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ABSTRACT
OF THE THESIS OF

Firas El Khoury for Master of Science in Environmental Sciences
Major: Ecosystem Management

Title: Assessment of the Efficiency of Two Constructed Wetlands for Greywater
Treatment in an Arid/Semiarid Area

Despite being considered water-abundant, Lebanon faces escalating challenges in the
water sector that can be attributed to various reasons such as population growth,
urbanization, and climate change. While billions of dollars invested in the last three
decades have yeilded minimal improvement, urgent solutions are needed. With a few
wetlands being completed in different parts of Lebanon and showing promising results,
this experiment focuses on two newly completed constructed wetlands in the Bekaa
Valley, assessing their efficiency in treating greywater and evaluating the potential of
effluent reuse in irrigation or other non-potable applications. Influent and effluent
samples were analyzed for pH, Total Suspended Solids (TSS), Chemical Oxygen Demand
(COD), Biochemical Oxygen Demand (BOD5), and Total Phosphorus (TP). Results
showed an 87-92% TSS removal, 65-68% COD removal, 47-53% BOD removal, and a
59-76% Phosphorus removal. The results of this experiment were later compared against
local and regional standards and case studies, which reveal mixed results that highlighted
the importance of further research over an extended period of time.
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CHAPTER 1

INTRODUCTION

Despite being considered a water-abundant country in surface and groundwater,
facts show that it is not the case and that the water resources of Lebanon are
deteriorating (Shaban, 2021). Around US$ 4 billion has been spent on the water and
wastewater sector over the past 30 years with barely any noticeable improvement. This
comes as a result of the challenges that are arising from population growth,
urbanization, and climate change (MoE/UNHCR/UNICEF/UNDP, 2021).

Water use in Lebanon is split between agricultural, domestic, and industrial use,
where the agricultural practice has the largest share at around 70%, with the rest divided
over domestic and industrial use (Shaban, 2021). With all the listed challenges, the
available water is decreasing, which might intensify the challenges in Lebanon. Thus, it
is important to consider solutions that help protect the remaining resources while
addressing the imbalance in the water demand and supply. These encompass a variety
of methods and include managed aquifer recharge, rainwater harvesting, desalination, or
wastewater reuse after treatment, which can be achieved in either conventional or non-
conventional facilities (MoE/UNHCR/UNICEF/UNDP, 2021).

While traditional facilities include complex engineered systems, non-
conventional facilities include stabilization ponds, oxidation ditches, or nature-based
systems such as constructed wetlands (Fahad et al., 2019). These NBS can perform
water treatment while emulating the many processes that occur in natural landscapes to
address climate mitigation and adaptation challenges. Constructed wetlands are nature-

based systems that have been explored and used in wastewater treatment for their high
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removal rates, low construction costs, and easy operation and maintenance (Almuktar et
al, 2018). Depending on its quality, level of treatment, and location, the effluent from
constructed wetlands can be used in domestic or agricultural applications, reducing the
demand for freshwater (Collivignarelli et al., 2020).

While not a novel concept in Lebanon, the country has only seen the completion
of two constructed wetlands that have shown acceptable potential in wastewater
treatment (Ghanem et al., 2019; Abi Saab et al., 2018; Amacha et al., 2017). The
following research will aim at exploring two constructed wetlands located in an
arid/semiarid area (Bekaa Valley) and assessing their efficiency in greywater treatment,
as well as exploring the potential of effluent reuse in irrigation or flushing.

The following experiment aims to explore the efficacy of constructed wetlands in
greywater treatment and to assess the effluent’s possibility for reuse in irrigation and
non-potable applications in the Bekaa Valley. This shall be achieved through the

following objectives:

o Examine the literature on constructed wetlands and greywater re-use

« Understand and observe the processes occurring in two pilot constructed
wetlands in the Bekaa Valley.

o Test the effluent water quality parameters over a period of eight weeks.

o Compare the obtained values to proposed local and regional re-use standards.

Thus, the following research questions can be identified:

1. What is the level of greywater treatment achieved by the constructed wetland in

Bekaa?
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Does its effluent composition permit reuse in irrigation and non-potable

applications?

How does the treatment efficiency compare to other constructed wetlands in the

region?

