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ABSTRACT

Sustainable water production is one of the top five challenges facing humanity within the upcoming
decade; for arid regions, this challenge is aggravated. In this research, we evaluate the fastest growing
technology in water treatment, reverse osmosis (RO), for both municipal wastewater treatment and
seawater desalination to combat the challenges of water scarcity and climate change. We conduct a life
cycle assessment (LCA) to evaluate the environmental impacts of municipal wastewater treatment and
seawater desalination for a consistent functional unit using ISO 14040/44 standards. The modeling
concept adopts a cradle-to-gate consequential paradigm. The life cycle inventory is based on field data
collection from one of the largest wastewater RO plants worldwide, as well as reports, literature and
ecoinvent database processes. The life cycle impact assessment is conducted on both the characterized
and normalized levels using the ReCiPe method. The results are intended to assist policy-makers in
better managing water resources. The study is applied to Kuwait but has wider repercussions.
Keywords: reverse osmosis, desalination, wastewater, life cycle assessment (LCA), Gulf Cooperation
Council (GCC), Kuwait.

1 INTRODUCTION

The UN water report [1] has shown that the Gulf Cooperation Council (GCC) states are the
top countries worldwide in terms of the water scarcity index (Fig. 1). The increasing
population, changing lifestyles and warmer weather due to climate change have resulted in a
sixfold growth in global water demand over the past century [1]. For Kuwait, although the
country’s commitment to the Sustainable Development Goal (SDG) No. 6 of clean water and
sanitation is commendable, the price for this achievement has affected other SDGs. To name
one, SDG No. 13 of climate action, as potable water is mainly produced through thermal
desalination, an energy-intensive process. In the GCC, a staggering 30%—50% of oil
production is consumed by the cogeneration of electricity and desalination. The COP21 in
Glasgow, UK and the figures of The 2019 UN Environment Programme’s Emissions Gap
Report indicate that not enough action is taken worldwide to mitigate carbon emissions [2].
The report concludes that to abide by the Paris Agreement, emissions need to drop by 7.6%
annually by 2030 for the 1.5°C target. For this seemingly “impossible” task, the European
Union (EU) launched a new world-challenging mission to reach the objectives of the Paris
Agreement to reduce global warming to preindustrial era levels, the “Mission possible”. For
the same urgent cause, the United Nations has also launched the “Decade of Change” mission
to mobilize everyone everywhere to increase momentum and take immediate action and
gather forces to deliver the 2030 promise [3]. It has long been agreed that energy efficiency
at the end-use stage is the fastest and most cost-effective solution for reducing greenhouse
emissions [4]. Countries worldwide have established targets to achieve sustainable water and
energy systems, consistent with the SDGs [5].
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Figure 1:  Water stress (%) for GCC countries: Bahrain, Kuwait, Oman, Qatar, the
Kingdom of Saudi Arabia (KSA) and the United Arab Emirates (UAE) in
comparison with selected countries [6].

Our area of focus is the most arid area worldwide, the GCC [7]. The GCC presents an
intricate paradox of severe water scarcity coupled with staggered water consumption, which
is a result of rentierism and socioeconomic situations. The GCC regions have long relied on
costly thermal seawater desalination, followed by the high abstraction of nonrenewable
groundwater resources, to satisfy their demand for water [8]—[10]. The availability of fossil
fuels at low extraction costs has slowed the conversion to energy-efficient desalination in the
GCC, such as multistage flash distillation (MSF) [10], [11]. Currently, desalination
megaprojects in the GCC are transitioning to membrane-based desalination plants (DPs)
[12]-[14]. For instance, the Yanbu seawater reverse osmosis (SWRO) DP in the Kingdom of
Saudi Arabia (KSA) is one of the largest SWRO plants in the Middle East. The plant started
its operation in 2020 with a total capacity of 450K m?3/day [15]. Similarly, the Taweelah
SWRO DP is expected to start its operation in 2022 with a capacity of 450,000 m*/day [15].

Kuwait has three SWRO DPs: the Shuwaikh SWRO DP and the Al-Zour South SWRO
DP, which commenced in 2013 and 2014, respectively, and the Doha SWRO DP, which was
recently inaugurated but was not included and has not yet reached its design capacity. The
total installed capacity of each of the aforementioned operating SWRO DPs is 30 million
imperial gallons per day (MIGPD) [11]. This number is expected to increase when the Doha
SWRO DP reaches its full operation capacity. The Shuwaikh and Al-Zour South SWRO DPs
combined contribute only 12% of the total freshwater production in the country (see Fig. 2),
while the rest is produced using MSF and the newly inaugurated multieffect distillation
(MED) DP [9].

