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Abstract

With the rapid increase of the human population and the concomitant increase in freshwater demand, pressure on this natural
resource is increasing. One of the approaches used to overcome water scarcity in several parts of the world is desalination of
brackish or seawater. Coupling seawater reverse osmosis (SWRO) with renewable energy (RE) is an active research area and
understanding the environmental impact of these integrations using Life Cycle Assessment (LCA) is one of the tools available
for the selection of sustainable water supply options for remote communities. This study uses LCA to assess the feasibility
of integrating a SWRO with a hybrid energy system to meet the water needs in a remote community. The RE is supplied
via electricity generated from biogas produced from the anaerobic digestion (AD) of the organic fraction of municipal solid
waste. A 4500 m3/day SWRO plant was designed using WAVE software to satisfy the water demand of a small/medium town
in a remote area in Lebanon. The biogas plant sizing was performed using HOMER Pro and different renewable percentages
were tested. Biogas characteristics were taken from an existing organic waste AD plant in Lebanon. Based on the available
mass of solid waste, the maximum achievable renewable fraction required to operate the SWRO was found to be 60%; the
remaining electrical demand was supplied from the grid. The LCA was performed using Simapro Ph.D. version 9 to quantify
the environmental impacts of this integration. IMPACT2002+ impact assessment method was used. Results show that using
AD to power desalination is viable from an environmental perspective and achieves significant reductions in many categories
when compared to conventional fossil fuels. Furthermore, increasing the renewable fraction in the hybrid energy system results
in further reduction in the environmental impact. In particular, a 60% reduction in global warming potential was observed
compared to conventional fossil fuels. However, for some categories, the impact increases upon increasing renewable fraction
particularly for categories related to toxicity, eutrophication and acidification and this is mainly attributed to digestate application
on land, highlighting the need for digestate enhancement. Accordingly, the system can be further improved by increasing the
amount of waste collected and transformed and adopting a more site-specific design.
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1. Introduction

The rapid increase of the human population and accelerated urbanization have led to the consequent rise in global
water scarcity and solid waste generation. Water scarcity arises due to both increasing demand and decreasing supply.
On the demand side, as populations increase, more water is consumed whether for domestic, industrial or agricultural
uses. On the supply side, climate change exacerbates the problem as precipitation patterns continuously change
leading to lower water availability [1]. In an effort to address water scarcity and bridge the gap between supply
and demand, desalination technologies have been proposed (and in some cases employed) as one of several options
available [2]. Desalination entails the separation of a saline water solution, which could be either sea or brackish
water, into freshwater for consumption and brine which is usually disposed of [3]. With recent developments and
technological improvements, reverse osmosis (RO), a membrane separation technique, became the most preferred
desalination method worldwide [2].

As a result of population growth and urbanization, waste generation has increased at a fast rate, posing a threat
to public health due to lack of proper waste management and sanitation [15]. Consequently, governments have
attempted to generate energy from waste as a means of reducing waste disposal issues [16]. One of the more
commonly used waste to energy technologies is Anaerobic digestion (AD) which converts biowaste to biogas
composed primarily of methane (CH4) and carbon dioxide (CO2) [12]. This gas can be used to produce heat and
electricity or as fuel for transport [14]. The biowaste feed could be any type of organic waste such as food waste
(from municipal organic waste or residues from the food and beverage industry), sewage sludge or agricultural
residues (livestock manure) [13].

The global sustainability goals and the desire to achieve net-zero emissions remain dependent upon understanding
the environmental impact of technologies. Life Cycle Assessment (LCA) is a tool used to quantify the environmental
impact of any product/service across its entire life cycle i.e. from the extraction phase up to its final disposal [17].
LCA has been applied extensively on each of the discussed technologies (RO and AD) and several conclusions have
been drawn regarding their environmental burdens.

[18] performed an LCA on different types of desalination technologies and concluded that RO was the least pol-
lutant when compared to thermal desalination (MSF and MED). [19] reached similar conclusions when comparing 9
desalination plants in Kuwait. Further, [20] and [21] compared the integration of desalination with different energy
production technologies and determined that the higher the efficiency of the energy production system, the lower
the environmental burden. When assessing the impact different fossil fuel energy sources, natural gas was identified
as the least pollutant compared to coal and crude oil which were the most polluting [19,20,22]. A large number
of studies conclude that when operating on fossil fuels, the operation phase, particularly electricity consumption,
constitutes the majority of the environmental impact for desalination plants [18,19,21-26]. Accordingly, coupling
desalination with RE was suggested and different integrations were examined. Results showed that RE was
responsible for an approximate 80%-90% reduction in environmental impact when compared to fossil fuels.
Particularly, [27] found that hydropower was the most preferred from an environmental perspective compared to
wind energy and PV. Studies showed that when operating on wind or PV, the major contributor to the environmental
impact shifted from electricity consumption (when using fossil fuels) to chemical use or plant construction (including
construction of the RE plant) [22,26,28]. [29] showed that PV had very comparable results to natural gas in all
categories except global warming potential whereby PV exhibited a better performance.

Researchers have also examined the LCA of AD in different settings. Most studies are concerned with the
comparison of either different end uses for biogas (combined heat and power production (CHP), biomethane
production, transport fuel, or domestic use such as heating), or different waste sources (food waste, energy crops,
cattle waste...) or both. Some of the most recent published research studies are summarized in Table 1, along
with their main conclusions. All studies reveal AD as a promising replacement to traditional fossil electricity with
accompanying environmental improvements in operation.