12



CHAPTER 2

LITERATURE REVIEW

To investigate the underlying water situation in Lebanon, and better understand
previous experiences in using nature-based systems, namely constructed wetlands in
greywater treatment and reuse, a literature review was performed by searching
databases like Scopus, Web of Science, Mdpi, and Taylor & Francis, in addition to the
search engine Semantic Scholar. Articles were retrieved using keywords such as
constructed wetlands, nature-based systems, greywater treatment (as well as other
inversions such as grey water, graywater, and gray water). The literature review aimed
at finding articles presenting similar experiments to study the performance of
constructed wetlands in greywater treatment in an arid/semiarid context. The main
topics explored in the literature review included the state of Lebanon’s water resources,
water use and recycling in Lebanon, Nature-Based Systems, natural and constructed
wetlands, as well as greywater treatment and recycling in constructed wetlands. Cases

of constructed wetlands were identified in areas within Italy, Jordan, and Lebanon.

2.1. The Rising Challenge of Water Scarcity

Water is one of the key components that support and sustain human life, enabling
socioeconomic development, and maintaining ecosystem health.
With a total volume of around 1.4 billion cubic kilometers, around 70% of Earth’s
surface is covered by water, but only a fraction of this water is fresh water (around 3%).
Of this small fraction, around two-thirds of the water is frozen in glaciers limiting its

availability, leaving an unevenly distributed third for use (WWF, 2023).
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Where is Earth’s Water?

Surface/other Atmosphere Living things
Freshwater 2.5% freshwlater 1.2% 3.0% \ 0.26%

marshes
2.6%

Soil
moisture
3.8%

Total global Freshwater Surface water and
water other freshwater

Credit: U.S. Geological Survey, Water Science School. https://www.usgs.gov/special-topic/water-science-school
Data source: Igor Shiklomanov's chapter "World fresh water resources" in Peter H. Gleick (editor), 1993, Water in Crisis:
A Guide to the World's Fresh Water Resources. (Numbers are rounded).

Figure 1 The world's water resources (after USGS, 2019)

However, water scarcity has various roots and is not exclusively because of
hydroclimatic factors. The increase in living standards and unprecedented population
growth in the last few decades were accompanied by increased stresses on water
resources to meet the increasing demands to the point where demnd exceeded the
natural recharge rate making water scarcity an obstacle to sustainable development
(Shiklomanov, 1993).

Water scarcity can be considered from physical or economical points of view, where
the latter indicates a physical availability of fresh water with a lack of socioeconomic
and institutional capacity to use it, while the former can indicate the root-zone soil
moisture cannot sustain crop production (also known as green scarcity) or that the

available freshwater resource cannot match human demand and withdrawal (also known
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as blue scarcity) (Huang et al., 2021). Almost 1 billion people around the world lack
access to fresh water with another 3 billion facing scarcity issues for at least one month
per year (Huang et al., 2021).

Zooming in on the map to the Mediterranean basin, a scarcity in its unevenly
distributed water resources is noted (Fader et al., 2020; Kibaroglu, 2017), with most of
these resources in its northern parts while the majority of the demand is in its southern
and eastern parts, leaving around 180 million people suffering from water scarcity
(Fader et al., 2020). Figure 2 shows the distribution of water scarcity in the
Mediterranean basin, mostly noticed in countries such as Algeria, Morocco, Tunisia,
Libya, Egypt, Palestine, Lebanon, and Syria (Xevgenos et al., 2015). The total
renewable freshwater volume ranges between 1212 and 1452 km?3 per year in the
Mediterranean basin, and is mostly utilized in agriculture, where demand tends to
increase in the summer along with an increase of touristic and domestic demands. The
Mediterranean also suffers from the adverse effects of climate change that tend to
increase runoff, reduce groundwater recharge, increase irrigation requirements, and

elevate the possibility of overexploitation of water resources (Fader et al., 2020).
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Figure 2 Water stress in the Mediterranean basin (after Xevgenos et al., 2015)

Falling on the eastern coast of the Mediterranean, Lebanon equally faces the
challenges of water scarcity as the country endeavors to meet the ever-increasing water

demand on its insufficient water resources (MoE/UNHCR/UNICEF/UNDP, 2021).

