoption across regions will reduce ablution water usage by 67%. More specif‑
ically, regional monthly Saudi and non‑Saudi household ablution water use ranges be‑
tween 1.30 and 1.68 m3 and between 0.64 and 0.92 m3, respectively. Similarly, correspond‑
ing water savings range from 2.60 m3 in Makkah to 3.35 m3 in the Northern Borders for
Saudi households, and from 1.27 m3 in Hail to 1.85 m3 in Jazan for non‑Saudi households.
Saudi households show consistently higher total savings across regions compared with
non‑Saudi households. This is due to their higher average household size.

Table 3.Monthly regional household ablution water usage and savings by demographic segment.

Saudi Arabian
Regions

Standard Tap
(Flow Rate 5.7 L/min)

Proposed Tap
(Flow Rate 1.9 L/min) Water Savings

Saudi Non‑
Saudi Total Saudi Non‑

Saudi Total Saudi Non‑
Saudi Total

Northern Borders 5.03 2.69 7.72 1.68 0.90 2.57 3.35 1.79 5.14

Al Jouf 4.94 2.17 7.11 1.65 0.72 2.37 3.29 1.44 4.74

Najran 4.68 2.51 7.20 1.56 0.84 2.40 3.12 1.68 4.80

Hail 4.51 1.91 6.42 1.50 0.64 2.14 3.01 1.27 4.28

Jazan 4.33 2.77 7.11 1.44 0.92 2.37 2.89 1.85 4.74

Al Qassim 4.33 2.25 6.59 1.44 0.75 2.20 2.89 1.50 4.39

Asir 4.33 2.17 6.50 1.44 0.72 2.17 2.89 1.44 4.33

Tabuk 4.33 2.17 6.50 1.44 0.72 2.17 2.89 1.44 4.33

Riyadh 4.16 2.25 6.42 1.39 0.75 2.14 2.77 1.50 4.28

Al Madinah 4.16 2.51 6.68 1.39 0.84 2.23 2.77 1.68 4.45

Al Baha 4.07 2.25 6.33 1.36 0.75 2.11 2.72 1.50 4.22

Eastern Province 4.07 2.08 6.16 1.36 0.69 2.05 2.72 1.39 4.10

Makkah 3.90 2.43 6.33 1.30 0.81 2.11 2.60 1.62 4.22

National Average 4.37 2.32 6.70 1.46 0.77 2.23 2.92 1.55 4.47

Hence, the proposed tap offers significant potential for water conservation at a na‑
tional level for ablution practice with average savings of 4.47 m3 per household. Further‑
more, these savings are per household, not per capita, which is identical for both Saudi and
non‑Saudi segments because of the same tap flow rate, duration, and frequency. Hence,
larger household savings simply reflect larger household sizes.

3.2. Percentage Share of Ablution Water Usage in Total Household Consumption

Table 4 presents the share of ablution water in total household consumption, calcu‑
lated using actual monthly regional smart meter data [31]. Moreover, the regional total is
calculated as a weighted average of both segments using the respective household counts
as weights using the given formula:

Total =
WCmonthly

Saudi HH × NSaudi HH,region + WCmonthly
non‑Saudi HH × Nnon‑Saudi HH,region

Total Regional Households Count
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Table 4.Regional percentage share of ablution water usage by tap type.

Saudi Arabian
Regions

Average Monthly
Regional Water

Usage per Meter for
Year 2026 [31]

Standard Tap Proposed Tap

Saudi Non‑
Saudi

Total
(Weighted

Avg)
Saudi Non‑

Saudi

Total
(Weighted

Avg)