In the context of a developing country, Lebanon is a case with severe limitations, including water shortage,
waste mismanagement, and a failing power sector. Despite the fact that Lebanon is considered a water rich Middle
Eastern country, water scarcity is common in many areas in Lebanon, mainly due to low water storage capacity
and impairments in the infrastructure, thus classifying Lebanese water resources as stressed [30,31]. In addition, the
absence of sustainable solid waste plans, including facilities and sites to accommodate the required capacity led to
an increase in open dumping and burning of waste. The power sector in Lebanon has long suffered frequent power
outages that have become part of the daily life of Lebanese citizens due to persistent challenges [32].
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Table 1. Life cycle assessment studies of anaerobic digestion processes.
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Reference  Goal Waste source End use Location Conclusions
[4] Evaluate environmental -Energy crops Biomethane Germany 82% GHG emission reduction compared to
impact of biomethane NG
production
[5] Compare environmental -Food waste -CHP United -Centralized vs. distributed infrastructures do
impact of AD for different -Transport fuel King- not have significant impact on results
end uses and centralized -Domestic use dom -Lowest impact was for CHP with 80%
vs. distributed systems utilization followed by transportation fuel
[6] Compare attributional vs.  -Energy crops + -CHP Germany -Different methodological approaches have
consequential approach for animal husbandry significant impact on final LCA results
LCA of AD -Final outcomes were the same: Savings can
be achieved compared to German grid
[7] Identify environmental -Dairy cattle waste  -Heating fuel ~ United -Construction phase is insignificant
impact of small-scale AD King- compared to operation
of cattle waste dom -Lower impact compared to kerosene for
fossil fuels depletion
[8] Compare different waste -MSW -Biomethane Ar- -Best waste source: agro-industrial effluent
sources, different -Agro-industrial -CHP gentina  -Worst waste source: Brewery effluent
upgrading solvents and effluents -Best upgrading solvent: water
different biogas end uses  -Brewery effluents -Using NG for power requirements of AD
plant had worst results for all waste sources
as compared to biogas
-Upgrading stage increases environmental
impact significantly
-Biogas has lower impacts than conventional
power and is a feasible process to replace
NG
[9] Compare different end -MSW (organic -CHP Italy -Use of biomethane for transport is a
uses for AD fraction) -Transport fuel cleaner option than energy production
-Use of biomethane for transport is a cleaner
option than fossil fuels (diesel, petrol, NG)
[10] Compare different waste -Maize/grass silage  -CHP Northern -Food waste has more carbon savings than
sources for AD + cattle slurry Ireland  both grid and traditional scenario of
-Food waste maize/grass silage + cattle slurry
-AD has more carbon savings than
landfilling
[11] Evaluate climate emissions -Pig slurry + solid  -CHP Finland  -Worst case: Pig slurry + grass
of entire digestion chain fraction of pig slurry -Best case: Pig slurry + food waste
-Pig slurry + grass -Highest contributors are CHP plant and
-Pig slurry + food slurry storage
waste -Lower emissions than fossil energy
[12] Compare AD to landfilling -Food waste -CHP United -AD has net savings compared to landfilling,
and incineration King- incineration and grid in most categories
dom
[13] Identify hotspots in biogas -Municipal sewage -CHP India -Feedstock supply had insignificant impact
production system sludge in all categories
-Construction materials had significant
impact on some categories but not on others
-Results showed significant improvements
compared to coal-based electricity
[14] Compare AD of poultry -Poultry litter -CHP Ireland  -AD is a suitable disposal route for poultry
litter to landfilling - Heating litter
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The objective of this research is to assess the environmental impact of a SWRO plant powered with hybrid
energy sources (conventional and renewable (AD)) and located in a highly water scarce region in Lebanon. LCA
is used to perform the analysis for several renewable energy/conventional energy combinations. The goal is to
quantify the environmental impact reductions (if any) of the different AD/grid-SWRO combinations compared to
grid-SWRO. As far as the authors are aware, the environmental impact of the integration of an AD plant with
SWRO has not been previously examined. This work may offer a viable solution for several countries with low-
and lower-middle-income economies experiencing severe water shortages, lack of continuous electricity supply and
chronic solid waste mismanagement. [22] have performed a detailed review of LCA applied to desalination in which
they identify gaps such as the lack of a study that covers all environmental impacts of desalination comprehensively.
As such, this study employs IMPACT2002+ impact assessment method and covers all relevant impact categories
including land use, both of which [22] identify as having very limited application in desalination LCA.

2. Materials and methods

This section will describe the methodology adopted for each of SWRO plant design, AD plant design and
consequent Life Cycle Assessment. The SWRO plant was first designed using WAVE Software, the AD plant was
then sized using HOMER Pro to satisfy the electricity requirements of the SWRO plant and finally the LCA of
the integrated system was done using Simapro along with the incorporated Ecoinvent databases. Fig. 1 gives an
overview of the adopted methodology.
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Fig. 1. Methodology flowchart.