2.2. The State of Lebanon’s Water Resources

With over 5,000 springs, 40 rivers, and 2 main aquifers feeding the country’s
various sectors, Lebanon has been often deemed as a water-abundant country. However,
the imbalance between water supply and demand is characterized by inadequacy,
intermittency, and pollution (Shaban, 2021). Over the past 30 years, Lebanon spent
around US$ 4 billion on its water and wastewater sector. The expenditure is insufficient
when weighed against the annual population growth, urbanization rates, economic
developments, and climate change, which have all affected the quantity and quality of
the country’s water resources (Gharios & Farajalla, 2020). The World Bank estimates

that Lebanon’s population increased from 2.8 million in 1990 to over 6.8 million in
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2020 (World Bank, 2021). Ranging between 1% and 2.5%, the annual growth creates a
greater demand for and pressure on water resources (MoE/UNHCR/UNICEF/UNDRP,
2021). Further, with the available renewable water resources dropping below 1,000
m3/capita/year, it can be concluded that Lebanon is becoming water stressed. According
to a 2012 study by the Lebanese Ministry of Energy and Water (MoEW), the estimated
total renewable water resources were around 926 m3/capita/year in 2010 and projected a
further decrease to around 839 m®/capita/year in 2015. Another 2014 study by the Issam
Fares Institute (IFI) suggests that these resources have dropped to around 700

m3/capita/year (MoE/UNHCR/UNICEF/UNDP, 2021).

Legend:

Figure 3 Major River basins in Lebanon (after Geara-Matta et al., 2010)
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The quality and availability of local water resources are further strained by
significant urban growth, with major cities hosting more than 85% of the Lebanese
population (Khatib et al., 2018). Cities are growing at a rapid and unorganized pace that
is quicker than that of the capacity of Lebanese water establishments to manage water
and wastewater systems efficiently and sustainably (MoE/UNHCR/UNICEF/UNDP,
2021; Khatib et al., 2018). Urbanization has strained outdated drainage infrastructure,
disturbed drainage patterns, and is the main factor behind Lebanon’s significantly
polluted water and chronic water shortages (MoE/UNHCR/UNICEF/UNDP, 2021).
Urban floodwaters that typically follow storm events across the country are a testament
to the low capacity of the country’s drainage infrastructure, which often also functions
as combined wastewater systems. Furthermore, pollution is heavily affecting surface
and groundwater resources alike (Shaban, 2021), rendering them unable to meet their
designated uses without extensive treatment (MoE/UNHCR/UNICEF/UNDP, 2021).
The 2021 State of the Environment Report (SOER) states that despite various efforts to
limit pollution, wastewater discharge continues to degrade both the environment and
human health. Many large-scale wastewater treatment plants have been designed to
reach secondary treatment, yet they currently only undergo preliminary treatment
(MoE/UNHCR/UNICEF/UNDP, 2021).

Water resources are also deteriorating because of climate change as temperatures
rise and precipitation patterns shift in Lebanon (Shaban, 2021; Bou-Zeid & El-Fadel,
2000). The consequences of climate change have already been felt between 1965 and
2005 by the 23% decline in the average discharge rate of Lebanese rivers, the 52% drop
in discharge from springs between 1965, and the decrease in groundwater levels by 5 to

13 meters (Shaban, 2021). Further climate change is expected to increase surface
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temperatures by 1°C on the Lebanese coast and 2°C in the interior regions by 2040, and
precipitation levels will likely decrease by 10-20% (Treaerup & Stephan, 2014). The
climatic changes will also cause both intensified flooding and desertification (lbrahim,
2020).

Given the state of water resources in Lebanon, the following sections will discuss
the different types of water use in Lebanon along with some challenges facing water

resources as well as some potential policy instruments to induce water savings.

2.3.Water Use in Lebanon

Lebanon’s water demand is divided between domestic, industrial, and irrigation.
The agricultural sector in Lebanon has the highest demand for water across the
economy, greater than domestic, industrial, and touristic demands. Despite a
discrepancy in the literature and the yearly variation, irrigation applications make up
between 60-70% of the water demand, whereas domestic and industrial applications
make up around 20-30% and 9-11% respectively (Fanack Water, 2021; Shaban, 2021;
MoE/URC/GEF, 2012; MoE & UNDP, 2011; Bou-Zeid & El-Fadel, 2000). It is
important to note that domestic and industrial demands are also subject to yearly

fluctuations, but with a percentage far smaller than that of irrigation (Shaban, 2021).
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10.0%
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Irrigation

Figure 4 Water use by sector

Given the split in demands, it is important to note that approximately only 35-40%
of the total water demand is supplied by the government with the rest of the demand
managed by the consumers (Shaban, 2019). This may in turn increase water losses to
around 20% for household water and 45% for irrigation water due to malpractices in
water management across all sectors (Shaban, 2020). Such practices include excessive
water use in car washing or construction materials production, or neglect while filling
water reservoirs or ponds leading them to overflow, which might happen in both urban
and rural areas. Other malpractices include the uncontrolled digging for artesian wells
followed by vigorous pumping, directly pumping water from rivers and springs,
illegally drawing water from public pipelines, unrestrained use of fertilizers, dumping
waste into water bodies, or utilizing floor or surface irrigation, all which may lead to
greater amounts of water being lost than those actually used (Shaban, 2019; Shaban,

2020).