Northern
Borders 38.4 13.1 7.0 11.1 4.4 2.3 3.7

Al Jouf 35.7 13.8 6.1 11.0 4.6 2.0 3.7

Najran 21.9 21.4 11.5 17.4 7.1 3.8 5.8

Hail 25.8 17.5 7.4 13.4 5.8 2.5 4.5

Jazan 29.4 14.7 9.4 13.0 4.9 3.1 4.3

Al Qassim 32.9 13.2 6.9 10.7 4.4 2.3 3.6

Asir 34.1 12.7 6.4 10.4 4.2 2.1 3.5

Tabuk 56.6 7.7 3.8 6.2 2.6 1.3 2.1

Riyadh 60.5 6.9 3.7 5.1 2.3 1.2 1.7

Al Madinah 64.3 6.5 3.9 5.4 2.2 1.3 1.8

Al Baha 22.7 18.0 9.9 15.3 6.0 3.3 5.1

Eastern Province 65.2 6.2 3.2 4.7 2.1 1.1 1.6

Makkah 77.5 5.0 3.1 4.0 1.7 1.0 1.3

Nationwide 59.7 10.1 5.3 5.4 3.4 1.8 1.8

Countrywide, ablution water usage represents 5.4% of total household water use
with standard taps, dropping to 1.8% with the proposed taps. Also, the regional varia‑
tion is driven by differences in total household consumption rather than ablution prac‑
tices. Makkah has the lowest share (4%) because its total monthly consumption is high at
77.5 m3, while Najran has the highest share (17.4%) because its total consumption is low
at 21.9 m3. Both regions have similar ablution water use, but the proportion differs. This
pattern is consistent across both Saudi and non‑Saudi households, but implementation is
important because regions with low total consumption will see proportionally greater re‑
ductions in household water use from tap replacement. With the proposed taps, Najran’s
share falls from 17.4% to 5.8%. Conversely, high‑consumption regions like Makkah will
show a smaller percentage. However, each region is unique and achieves significant abso‑
lute savings due to its large household base.

3.3. Regional Water Consumption

In Table 5, household water usage is scaled to regional totals. With the standard
tap, national monthly ablution water usage reaches 26.5 million m3. Saudi households
contribute 17.3 million m3 (65%), and non‑Saudi households contribute 9.2 million m3

(35%). The three largest regions, including Riyadh (7.02 million m3, 26%), Makkah
(6.64 million m3, 25%), and the Eastern Province (4.13 million m3, 15%), dominate and
together account for 66% of national consumption. With the proposed taps, national con‑
sumption drops to 9 million m3, a 67% reduction. These same three regions account for
5.93 million m3 (67%) of monthly savings, while Al‑Baha contributes just 1%. This con‑
centration has clear strategic implications. Targeting Riyadh, Makkah, and the Eastern
Province first would deliver the greatest early impact. The remaining ten regions com‑
bined offer only one‑third of total savings, supporting a phased approach that prioritizes
high‑density areas before expanding to other regions.
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Table 5.Total regional monthly water usage (million m3) by tap type and demographic segment.

Saudi Arabian
Regions

Standard Tap Proposed Tap

Saudi Non‑
Saudi Total Saudi Non‑

Saudi Total

Northern Borders 0.25 0.06 0.31 0.08 0.02 0.10

Al Jouf 0.40 0.10 0.49 0.13 0.03 0.16

Najran 0.37 0.13 0.50 0.12 0.04 0.17

Hail 0.48 0.14 0.61 0.16 0.05 0.20

Jazan 0.90 0.28 1.18 0.30 0.09 0.39

Al Qassim 0.83 0.27 1.11 0.28 0.09 0.37

Asir 1.32 0.38 1.70 0.44 0.13 0.57

Tabuk 0.57 0.17 0.73 0.19 0.06 0.24

Riyadh 4.15 2.88 7.02 1.38 0.96 2.34

Al Madinah 1.24 0.55 1.80 0.41 0.18 0.60

Al Baha 0.23 0.06 0.29 0.08 0.02 0.10

Eastern Province 2.70 1.43 4.13 0.90 0.48 1.38

Makkah 3.87 2.77 6.64 1.29 0.92 2.21

Nationwide Total 17.3 9.2 26.5 6 3 9

3.4. Water Savings and Carbon Emission Reduction

Table 6 presents the carbon offset potential directly linked to water savings calcu‑
lated using the carbon intensity value of 3.31 kg CO2/m3, as seen in Section 2.4. The pro‑
posed tap saves 18 million m3 of water and offsets 58.52 million kg CO2 monthly. Riyadh
(15.50 million kg), Makkah (14.66million kg), and the Eastern Province (9.11million kg) to‑
gether account for 67% of total carbon savings, reflecting the water‑savings concentration.
Saudi households contribute 65% of carbon savings (38.16 million kg monthly) compared
with 35% from non‑Saudi households (20.36 million kgmonthly). This difference is driven
by household size, not per capita behavior. Larger Saudi households achieve greater total
savings per household, which is important for targeting deployment.