2.1. Design of SWRO plant

The SWRO plant is designed to satisfy the freshwater needs of town with a population of approximately 30,000
located in Akkar, North of Lebanon. This district was chosen because it highly suffers from the detrimental effects
of water shortage and is located adjacent to the coast of the Mediterranean Sea. Water demand was assumed to
be 150 L/capita.day which is a 10% safety margin from the value published by [33]. The feedwater is standard
reference seawater with a TDS of 35,000 mg/L. whose composition is very similar to that of the Mediterranean
Sea and it can be found in the supplementary material (section A.l). The pre-treatment involves disinfection
using chlorine, multimedia filtration to remove suspended solids and turbidity, activated carbon filtration to remove
organics and chlorine, acid addition followed by anti-scalant addition to reduce scaling potential and adjust pH
and finally cartridge filtration to remove residual solids and sand. The pretreatment units were sized using hand
calculations based on [34] and the units (filters, pumps, tanks etc.) were selected based on equipment manuals and
communication with suppliers. The SWRO plant was then designed using WAVE. Some parameters like permeate
flow rate (calculated based on water demand), feed water quality, design temperature and type of pretreatment
were fixed and input into WAVE. Other parameters were varied until an optimal configuration was reached and
adopted. The variable parameters were number of stages, number of passes, number of pressure vessels, types of
membranes and number of membranes per pressure vessel. The final adopted design was based on a compromise
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between maximum attainable recovery, minimum specific electricity consumption, minimum number of membranes
and minimum feed pressure. The flux and final water quality (TDS, ion concentration and pH) also needed to be
within required limits and variables were adjusted accordingly. Details on the design calculations of the SWRO
plant can be found in the supplementary material (section A) and in [35]. The main parameters of the plant are
summarized in Table 2.

Table 2. Summary of Seawater Reverse Osmosis plant specifications.

Parameter Value
Feed water type Seawater
Feed TDS (mg/L) 35,000
Plant capacity (m?/day) 4500
Permeate TDS (mg/L) 266
Permeate pH 6.0
Recovery 47%
Specific electricity consumption — with energy recovery (kWh/m?) 3.0

2.2. Hybrid energy system (fossil fuels and AD plant)

In this section the design of the hybrid fossil fuel-renewable energy plant will be detailed and the various energy
supply scenarios entailing different combinations of fossil fuel renewable energy percentages will be discussed. It
should be noted that the grid (i.e. fossil fuel part) portion of the energy supply considered in this work is that of
the Lebanese electricity grid which is generated from 97% oil [36].

The chosen waste source for this work is the organic fraction of municipal solid waste (OFMSW) generated
by the selected town and nearby villages. The chosen end use is power generation to supply the SWRO plant.
As a result, the main components of the AD plant are the generator and digester, a tank that can have different
commercially available variations.

For this project, due to the absence of reliable data, the amount of organic waste treated was set at 100 tons/day
(or approx. 36,500 tons/year). The organic waste generated by a population of 30,000 in the North of Lebanon was
calculated and found to be 15 tons/day, which is capable of satisfying only a negligible portion of the electricity
load for the SWRO plant. For this reason, the amount of waste collected was sequentially increased, until a value
of 100 tons/day was reached capable of satisfying 60% of the load. It was then assumed that the waste will need
to be collected from nearby towns. In total, the North of Lebanon generates around 600 tons/day of organic waste,
so 100 tons/day was considered reasonable for Akkar [37]. The waste composition is given in Table 3.

Table 3. Source separated — Organic fraction of municipal solid waste composition
adopted for Anaerobic Digestion in the study.

SS-OFMSW composition

Parameter Value Reference
TS (%) 18.95%

TVS (%) 94.10%

COD total (mg/L) 284,875

COD soluble (mg/L) 118,675 [38]
C (%TS) 43.62%

N (%TS) 2.79%

P (%TS) 0.36%

Carbs (%TS) 55.50%

Cu (mg/kg TS) 33.678 [39]
Zn (mg/kg TS) 189.283

BO (m3CHy/kg TVS) 0.45 [40]

The AD unit was adopted based on an existing plant (IBC Saida) in Lebanon. It is based on thermophilic,
single stage digestion, with a temperature of 55 °C and a retention time of 14-17 days. Accordingly, the biogas
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characteristics are summarized in Table 4. Traces of H,S are present in the produced biogas; however, they are
removed in a desulfurization unit. The produced digestate is used for land application as organic fertilizer.

Table 4. Biogas characteristics (taken from IBC plant and used in this study).

Parameter Value®

Gasification ratio 0.139 m3/kg biowaste
CH4 60%

co2 40%

Lower heating value 6.7 MJ/kg dry matter
pH 7.1-7.2

2Values obtained from expert communication in IBC plant in Saida — Lebanon and
validated based on [41].

Different generator sizes were considered to gradually increase the renewable fraction and consequently the
amount of electricity generated from biogas, with the balance supplied from the grid. The generator sizing was
done in HOMER Pro and the scenarios investigated are summarized in Table 5. The adopted capacity of 100
tons/day was able to generate a maximum of 2,927,300 kWh/yr which accounts for 60% of the total SWRO plant
consumption.

Table 5. Description of the various scenarios considered.