The many challenges facing Lebanese surface and groundwater resources from
pollution to mismanagement jeopardize the longevity and sustainability of these

resources (MoE/UNHCR/UNICEF/UNDP, 2021). Furthermore, the 2019 economic
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collapse also significantly worsened access to water resources among the population.
UNICEF estimated that access to water decreased by 80% in 2021, with nearly 1.7
million individuals in Lebanon able to access only 35 liters of water a day compared to
165 liters prior to 2020 (UNICEF, 2021). Lebanon also hosts 1.5 million displaced
Syrians, the highest population-refugee ratio (1:3) in the world. The influx of Syrians
into Lebanon since 2010 also increased water vulnerabilities. A GIS-based national
analysis showed a 6% increase in water stress related to refugees in an average water
year. However, the mismanagement of water resources plays a larger role, and cutting
network losses, as well as the rehabilitation of water systems, can reduce water strain to

levels that are better than they were prior to the Syrian crisis (Jaafar et al., 2019).

Further, managing water demand properly is essential to ensure water security for
the long run in Lebanon. Despite its importance, water demand management in Lebanon
has not been as effective due to the imbalance in the government’s efforts that focus on
increasing water sources (with numerous proposed water networks and dams for potable
water and irrigation) more than drafting rules, guidelines, and regulations for the use of
different water sources (such as water conservation, protection, or pricing)
(MoE/UNHCR/UNICEF/UNDP, 2021). In the paper titled “New Economic Policies:
Instruments for Water Management in Lebanon”, Shaban (2015) listed several
economic policies that can improve the water sector that range from spreading
awareness through knowledge sharing about wise-use and water conservation, legal
actions through effective laws and regulations to control the sector, and economic
actions like water metering to increase financial resources. In addition, planning,
coordination among all sectors, and increasing technical knowledge were also listed as

policies that can enhance the water sector. These policies can be measured though
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instruments that include water tariffs, water marketing, damage liability, abstraction
charges, and legislations which will discourage unwise and excessive water use. The
policy instruments are shown in Table 1. Despite having some of the following policy
instruments in place, the primary challenge lies in implementing and enforcing them on

a national scale.

Table 1 Economic policy instruments and their estimated savings (after Shaban, 2015)

Economic Policy Major Imoact Indicators Estimated Saving
Instrument Function P Cost
Water tariffs Fiscal Improving capital resources Financial surplus 25%
Water marketing Incentive Increasing water investment Water availability 5%
Damage liability Liability laws Damage recovery with strong Decreased _dam_ages and 3%
incentives deterioration
Abstraction charges Incentive Conserved water resources Commll.ed yvater 10%
exploitation
Legislations Legal control Organized a_nd formal Ethical water use 15%
behaviors
Privatization Incentive Secure water availability Balanced supply/demand -
Subsidies Financial Consumers compensation Balanced financial costs -

While the above policy instruments are important, it is also imperative that adequate
conservation and adaptation measures accompany them to help protect remaining
resources and address the increased water demand and its decreased availability. While
adaptation measures begin with conservation through institutional reforms and capacity
building, they ultimately include the utilization of unconventional sources of water to
satisfy demands and can range from rainwater harvesting, desalination, the exploitation
of submarine springs along coastal waters, and wastewater reclamation
(MoE/UNHCR/UNICEF/UNDP, 2021; Bou-Zeid & El-Fadel, 2000). The 2021 State of

The Environment Report (SOER) also identified aquifer recharge as a suitable
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adaptation measure. The following section will discuss some measures for better water

resources management in Lebanon.

2.4. Water recycling and other measures for increasing water availability

As mentioned in the previous section, there have been some efforts towards
increasing water availability, mainly through projects that target transmission,
distribution, and supply. In addition to the 13 dams that are currently operational or
under construction (summarized in Table 2), a series of 16 additional dams of varying
priorities have been proposed to be constructed across the different water
establishments along with transmission lines, distribution networks, reservoirs, wells,
and pumping stations. These dams are shown in Table 3 (MoEW, 2019;

(MoE/UNHCR/UNICEF/UNDP, 2021).
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Table 2 Existing and under construction dams and lakes (after

MoE/UNHCR/UNICEF/UNDP, 2021)