Table 6.Monthly regional water (million m3) and emission savings (million kg CO2).

Saudi Arabian
Regions

Water Savings Carbon Emission Savings

Saudi Non‑
Saudi Total Saudi Non‑

Saudi Total

Northern Borders 0.17 0.04 0.21 0.55 0.14 0.69

Al Jouf 0.26 0.06 0.33 0.87 0.22 1.09

Najran 0.24 0.09 0.33 0.81 0.30 1.10

Hail 0.32 0.09 0.41 1.05 0.30 1.36

Jazan 0.60 0.19 0.79 2.00 0.62 2.61

Al Qassim 0.56 0.18 0.74 1.84 0.60 2.44

Asir 0.88 0.25 1.13 2.90 0.84 3.74

Tabuk 0.38 0.11 0.49 1.25 0.37 1.62

Riyadh 2.76 1.92 4.68 9.15 6.35 15.50

Al Madinah 0.83 0.37 1.20 2.74 1.22 3.96

Al Baha 0.15 0.04 0.19 0.50 0.13 0.64
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Table 6.Cont.

Saudi Arabian
Regions

Water Savings Carbon Emission Savings

Saudi Non‑
Saudi Total Saudi Non‑

Saudi Total

Eastern Province 1.80 0.95 2.75 5.96 3.15 9.11

Makkah 2.58 1.85 4.43 8.54 6.12 14.66

Nationwide Total 11.53 6.15 17.68 38.16 20.36 58.52

3.5. Sensitivity Analysis

Detailed multi‑parameter sensitivity analysis is conducted in Table 7, examining the
role of key parameters including ablution duration, home‑based ablution frequency, tap
flow rate, behavioral conservation, and adoption rate.

Table 7. Summary of sensitivity analysis results.

Parameter Variation Percentage of Base
Case

Annual Water
Savings (Million m3)

Annual CO2 Offset
(Tonnes)

Ablution
duration

45 s 75% 159.00 526,290

90 s 150% 318.00 1,052,580

120 s 200% 423.96 1,403,307

Home‑based
ablution rate

80% 80% 169.63 561,476

90% 90% 190.84 631,681

Tap flow rate
6.5 L/min 121% 256.80 849,008

8.2 L/min 166% 351.72 1,164,193

Behavioral
conservation

30% waste eliminated 70% 148.44 491,336

47% waste eliminated 53% 112.68 372,971

Adoption rate
(% of households)

10% 10% 21.21 70,220

25% 25% 53.03 175,500

50% 50% 106.07 351,099

75% 75% 159.11 526,649

Rebound Effect 15% offset 85% 180.32 596,868

Base case savings 212.14 702,198

We now discuss each key parameter sensitivity impact on savings below:

• Ablution duration time of 45 to 120 s is reported in empirical studies by Zaied [9] and
Fidar et al. [40], and forwhich annual savings ranging from (water: 159–424 million m3,
CO2 Offset: 526,290–1,403,307 tonnes) can be achieved.

• The base case assumes all five daily ablutions are performed at home. However, an‑
nual savings of 169.63 million m3 and 561,476 tonnes CO2 remain achievable even in
the case of 80% of ablutions adherence.

• Higher tap flow rates will offer even greater proportional savings if replaced with the
proposed tap.

• Eliminating 30–47% water consumption during ablution steps (i.e, keeping the tap
off), experimentally proved by Zaied [9], reduces the total running time from 60s to
32–42s. As discussed above, the total ablution time is still around 60s on average,
whichmeans the combined effect of tap replacement and behavioral conservationwill
still offer substantial amounts of water and emissions reduction savings.
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• Adoption rate refers to the percentage of total households using the proposed tap.
Even 25% adoption delivers 53.03 million m3 annual savings, making it a reasonable
pilot target, as further elaborated in Section 3.6.