Scenario Generator capacity (kW) AD (kWh/yr) Grid (kWh/yr)* Renewable fraction (%)°
SO - 0 4,927,500 0%

S1 60 525,600 4,401,933 10%

S2 120 1,051,200 3,876,406 20%

S3 170 1,489,200 3,438,615 30%

S4 230 2,014,800 2,913,826 40%

S5 280 2,452,800 2,478,886 50%

S6 400 2,927,300 2,014,552 60%

2The total electricity generated from grid and AD is equal to 4,927,500 kWh/year for all scenarios (which is the total electricity demand of
the SWRO plant). Biogas consumption for all scenarios is 1.72 m3/kWh.

YEquivalent to sum of AD and grid minus grid sales; Enough to satisfy electricity requirements of SWRO assuming 100% plant availability
(365 days per year 3 kWh/m3#4500 m3/day*365 days/yr).

2.3. Life cycle assessment

Simapro PhD 9.0.0.29 [42] along with the incorporated Ecoinvent databases (version 3) were used to perform
the LCA.

The functional unit is the production of 1 m* of desalinated water using the SWRO. The system boundaries for
the baseline scenario are shown in Fig. 2 and those for all other scenarios (AD+ grid) are shown in Fig. 3 with
system expansion processes represented by dotted lines.

— Construction: involves all materials and processes involved to build the plant unit operations (seawater intake
and outfall, pre-chlorination, multimedia and activated carbon filters, acid and anti-scalant addition, cartridge
filters, pressure exchangers, post chlorination, clean-in-place, all pumps and tanks), transportation to the plant
site, and civil works (More details can be found in supplementary material (Section A) and [35])

— Operation: includes chemicals used (sodium hypochlorite, hydrochloric acid and sodium hexametaphosphate),
cleaning solutions and electricity consumption of the process (grid and AD). Water distribution was excluded
from system boundaries.

— Decommissioning: includes dismantling of the plant, transportation of the waste to treatment sites and the
treatment operations (landfilling).

Data for the construction of the SWRO was collected from literature, equipment manuals and communication
with industry and suppliers. Values for materials and processes considered in SWRO plant construction stage are
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detailed in supplementary material (Section 4.2). More detailed inputs and design considerations are given in [35].
On the other hand, inputs and outputs for the desalination plant operation phase are shown in Table 6.

The construction of the AD plant was extrapolated from an existing plant in Zurich, Switzerland modeled by
Ecoinvent, that adopts a similar technology as the one studied in this work [43]. Inputs regarding the operation
phase were taken either from real values by IBC plant in Lebanon or collected based on HOMER Pro results and
from the literature. The processes involved include the electricity production itself, biogas production, digestate
production (as a co-product) and digestate spreading on land. Inventory data for each of these processes are shown
in Table 7 a, b, ¢ and d respectively.

The avoided processes considered are as follows:

— 1 kWh of electricity from the grid (modeled for Lebanon by Ecoinvent) is displaced by 1 kWh of electricity
production from biogas
— 1 kg of biowaste composting (modeled by Ecoinvent) is displaced by 1 kg of biowaste treated by AD in this

study

— N, P and K mineral fertilizer application is displaced by digestate spreading on land. The amount of each
fertilizer that was avoided was taken from [45] for the commercial biowaste scenario. N-fertilizer was
assumed to be ammonium nitrate, P-fertilizer was diammonium phosphate and K-fertilizer was potassium
chloride. Avoided processes are shown in Table 8.
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Table 6. Material and energy inputs/outputs and quantities for desalination operation processes.

Desalination operation phase

Value Unit
Outputs
Desalinated water 1 m? Assume 345 operation days/year. 20 year lifetime
Brine 1.108 m?
Inputs
Ocean water 2.35 m? Recovery = 47%
Sodium hypochlorite 0.05467 kg Pre-chlorination
Hydrochloric acid 0.1358 kg
Sodium hexametaphosphate 0.00984 kg Replaced with phosphoric acid in Simapro
Sodium hypochlorite 0.01253 kg Post-chlorination
Electricity® 3 kWh
Emissions to water
NH4* 0 kg
K* 0.857924 kg
Na™ 23.18933 kg
Mg+ 277 kg
Ca’t 0.889059 kg
Sr2+ 0.017152 kg
Ba’t 0 kg
CO;32~ 0 kg . o
HCO5 0.151353 ke Taken from WAVE results
NO3;~ 0 kg
Cl~ 41.79044 kg
F~ 0.002792 kg
SO4%~ 5.85578 kg
Si0, 0.002094 kg
Boron 0.008487 kg
CO, 0.0405 kg

2Electricity is divided into each of grid and AD depending on the renewable percent adopted per scenario. AD electricity is modeled
separately.

The LCIA method used is IMPACT 2002+ tackling 15 midpoint categories [47]:

— Human toxicity (carcinogens) (HTPC)

— Human toxicity (non-carcinogens) (HTPNC)
— Respiratory inorganics (RI)

— Jonizing radiation (IR)

— Ozone layer depletion (ODP)

— Photochemical oxidation (POCP)

— Aquatic ecotoxicity (AET)

— Terrestrial ecotoxicity (TET)

— Terrestrial acidification/eutrophication (TAEP)
— Aquatic acidification (AAP)

— Aquatic eutrophication (AEP)

— Land occupation (LO)

— Global warming (GWP)

— Non-renewable energy (NRE)

— Mineral extraction (ME)

The following 4 endpoint categories were also tackled:

— Human health (HH)
455
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Table 7. Material and energy inputs/outputs and quantities for AD operation processes.