Wastewater reuse is now considered indispensable for meeting the increasing water
demand, particularly under conditions of alarming water scarcity, which are now already
affecting every continent [16]. The GCC has already embarked on constructing mega
wastewater treatment plants (WWTPs) and projects. The overall capacity of WWTPs in the
GCC is approximately 2,800 Mm?/yr (million cubic meters per year). The total number of
WWTPs is 241; these stations primarily use secondary and tertiary methods [8]. One
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Figure 2: Water sources in Kuwait.

exception to this is in Kuwait, which vastly uses RO to treat wastewater (WWRO). Over 90%
of Kuwait municipal wastewater is treated, of which 47% is treated through ultrafiltration
(UF) and RO, and the remaining is treated through tertiary and advanced tertiary treatment
(see Fig. 2). There are seven WWTPs in Kuwait: Alrigqa, Um Alhayman, Sulaibiya, Kabd,
Wafra, Sabah Alhamed and Alkhiran (pilot plant). All WWTPs treat wastewater to the
tertiary level, except for the Sulaibiya WWTP, which uses UF/RO to achieve potable water
quality for nonpotable use [17].

This study conducts a life cycle assessment (LCA) on state-of-the-art RO treatment used
for both seawater desalination and domestic wastewater treatment. The results are intended
to assist policy-makers in better utilizing conventional water resources in Kuwait. The study
is applied to Kuwait but has wider repercussions.

2 ASSESSING RO FOR WATER DESALINATION AND

WASTEWATER TREATMENT USING LCA
LCA has been implemented to assess the environmental impacts of DPs with different plant
characteristics [9], [18]. Al-Shayji and Aleisa [11] investigated the environmental impacts of
all operating DPs in Kuwait. Mannan et al. [19] highlighted the regional impact on the
environmental impact of a DP. Aljuwaisseri et al. [9] investigated the impacts of intake water
salinity and turbidity on the environmental impact. Researchers have addressed varying
desalination process scenarios, including different gain ratios [19], multiple energy sources
[10], [20], [21] and different capacities [22]. The effects of using renewable energy sources
in DPs and their associated impacts on environmental loads have also been addressed within
LCAs [19], [20], [23]. A literature review on SWRO LCAs can be found in Aljuwaisseri et
al. [9].

For wastewater treatment assessment using LCAs, to date, more than 100 research papers
have been published in this field [24]. Detailed literature reviews comparing different LCA
objectives, challenges, methodological choices and results related to wastewater treatment
and sludge management can be found in Corominas et al. [24], Yoshida et al. [25], Pradel et
al. [26], and Gallego-Schmid and Tarpani [27]. In addition, LCA has been used to analyze
environmental impacts in the field of storm-water management [28], to determine appropriate
solutions in the field of the urban water cycle [29], to control emitted greenhouse gases [30],
and to identify the environmental impacts of wastewater sludge treatment [31].
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3 MATERIALS AND METHODS
The goal of this study is to evaluate the environmental burden of RO treatment on two main
water production processes, SWRO and WWRO, using LCA. Both analyses adhere to the
four stages outlined by ISO 14044 [32]. The analysis is conducted using open-loop
consequential modeling. The UF used is 1 Mm?® of permeate to potable quality per the
requirements of the World Health Organization (WHO). The two system boundaries are
described next.

3.1 System scope and boundary

The system boundaries are the cradle-to-gate impacts of all processes, materials, energy
requirements and chemicals through operation and are calculated through field visits, reports
and literary analysis. Water delivery and disposal are excluded. The construction and
decommissioning phases were excluded from the LCA due to their insignificant contributions
to the total environmental impact [20], [33]-[35]. For instance, Raluy et al. [36] found that
the construction phase only contributed 5% to the total environmental impact. Furthermore,
brine disposal was also excluded from the study due to its relatively negligible environmental
impact [34], [36].

3.1.1 SWRO system description

The process of producing desalinated water using SWRO is based on Aljuwaisseri et al. [9]
and is shown in Fig. 3. Ferric chloride is injected to coagulate the particles, improving the
removal of suspended material through gravity filters. Sodium bisulfate is injected to remove
the residual chlorine to protect the membranes from oxidization. An antiscalant is also
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Figure 3: Process flowchart for the SWRO DP. (Source: Adapted from [9].)
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injected into the filtered seawater before it enters the SWRO unit. The SWRO system is a
single-pass system with energy-recovery device units supplied with filtered seawater by a
low-pressure pump. The concentrated brine rejection line is located at the outlet of the
membrane array to feed the energy-recovery device. Finally, the permeate is mixed with the
distilled water produced at a nearby plant before it is sent to the distribution network. Clean-
in-place (CIP) is the main cleaning process applied to remove scaling and biofouling. Citric
acid and caustic soda are the chemicals used in CIP.