In conclusion, the combined lower‑bound scenario savings of 67.42 million m3 con‑
sider the most conservative assumptions for uncertain user‑behavior parameters (ablution
duration, home‑based ablution frequency, and behavioral conservation). These savings
are 32% of the base case scenario and do not consider the adoption rate and tap flow rate,
as these are policy‑controlled variables.

3.6. Rebound Effect

Another important factor that can deplete any resource conservation is known as the
rebound effect. This is awell‑studied phenomenon directly linkedwith efficiency improve‑
ments and can cause excessive consumption behavior [44,45]. For this study’s focus on
water‑saving taps, the rebound effect could manifest in several ways, such as increased
water usage duration and frequency, relaxed conservation behavior, etc. This effect can
be minimized by awareness campaigns or reinforcing Islamic principles of moderation in
water use, etc.

Moreover, the role of rebound analysis cannot be ignored in a more realistic estima‑
tion of achievable savings, which can support policy planning, as no empirical data exist on
rebound effects for ablutionwater conservation in Saudi Arabia. Therefore, a 15% rebound
effect based on studies by Campbell et al. [46] and Inman and Jeffrey [47] for potential be‑
havioral offset is used, reducing annual water savings to 180.32 million m3 and CO2 offset
to 596,868 tonnes. Even with this offset, substantial benefits remain achievable.

3.7. Phased Implementation for Maximum Impact

Sections 3.1–3.4 presented the optimized potential impact. However, realistic adop‑
tion will occur gradually. Based on the adoption rate scenarios presented in Table 7
(Section 3.5), we nowpropose a regionally prioritized phased implementation strategy that
maximizes early impact by targeting high‑saving regions first. Table 8 presents tiered im‑
plementation based on regional savings and emission reduction gains.

Table 8. Strategic regional prioritization for phased implementation.

Priority Region Monthly Savings (Million
m3)

Tiered Cumulative
Savings (Million m3)

Tier 1
High Impact Regions

Riyadh 4.68

11.86 (67%)Makkah 4.43

Eastern Province 2.75

Tier 2
Moderate Impact Regions

Asir 1.13

3.12 (17.65%)Al Madinah 1.20

Jazan 0.79

Tier 3
Low Impact Regions

Al Qassim 0.74

2.7 (15.27%)

Hail 0.41

Tabuk 0.49

Al Jouf 0.33

Najran 0.33

Northern Borders 0.21

Al Baha 0.19
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Tier 1 covers regions including Riyadh, Makkah, and the Eastern Province, as they
account for 67.08% of potential savings. Tier 2 includes the Asir, Al Madinah, and Jazan
regions, contributing an additional 3.12 million m3 monthly in water savings and bringing
cumulative savings to 85% of the national total. Tier 3 comprises the remaining seven
regions, with Al Baha contributing just 1% of the national total.

This tiered structure supports a practical four‑year roadmap presented in Table 9,
where high‑impact regions are addressed first, followed by moderate‑impact regions, and
finally low‑impact regions. This approach maximizes early returns while allowing time to
address logistical challenges in less populated areas. It is important to note that regions
are added in each phase in Table 9, and by the end of the fourth year, all 13 regions will
achieve 100% nationwide adoption.

Table 9.Yearly phased implementation roadmap.

Phase Timeframe Adoption Target Regions Added in This
Phase

Cumulative
Annual Savings
(Million m3)

Cumulative
CO2 Offset
(Tonnes)

1 Year 1 25% Riyadh, Makkah, Eastern
Province 53.03 175,500

2 Year 2 50% Asir, Al Madinah, Jazan 106.07 351,099

3 Year 3 75%
Al Qassim, Hail, Tabuk, Al
Jouf, Najran, Northern

Borders
159.11 526,649

4 Year 4 100% Al Baha 212.14 702,198

3.8. Economic Benefits

The economic benefit of the proposed tap replacement nationwide is calculated using
the actual tiered water tariff structure in Saudi Arabia, given in Table 10 [48,49] to support
policy decision‑making.

Table 10.Residential water tariff structure in Saudi Arabia.