Energy Reports 7 (2021) 448465

a. Electricity production (by AD)

Electricity produced 1 kWh

Inputs

Biogas 1.72 m? Homer Pro results

Emissions

NOx 0.0003765 kg (44]

CcO 0.0015649 kg

b. Biogas production

Biogas produced 1 m? Equivalent to 1.221 kg (Biogas density 1.221 kg/m?)
Digestate produced 5.968 kg

Inputs

Electricity (Lebanese grid) 0.4706 kWh Taken from IBC

Heat (natural gas) 2.541 MJ Taken from IBC

Biomass (exiting storage) 7.189 kg SS-OFMSW

Emissions

CHy4 0.004302 kg 1% of CHy in biogas as fugitive emissions [12]
CO, 0.0088621 kg 2.06 kg CO; per kg CHy [45]

c. Digestate storage

Digestate (post storage) 1 kg

Inputs

Electricity (for pumping and stirring) 0.0029 kWh

Emissions

CH4 0.0001542 kg [45,46]

CO, 0.0003176 kg 2.06 kg CO, per kg CHy [45]
NH3-N 0.000107 kg

N,O-N (direct) 1.67E—05 kg

N>O-N (indirect) 1.20E—-06 kg Indirect emissions due to NH3 and NOy volatilization [45]
NO-N 2.00E—07 kg

N;-N 1.28E—05 kg

d. Digestate spreading on land

Digestate applied on land 1 kg

Inputs

Digestate (exiting biogas plant) 1 kg

Emissions to air

CHy Negligible kg

CO, 0.0038733 kg [45]

NH3-N (during application) 2.49E—-05 kg )

NH3-N (after application) 0.0006505 kg

N>O-N (direct) 5.42E—05 kg [46]

N>O-N (indirect) 6.81E—06 kg Volatilization of ammonia (NH3-N) and nitrogen oxides (NOx-N)
N,O-N (indirect) 1.24E—-05 kg Due to nitrate leaching [46]

NOx -N 5.42E—06 kg

Emissions to water

Nitrate leaching 0.001659 kg N Nitrate leaching water [45]
Phosphorus leaching 0.0000339 kg P Phosphorus leaching to water [45]
Emissions to soil

Copper (Cu) 7.6875592 mg 100% of the Cu in digestate [45]
Zinc (Zu) 43.206968 mg 100% of the Zn in digestate [45]
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Table 8. Avoided fertilizer processes.

Avoided fertilizer Avoided® (kg/ton digestate) Avoided® (kg/m® biogas)
N (Ammonium nitrate) 3.7 0.022079085

P (Diammonium phosphate) 0.58 0.003461046

K (Potassium chloride) 1.53 0.00913

4Values taken from [45] for commercial biowaste.

bCalculated based on the production of 0.83 kg digestate/kg biomass or 5.96 kg digestate/m>
biogas.

— Ecosystem quality (EQ)
— Climate change (CC)
— Resources (RD)

This LCIA method has had limited application in desalination LCA as per [22] which further highlights the novelty
of this work.

3. Results

3.1. Midpoint categories

The baseline scenario (SO: 100% grid to SWRO plant) indicates that the majority of the impact in all categories
except ODP is caused by grid electricity due to the use of fossil fuels whereby the Lebanese grid is composed of
97% oil. Fig. 4 presents the breakdown of impact in the baseline scenario SO. ODP is caused fully by construction,
particularly membrane manufacturing due to the use of polyester resin. Chemical use (hydrochloric acid and sodium
hexametaphosphate) contributes to a lesser extent to all categories. Regarding LO, the impact is to a certain extent
equally distributed among all considered processes. Decommissioning/disposal phase has almost O contribution to
all categories despite being set as worst-case scenario (landfilling).
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Fig. 4. Percent breakdown of impact for Scenario SO (100% grid).

The maximum increase or decrease for all impact categories compared to the baseline scenario were observed
in S6 that has the highest renewable percent (60%). The breakdown of impacts per category for S6 is shown in
Fig. 5(a) and (b).

Fig. 6 represents all impact categories across all considered scenarios, which can clarify whether the impact in
each category decreased or increased with the increase in the renewable energy fraction. The initial bar on the left
represents the baseline scenario and the subsequent bars represent the AD—-SWRO combinations with increasing
renewable energy fraction i.e., the rightmost bar represents S6 with the highest renewable energy fraction (60%).
Results indicate a decrease in impact with increase of renewable energy fraction compared to the baseline scenario
(S0: 100% grid) in the categories of RI, IR, LO, AAP, GWP, NRE and ME. On the other hand, an increase is
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observed for HTPNC, AET, TET and TAEP. ODP shows very minimal decrease in impact. HTPC shows an increase
in S1 compared to SO and a subsequent decrease with increase of renewable energy fraction.
Each impact category will be considered separately in the next section.