3.1.2 UF/RO system description

Wastewater first undergoes a primary treatment that is a physical/mechanical process that
removes suspended and floating particles from the wastewater entering the WWTP. Primary
treatment includes screening to screen grit and other suspended solids. Secondary treatment
uses biological processes to digest and dissolve organic pollutants to produce settleable
solids. The process is followed by aeration basins or settling tanks to clarify the influent by
removing approximately 85% of its suspended solids and BOD [37], [38]. The biological
treatment stage uses a vertical loop reactor (VLR) [39]. The wastewater is then moved by
gravity to secondary wastewater treatment equipment, which consists of aeration chambers
and primary clarifiers. The type of clarifier used is a rim flow clarifier. The resultant active
sludge is continuously recycled to the aeration tank. The surplus activated sludge (SAS) is
used for sludge treatment [31]. The effluent undergoes a tertiary treatment, which eliminates
over 95% of all impurities from the sewage. It consists of rotating disc filters and an
ultraviolet (UV) system. Advanced treatment uses UF/RO as the membrane process to
remove the residual solids, inorganics, organics and microorganisms remaining in the tertiary
effluent. The UF/RO treatment is built based on the Sualibiayh WWTP. The UF system
consists of 8.7 K UF membranes, and the RO trains consist of 21 K membranes. Eventually,
85% of the tertiary effluent is reclaimed, and the remaining 15% is discharged as brine into
the sea [40].

Excess sludge is thickened to reduce its volume. A polymer preparation unit (PPU) is used
for additional thickening and flocculation [39]. Aerobic digesters use gravity belts that carry
sludge for dewatering to form a sludge cake, which is then landfilled [31].

The chemical and microbiological characteristics of the wastewater RO permeate (ROP)
in Kuwait exceed the WHO standards [17], [41], [42] of potable quality and the Kuwait
standards as published by the Kuwait Environmental Public Authority (KEPA) and the
Ministry of Public Works (MPW) (see Table 1).

Table 1: Specifications of the effluent per cubic meter [43].

Specification Unit | ROP | Potable | Specification Unit ROP
water

pH — 6-8 6.8-7.5 | Chloride mg/L
Conductivity 515 Ammonia mg/L <1
TSS mg/L <1 - Nitrite mg/L <1
VSS mg/L <1 - Total count Colony/100 mL | Nil
COD mg/L - T. Coli Colony/100 mL | Nil
BOD mg/L <1 - F. Coli Colony/100 mL | Nil
Grease and oil mg/L | <0.05 - Salmonella Colony/100 mL | Nil
TDS mg/L | <100 400 Streptococci | Colony/100 mL | Nil

Note: BOD = biochemical oxygen demand; COD = chemical oxygen demand; TSS = total suspended solids; VSS =
volatile suspended solids; T. Coli = total coliforms; F. Coli = fecal coliforms.
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3.2 Life cycle inventories

The life cycle inventory (LCI) foreground data, including energy consumption, chemical
dosage, and membrane data, were collected from field visits and reports. The background
data comprising the production of chemicals, energy and membranes were obtained from
[44] and the ecoinvent database v.3.0. For SWRO, the LCl is provided in Table 2. The tertiary
wastewater treatment LCI is provided in Table 3. The UF/RO LCI was obtained from the
Sulaibiya WWTP in Kuwait [40]. The energy calculations were obtained from Aleisa and
Heijungs [10] and Aleisa and Al-Shayji [21]. The electrical energy required for SWRO is 5.2
kWh/m3 [9]. The electrical energy required for tertiary wastewater treatment is 3.95 x 10~
kWh/m3, and that required for UF/RO (excluding tertiary) is 3.14 x 10" kWh/m3 [40].

Table 2: LCI of the SWRO DP. (Source: Adapted from [9], [44].)

Input data Formula Unit | Amount | Ecoinvent process
Antiscalant hydrex | CH, = CHCOOH | g/m? | 15.857 | Acrylic acid [9]
; - o
Caustic soda NaOH g/m3 56.2 Sodium hydroxide 50% in
solution [44]
. . Iron (III) chloride 40% in
3
Ferric chloride FeCLs g/m 4531 solution [44]
Sodium bisulfate NaHSO0; g/m3 0.906 | Sodium hydrogen sulfite [9]
Citric acid CeHg05 g/m3 0.906 | Citric acid [9]
SWRO membrane g/m’ 0.898 Glass fiber-reinforced

plastic, polyamide [9]

Table 3: Chemical additives per cubic meter of tertiary treated wastewater [40].