Monthly Consumption Slab (m3) Water Rate (SAR/m3)
Less than 15 0.10

16 to 30 1.00

31 to 45 3.00

46 to 60 4.00

More than 60 6.00

In Table 11, we present the annual regional water cost savings obtained using the
formula below:

Annual Water Cost Savings = 12 ×Monthly Water Savings (million m3) × Applicable Tariff (SAR/m3).

The applicable regional water tariff given in Table 11 is calculated based on the av‑
erage monthly regional water consumption given in Table 4 (second column). Moreover,
regional total monthly water savings are taken from Table 6.

Also, the total capital investment for replacing taps across 8.17 million households
nationwide at 400 SAR per unit is 3268 million SAR. Therefore, the simple payback period
is given by

Payback period = 3268/959 = 3.41 years approximately.
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Now the annual carbon cost benefit is estimated using a volume‑weighted abatement
cost of approximately 187.5 SAR (50 USD)/tonne CO2 as per two recent Saudi‑specific stud‑
ies by Hasanov et al. [50] and Rowaihy et al. [51] given by:

702,198 tonnes × 187.5 SAR/tonne = 132 million SAR approximately.

Hence, the total annual economic benefit is worth 1091 million SAR, which we use to
calculate the four‑year return on investments (ROI) presented in Table 12.

Table 11.Regional annual water cost savings from full proposed tap replacement nationwide.

Saudi Arabian
Regions

Applicable Water Tariff
(SAR/m3)

Annual Water Cost
Savings (Million SAR)

Northern Borders 3.00 7.56

Al Jouf 3.00 11.88

Najran 1.00 3.96

Hail 1.00 4.92

Jazan 1.00 9.48

Al Qassim 3.00 26.64

Asir 3.00 40.68

Tabuk 4.00 23.52

Riyadh 4.00 224.64

Al Madinah 6.00 86.40

Al Baha 1.00 2.28

Eastern Province 6.00 198.00

Makkah 6.00 318.96

Nationwide Total 958.92

Table 12.Cumulative benefits over a four‑year period.

Phase Timeframe Adoption Target Cumulative Annual Benefit
(Million SAR)

1 Year 1 25% 1091 × 0.25 = 272.75

2 Year 2 50% 1091 × 0.50 = 545.50

3 Year 3 75% 1091 × 0.75 = 818.25

4 Year 4 100% 1091 × 1.00 = 1091.00

Cumulative Benefits Over 4 Years 2727.50

Therefore, the 4‑year ROI is calculated as follows:

4‑Year ROI = (2727.50 − 3268)/3268 × 100 = −16.5%

This negative 16.5% ROI over the four‑year period reflects the fact that 83.5% of the
total capital investmentwill have recovered by the end of the fourth year. Moreover, the in‑
vestment breaks even during the fourth year, which is consistent with the 3.5‑year payback
period and becomes positive thereafter. This aligns with the four‑year phased implemen‑
tation roadmap. Hence, the benefits continue to accrue in subsequent years, as shownwith
the projected 5‑year ROI of 67% and 20‑year ROI of 568%.
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4. Conclusions
This study presents the first comprehensive, regionally disaggregated analysis of

household ablution water consumption across Saudi Arabia and evaluates the national
impact of replacing standard taps with proposed taps. Beyond quantifying environmen‑
tal benefits, the study evaluates the practical deployment potential of an ultra‑low‑flow
tap technology under national‑scale conditions. The key findings are listed below:

• Ablution water usage represents a substantial share (standard tap case: 5.4% and pro‑
posed tap case: 1.8%) of household water use.

• The proposed tap achieves 67% conservation potential across all regions. However,
regions with a total low average monthly consumption benefit more compared to re‑
gionswith a higher total averagemonthly consumption by efficient interventions such
as the installation of proposed taps.

• Full adoption would reduce national ablution water consumption from 27 million m3

to 9 million m3 monthly, saving 212.14 million m3 annually. Economic analy‑
sis confirms cost‑effectiveness, with a 3.41‑year payback period, annual benefits of
1091 million SAR, and 5‑year and 20‑year ROIs of 67% and 568%, respectively, sup‑
porting the proposed phased implementation strategy.