3.1.1. Carcinogens and mineral extraction
HTPC exhibit a 53% increase in S1 compared to SO and subsequent decrease in impact with the increase of
the renewable fraction such that the impact in S6 is 6% lower than that in SO denoting an environmental benefit
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at 60% renewable fraction. ME exhibits a 4% increase in S1 compared to SO and a consequent decrease such that
an environmental benefit is observed at S2 (20% renewable fraction). S6 exhibits a 114% decrease compared to
SO with a negative net impact. Both HTPC and ME are caused by plant construction, fraction of grid electricity,
biogas production and to a lesser extent chemical use (particularly hydrochloric acid and sodium hypochlorite).
Within plant construction, SO only includes SWRO plant construction, while S1 and further scenarios include both
SWRO and AD plant construction. The increase in impact in S1 compared to SO is therefore caused by the use
of cast iron, copper and reinforcing steel materials in the AD unit. Regarding operation, the impact is mainly due
to the use of grid electricity and heat from natural gas for the AD unit self-consumption. However, the following
decrease in impact after S1 is caused by the avoided processes of using 100% grid electricity, biowaste composting
and application of mineral fertilizers, such that the benefit from these processes was more pronounced than the
burdens.

3.1.2. Ozone layer depletion

ODP is caused 100% by the SWRO plant construction particularly membrane manufacturing due to the use of
polyester resin. For this reason, no change is observed for this category with increase of renewable fraction, as
the integration of RE deals with impacts in the operation phase and not the construction phase. However, a slight
environmental benefit is observed in all scenarios due to displaced processes.

3.1.3. Global warming

A reduction in impact was observed for GWP up to a maximum of 60% in S6 compared to SO. The processes
responsible for GWP are biogas production and grid electricity. Both processes contribute due to the use of fossil
fuels which result in carbon dioxide and methane emissions. Within biogas production, the emissions are due to both
grid electricity and heat from natural gas that are used for the plant’s parasitic load. Fugitive emissions due to CO,
and CHy4 leakages (considered as 1% of biogas methane content) in the AD unit are minimal compared to emissions
from the grid. To a lesser extent, biowaste storage, digestate spreading, sodium hypochlorite and construction also
contribute to global warming. Biowaste storage releases CHy emissions and to a lesser extent N,O emissions, while
the impact from digestate application is mainly because of N,O emissions as the CO, releases in this case are
biogenic and thus have minimal contribution. The impact from sodium hypochlorite is due to fossil CO, and CHy
emissions during the production of the chemical. The decrease in global warming is because of the environmental
benefit from the avoided processes of grid electricity (majorly) and to a lesser extent biowaste composting and
N-fertilizer application.

3.1.4. Non-carcinogens, aquatic eutrophication, aquatic and terrestrial ecotoxicity, terrestrial
acidification/nutrification

HTPNC, AEP, AET and TET exhibit very significant increase in impact compared to SO such that a maximum of
2580%, 338%, 2659% and 12396% is obtained in S6 for each category respectively. The impact in these categories
is caused completely by digestate spreading on land. Non-carcinogens, aquatic and terrestrial ecotoxicity are caused
mainly due to copper and zinc emissions into soil and to a lesser extent ammonia volatilization. AEP, on the other
hand, is the result of phosphorous leaching into water. TAEP reaches a maximum of 139% increase in S6. However,
the impact in this category is caused mainly by biowaste storage prior to digestion, as well as digestate spreading
on land due to ammonia emissions.

3.1.5. Land occupation

LO is the only category that shows a net environmental benefit at only 10% renewable fraction, with an increased
benefit with increase in renewable fraction such that a maximum decrease of 1287% is observed in S6. This is mainly
due to minimal impact associated with construction and production for the considered system and the concurrent
significant environmental benefit due to avoided mineral fertilizer application and biowaste composting.

3.1.6. Aquatic acidification

AAP decreases with increase in renewable fraction such that a maximum decrease of 79% is attained in S6. This
category is caused mainly by biowaste storage, digestate spreading on land, biogas production and the fraction of
electricity supplied from the grid. Biowaste storage and digestate application contribute due to ammonia emissions,
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Fig. 7. Comparison of endpoint categories for all scenario.

while biogas production and grid electricity are the cause of sulfur dioxide and nitrogen oxides emissions. The
impact from biogas production process is eminent due to the use of fossil fuel energy for the supply of the AD
plant itself.

3.1.7. Photochemical oxidation potential

POCP decreases with increase of renewable fraction reaching a maximum decrease of 36% in S6. The impact in
this category is caused by biogas production and to a lesser extent grid electricity and biowaste storage. The impact
from biogas production and biowaste storage is mainly due to fugitive methane emissions and that from the grid is
due to NMVOCs among others. However, the decrease in impact is due to the environmental benefit of not using
100% grid electricity and to a lesser extent avoiding biowaste composting and N-fertilizer application.

3.1.8. Non-renewable energy

NRE decreases with increase in renewable fraction up to 68% decrease in S6. The major contributors to this
category are biogas production and the fraction of electricity from the grid. The reason behind this is that the
Lebanese grid adopted in this study is 97% oil and the heat requirements for the AD plant are supplied by natural
gas [36]. However, the observed decrease is due to the decreased use of grid with increased renewable fraction,
and essentially, the environmental benefits of avoided grid use and to a lesser extent biowaste composting and
N-fertilizer application.

3.1.9. Respiratory inorganics

RI decrease with increase in renewable fraction reaching a 40% decrease in S6. The impact is caused by biowaste
storage, biogas production, digestate application and fraction of grid electricity. Ammonia volatilization is the major
contributor within biowaste storage and digestate application. Within biogas production, the impact is due to the
use of fossil energy to satisfy the AD plant requirements, particularly sulfur dioxide and nitrogen oxides due to grid
electricity and particulates and nitrogen oxides due to heat from natural gas. The environmental benefit is caused
by avoided grid electricity and biowaste composting.