Chemicals Formula | Amount (g)
Sodium hydroxide 50% NaOH 1.096
Sodium hypochlorite 12.5% | NaOCI 2.740
Activated carbon C 3.044 x 102
Cationic polymer - 1.461
Chlorine liquid Cl 3.288

The landfilling facility is designed for biogenic waste from the ecoinvent database version
3.0. It has a design capacity of 1.8 million m* with a 30-year lifetime. It is equipped with a
leachate and landfill gas collection system [31], [45].

3.3 Life cycle impact assessment

The life cycle impact assessment (LCIA) was calculated using the ReCiPe midpoint (H)
V1.10. Table 4 lists the midpoint impact categories.

4 RESULTS
Figs 4 and 5 illustrate the characterized and normalized LCIA results, respectively. The LCIA
shows a significant difference in the environmental impacts between SWRO and WWRO.
Using the characterized results (see Fig. 4), SWRO scores higher (worse) in terms of CC,
OD, PMF and FD. This was mainly due to the high energy consumption of SWRO. Over
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Table 4: Midpoint impact categories investigated in the LCIA phase (ReCiPe V1.10).

Midpoint impact category Unit

Climate change (CC) kg (CO; to air)

Ozone depletion (OD) kg (CFC-11 to air)

Fossil depletion (FD) kg (oil)

Metal depletion (MD) kg (Fe)

Particulate matter formation (PMF) | kg (PMj to air)

Human toxicity (HT) kg (14-DCB to urban air)
Marine ecotoxicity (MET) kg (14-DCB to marine water)

92% of the environmental burden is attributed to the electricity use required by SWRO. Ferric
chloride followed by the antiscalant contributed 3% and 1%, respectively, to the
environmental impact of the SWRO DP. The process contribution analysis revealed that
petroleum and gas production were the highest contributors to FD (95% contribution). The
main contributor to CC was the CO, resulting from high-voltage electricity production. On
the other hand, WWRO scores higher (worse) in characterized values in terms of MET and
MD. This is due to the extensive use of ferric chloride and hydrochloric acid in WWRO. The
results are similar in terms of HT at 52.7% and 53.3% for WWRO and SWRO, respectively.
The first is due to ferric chloride, and the second is due to energy. The normalized results
(see Fig. 5) indicate that FD is the impact category with the largest effect, followed by CC,
MD and then PMF.

The single score results (see Fig. 6) indicate that the WWRO impact is only 31% of that
of the SWRO impact. Regulations exclude all amenity uses of WWRO and restrict its uses
to the irrigation of crops and some industrial applications [17]. 19% of all water consumed
in the agricultural sector is recycled water. WWRO treatment is regulated by KEPA standards
[46], [47], which are on several parameters more conservative than those of the WHO [41].
No outbreaks of infectious disease have occurred since 2005, when the first utilization of
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Figure 4:  Characterized results for WWRO versus SWRO production using ReCiPe
Midpoint (H) V1.10.
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Figure 5: Normalized results for WWRO versus SWRO production using ReCiPe
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Figure 6:  Single score results for WWRO versus SWRO production using ReCiPe
Midpoint (H) V1.10.

ROP water took place. This clearly indicates a great opportunity that could significantly
contribute to balancing SDG No. 6 (clean water and sanitation) and SDG No. 7 (affordable
and clean energy) to contribute to SDG No. 13 (climate action).

5 CONCLUSIONS
This study provides an LCA that compares the environmental impacts of WWRO versus
SWRO. SWRO has three times the environmental impact of WWRO. This result was most
significant in terms of CC, OD, PMF and FD. This was mainly due to the high energy
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consumption of SWRO. Over 92% of the environmental burden is attributed to the electricity
use required by SWRO.

On the other hand, WWRO scores higher (worse) in characterized values in terms of MET
and MD. This is due to the extensive use of ferric chloride and hydrochloric acid in WWRO.
The local regulations exclude all amenity uses of WWRO and restrict its uses to the irrigation
of crops and some industrial applications. Relaxing some of these regulations could
significantly and safely contribute to a circular economy and promote a better balance
between achieving SDG No. 6 (clean water and sanitation) and SDG No. 13 (climate action).
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