• Carbon offset potential is directly proportional to water saving, and full adoption will
offset 702,198 tonnes of CO2 annually. The proposed tap performs effectively as an en‑
vironmental technology by simultaneously reducing water demand and the indirect
emissions associated with desalinated water production.

• The proposed tap represents a practical clean technology solution that strengthens
the water–energy nexus by reducing demand for energy‑intensive desalination while
improving resource efficiency at the household level.

• Sensitivity analysis highlights that even in the case of the most conservative as‑
sumptions, the annual savings remain substantial at around 67.42 million m3 and
223,160 tonnes of CO2, supporting the proposed phased implementation strategy.

• Regions with the highest household count, such as Riyadh, Makkah, and the Eastern
Province, offer the highest water‑savings potential. This demands a regionally prior‑
itized phased implementation strategy that maximizes early impact.

• A practical four‑year phased implementation strategy with tiered regional prioritiza‑
tion is presented. The deployment framework developed in this study provides a
practical pathway for technology adoption at regional and national scales.

• The proposed gradual implementation will contribute to the United Nations Sustain‑
able Development Goals (UN‑SDGs), specifically to SDG 6 (Clean Water and Sanita‑
tion), SDG 7 (Affordable and Clean Energy), and SDG 13 (Climate Action).

Overall, the findings demonstrate that relatively simple environmental technologies
can deliver substantial water conservation benefits when deployed at scale. The proposed
frameworkmay support future implementation ofwater‑saving technologies in Saudi Ara‑
bia and other water‑stressed regions facing similar water sustainability challenges. Finally,
this model quantifies gains theoretically and requires validation through actual implemen‑
tation and monitoring.

5. Limitations and Future Research
This study has several limitations explicitly listed below:

• First, alternative technologies such as sensor‑activated taps or mist spray devices
[22,24] are not considered and compared. This study focuses on a single ultra‑low‑
flow tap model.
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• Second, cultural and behavioral variabilities are not fully modeled. As in Saudi
Arabian culture, the majority of people like to keep ablution intact beyond the
mandatory compliance of five prayers, increasing the frequency to more than five.
Also, children and elderly individuals, due to health concerns, may have different
patterns for ablution, such as duration, frequency, etc., which makes the current
estimates underestimated.

• Third, this study presents theoretical projections based on flow rate differences and
officially reported data. The estimated annual water savings of 212.14 million m3

and carbon offset of 702,198 tonnes are model‑based projections derived from the
assumptions stated in Section 2.3. No pilot studies or practical implementations
have been conducted to verify whether estimated savings can be achieved under
practical conditions.

• Fourth, the implementation roadmap does not fully account for regional differences
in population structure, maintenance cost, and local implementation challenges.

• Fifth, the obtained savings are constant (67%) and do not consider varying operating
conditions such as water pressure, user behavior, ultra‑low‑flow tap age, and health.
These practical factors can influence savings.

• Sixth, the tier‑based regional prioritization is solely based on household count and po‑
tential water savings. Future prioritization frameworks could incorporate additional
criteria such as locally varying water stress indices, groundwater depletion rates, de‑
salination dependency levels, and regional water scarcity indicators. Regions with
higher water stress, such as those with limited groundwater resources and high de‑
salination reliance, could benefit from priority deployment even if their household
counts are lower.

Hence, proposed future research directions should be explored as follows:

• Pilot implementation studies using alternative tap technologies assessing long‑term
durability and maintenance costs under identical conditions for relative performance
and cost‑effectiveness.

• Incorporation of cultural and behavioral variabilities.
• Understanding user satisfaction and acceptance for successful adoption through sur‑

veys or focus groups.
• Detailed analysis of large‑scale implementation to support policy decision‑making

based on subsidy programs, financing mechanisms, and cost–benefit analysis.
• Smart water meters and real‑time monitoring could provide accurate data on actual

savings and user behavior, enabling performance tracking and behavioral feedback.
• Quantification of rebound effects specific to ablution water conservation in Saudi

Arabia.
• Development of a multi‑criteria regional prioritization index for impactful deploy‑

ment strategy based on water stress indicators, groundwater availability, population
density, and economic factors.
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