3.1.10. Ionizing radiation

IR decreases significantly with increase of renewable fraction reaching a maximum of 87% decrease in S6.
The contributors to this category are biogas production, fraction of grid electricity, hydrochloric acid and sodium
hypochlorite chemicals, all of which are mainly caused by Radon-222 and Carbon-14 emissions associated with
fossil fuel use. The net decrease, however, is the pronounced benefit of avoided grid electricity, biowaste composting
and N-fertilizer application.

3.2. Endpoint categories

Fig. 7 provides a summary comparison of the four end-points for all the scenarios considered. Regarding damage
assessment, HH exhibits a slight increase in all scenarios compared to SO because the increase in non-carcinogens
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is more pronounced than the decrease observed in other human health categories like HTPC, POCP, and IR. EQ
displays significant increase with the increase of renewable fraction. As described in the midpoint categories section,
this is attributed to the increase in TET and AET due to heavy metal emissions into soil upon spreading of the
digestate on land, TAEP because of ammonia emissions and aquatic eutrophication due to phosphorous leaching
into water bodies. CC corresponds only to the GWP impact category and thus displays almost 60% decrease in S6
compared to SO. Resources endpoint category corresponds to ME and NRE both of which exhibit a decrease due
to displaced processes.

4. Discussion

The results detailed above clearly indicate environmental benefits in a number of categories (RI, IR, POCP, LO,
AAP, GWP, NRE, ME) but also highlight significant environmental burdens in others (HTPNC, AET, TET, TAEP,
AEP). The decrease in global warming potential was at a maximum of 60% and the observed result is in agreement
with studies by [4,10,45] in which a net decrease in GHG emissions is reported when compared to the grid. These
studies consider an AD plant for the production of energy; however, different waste sources are examined. [4]
consider the production of biomethane from energy crops and compare it to natural gas, while [45] investigate
the impact of six different co-substrates for manure-biogas production. [10] study the impact of different waste
sources (maize silage with cattle slurry and food waste) and found that carbon savings of treating food waste by
AD are more pronounced than maize silage with cattle slurry. [45] identify digestate handling as a hotspot for GHG
emissions due to biogenic CO; releases. This is the case for this study; however, the impact from the fraction of
electricity supplied from the grid is more pronounced than that for digestate application and is thus more clearly
perceived. [12] attribute the emissions in global warming to CHy losses from AD, CHP flue gases and N,O emissions
from digestate application. The same applies for this study; however, the impact was more pronounced for fossil
fuel energy processes, such as the fraction of grid electricity to the SWRO plant and the parasitic impact to the
AD unit (grid electricity and natural gas), making the CHy losses in the AD unit seem less pronounced. Similarly,
the environmental credits are due to the displaced grid electricity and ammonium nitrate fertilizer manufacture
and application [12]. The value for the global warming potential was 3.44 kg CO2 eq./m® desalinated water for
SO which is within the range obtained for previous LCAs on SWRO plant powered by the grid being 2-5 kg CO2
eq/m? [24,26,48,49]. Discrepancies are due to different grid mixes and different SWRO designs adopted within each
study. The value decreased to 1.38 kg CO, eq./m? in S6. Despite the fact that studies utilizing renewable sources
like PV and wind to power desalination plants have reported lower values for the global warming potential, it is
expected that this value will decrease upon powering the plant with 100% electricity from AD becoming comparable
to other RE sources. [9] report environmental benefits for GHG emissions, mineral extraction and non-renewable
energy as is observed in this study.

[45] identify digestate from commercial biowaste as a main source of N and P losses and acknowledge its
significant contribution to aquatic eutrophication, which is aligned with the increase observed in this category in
this study. [12] reported similar findings where they identify digestate application as the most significant source
of ammonia and nitrate emissions and their consequent contribution to aquatic eutrophication. The impact was
in excess than those obtained by the displaced process of ammonium nitrate application. Phosphates, however,
despite contributing significantly to this category were made up for by the displaced grid electricity resulting in
a net credit. This was not the case in this study, as the amount of grid electricity used is significant (fraction
for SWRO and requirements for AD unit). Similar results were obtained for terrestrial acidification mainly due
to ammonia emissions from digestate spreading [10,12]. Ionizing radiation also proved to decrease compared to
baseline scenarios due to displacement of grid electricity which involve radioactive emissions [10,12].

Limitations of this study include the constrained amount of solid waste collected and transformed by AD which
resulted in a maximum of 60% renewable fraction to be achieved. Increasing the amount of solid waste treated (upon
plant expansion) will, inadvertently, increase savings in categories that exhibited considerable improvement from
the base case, particularly global warming. Moreover, a regular biogas generator was used to generate electricity;
a CHP plant was not considered in this study. Incorporating a CHP plant would make more use of the waste heat
and would, in most likelihood, result in further improvements. Expansion of the AD plant capacity will also allow
the generation of excess electricity such that the parasitic load of the AD unit could be satisfied and reliance on
external fossil fuel sources will decrease. Regarding the modeling, and despite the fact that the design (process
inputs and outputs) was site specific, two limitations can be identified due to the lack of reliable data for Lebanon.
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The calculated emissions for the processes were taken from the literature and the food waste composition adopted
was complemented by reported values for Europe due to lack of availability of a complete database for Lebanese
organic waste composition. Regarding the results, the study does not account for social implications on nearby
communities (noise, construction etc.). Many assumptions were used due to lack of reliable data for most processes
in Lebanon. Due to confidentiality reasons, not much information could be collected regarding the transformation
processes of the different unit operations used. The current LCI for processes represents temporal information of
emissions, when, pollutants released do not have the same impact across the entire lifetime especially for electricity
due to improvement of technologies. Additional cost assessment should be performed to determine the economic
competitiveness of the combination of these technologies, since environmental performance alone is not enough to
ensure application on a large scale. Many impact categories in this study exhibited an increase in environmental
impact compared to the baseline scenario. However, this system is subject to a lot of improvement when applying
recommendations that will be suggested. As such, it is expected that upon optimizing some parameters, performance
will be improved and a drop in impact will be perceived for categories that currently have significant environmental
burden.

To further improve the results, recommendations include increasing the plant capacity to be able to achieve
renewable fractions higher than 60% and decrease the balance supplied from the grid. Despite the fact that this would
cause net environmental benefits in respiratory inorganics, ionizing radiation, land occupation, aquatic acidification,
global warming potential, non-renewable energy and mineral extraction due to decreased use of grid electricity, this
would be accompanied with worsening the impact for non-carcinogens, aquatic and terrestrial ecotoxicity, terrestrial
acidification/nutrification and aquatic eutrophication which are to a large extent due to digestate application. For this
reason, it is recommended to reduce ammonia emissions to reduce terrestrial acidification. This could be achieved by
acidifying the digestate by well-known technologies as to avoid transformation of N from ammonium into volatile
NH; [45]. Another suggestion is to separate the digestate into solid and liquid fractions to have more control over
NH; and nutrient content of the digestate [50]. Feedstocks other than organic fraction of MSW may have a lower
nitrogen content and may thus lead to lower NH; emissions and N leaching into water [45]. The type of soil on
which the digestate is applied could also have evident impact on nutrient leaching into soil, so this could be a subject
for further research [51]. To deal with aquatic eutrophication, it is recommended by [45] to employ precision dosing
such that high P content digestates will be applied in areas with P deficits. The issue of heavy metals, such as copper
and zinc, seeping into soil is the subject of ongoing research to determine a more accurate representation of the
impacts on human toxicity and ecotoxicity [5]. [52] suggest the adoption of two-stage anaerobic digestion and the
subsequent passing of the digestate onto a microporous polyacrylamide column for the adsorption of heavy metals.
If reducing heavy metal content is not possible or if the produced digestate is not suitable for land application, it
is suggested to find alternative uses for the digestate such as transforming it into a biochar adsorbent or producing
fuel granules [53].

Despite the fact that construction, disposal and chemical use have minimal impact compared to the operation
phase, it is suggested to consider alternative materials to steel, copper and cast iron in the construction of both the
AD unit and SWRO plant. Regarding final disposal of the plant, it is highly recommended to recycle all recyclable
materials; the disposal scenario applied in this study is landfilling which is considered a worst-case scenario. As
for chemical use, hydrochloric acid could be replaced with sulfuric acid or could be completely eliminated from
the design.

Despite the identified limitations, this work addresses three major issues that have been affecting the Lebanese
population over the past decades: intermittent electricity supply, improper solid waste management and water
scarcity. The reduction in impact in most categories, particularly global warming potential, highlights the viability
of integrating an AD plant with a desalination technology. However, to be considered as a sustainable solution,
some processes, most notably, digestate spreading, need to be dealt with such that they do not pose a threat
on important environmental categories. In addition, it is anticipated that further environmental benefits could be
realized, as it is assumed in this study that the displaced process replacing AD is composting, when in reality,
much of the waste generated goes to open dumps whereby the environmental implications are dire. Unaccounted
potential environmental benefits could also be observed upon complementing part of the grid electricity with diesel
generators. Being the case for most areas in Lebanon, AD would actually replace diesel generators, which pose a
higher environmental threat than the grid i.e. a greater environmental benefit would be achieved when replaced with
AD.
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5. Conclusion

This study has addressed the issues of waste disposal and water shortage in a country that has experienced
shortages in water supply, intermittent electricity supply and rudimentary solid waste management practices for
decades. The goal of the current work was to determine the environmental impact of SWRO powered with AD as
compared to conventional fossil fuels by using the LCA tool. The design of the SWRO plant and AD unit were
specific for the case of a remote area in Lebanon. The integration was successful and the LCA showed promising
results for most categories, i.e. a decrease in impact with increase of RE fraction percent of electricity supplied from
the AD plant). However, the system needs further improvement before it can be readily applied due to the significant
environmental impact perceived in other categories (HTPNC, AET, TET and TAEP). Mainly, the impact in these
categories was due to digestate application whereby the impact was much higher than the displaced processes of grid
electricity, biowaste composting and mineral fertilizer application. In almost all categories, electricity from the grid
had a major impact, so attempting to further decrease this fraction could yield additional environmental benefits.
Construction and decommissioning/disposal had minimal impact in most categories. Further research should be
considered in finding a solution to the high impact from digestate spreading on land and determining whether
alternatives will cause a decrease in emissions and leaching in this process. Additional work should also focus on
improving the efficiency of the system by reducing fossil energy use and increasing renewable fractions for the two
processes.
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