Static Dynamic
Dam Storage Storage Status Usage
(MCM) (MCMlyear)
Beirut & Mount Lebanon Water Establishment (BMLWE)
Ballout Lake 05 0.5 Operational Potable/lrrigation
Bisri Dam 125 125 Under Construction | Potable/Irrigation/Hydropower
Bogaata Dam 6 12 Under Construction Potable
Chabrouh Dam 9 11 Operational Potable/Irrigation
Janneh Dam 38 95 Under Construction | Potable/lrrigation/Hydropower
Qaysamani Lake 1 1 Operational Potable
Total BMLWE 179.5 244.5 - -
Bekaa Water Establishment (BWE)
AS;;]aDS:T B 63 63 Under Construction Irrigation
Yaerglc():neh 1.45 1.45 Operational Irrigation
Total BWE 64.45 64.45 - -
North Lebanon Water Establishment (NLWE)
Balaa Dam 1.2 2.2 Under Construction Potable
Brissa Dam 0.8 0.8 Needs Repair Irrigation
Kouachra Lake 0.4 0.4 Operational Irrigation
Mseilha Dam 6 12 Under Construction Potable/lrrigation
Total NLWE 8.4 154 - -
Litani River Authority (LRA)
Qaraoun Dam 220 300 Operational Potable/Irrigation/Hydropower
Total Capacity 409 624 - -

In addition to the above, it is important to mention the Greater Beirut Water

Supply project, which aims at supplying the greater Beirut area with around 250,000

m3/day from the Awali and Litani rivers. However, the second phase of this project,

which includes Bisri Dam, has been paused because of the rising opposition from civil

society movements (MoE/UNHCR/UNICEF/UNDP, 2021).
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Table 3 Additional proposed dams (after MOE/UNHCR/UNICEF/UNDP, 2021)

Dam Static Storage Dynamic Storage Usage
(MCM) (MCMl/year)
Beirut & Mount Lebanon Water Establishment (BMLWE)
Ain Dara -Azounieh 41 5 Potable
Dam

Damour Dam 42 106 Potable/Irrigation

Maaser Chouf Dam 2.2 2.2 Potable

Bekaa Water Establishment (BWE)
Assi Dam — Phase 1 63 63 Potable/Irrigation
Assi Dam — Phase 2 37 15 Potable/Irrigation
Massa Dam 8 8 Potable/Irrigation
Younine Dam 5.80 5.8 Potable/Irrigation
North Lebanon Water Establishment (NLWE)

Atolbe Dam 0.7 0.7 Potable
Dar Baachtar Dam 7 7 Potable/Irrigation

El Bared Dam 37 90 Potable

Noura el Tahta Dam 35 50 Irrigation

Qargaf Dam 20 25 Irrigation
Rahwe Dam 2.2+2 3.5 Potable/Irrigation

South Lebanon Water Establi28shment (SLWE)

Choumariye Dam 28 28 Potable/Irrigation
Ibl Es Sagi Dam 50 50 Potable/Irrigation
Khardali Dam 120 120 Potable/Irrigation

Further, as Bou-Zeid & El-Fadel (2000) cite from Smith (1996), management
measures for increasing water availability must be able to cater to various future climate
projections. However, given the previously stated challenges, they continue to state that
the same measures can also increase water availability regardless of the climate
situation (Bou-Zeid & El-Fadel, 2000). These measures can be of different types and
include wastewater reclamation, managed aquifer recharge, rainwater harvesting,
desalination, or the exploitation of submarine springs along coastal waters
(MoE/UNHCR/UNICEF/UNDP, 2021; Bou-Zeid & El-Fadel, 2000).

Managed aquifer recharge, also referred to as artificial groundwater recharge, is
a practice that aims at increasing groundwater resources either through natural sources
(like excess runoff) or through reclaimed wastewater and is characterized by its ability
to slow down the saltwater intrusion occurring as a result of over-exploitation.

(MoEW/UNDP, 2016). Apart from a few feasibility studies, no managed aquifer
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recharge projects have been completed in Lebanon (MoE/UNHCR/UNICEF/UNDP,
2021). Moreover, many springs located along the Lebanese coastal waters can also
contribute to augmenting the available water resources (Bou-Zeid & El-Fadel, 2000).
Rainwater harvesting is another adaptation measure that utilizes hills, earth lakes, or
rooftops to collect excess precipitation runoff that is increasing in popularity with
numerous projects around the country. Further, dew harvesting can similarly increase
the available water in areas of high elevation that are parallel to the Lebanese coast
(MoE/UNHCR/UNICEF/UNDP, 2021). In addition, desalination has been a method to
increase freshwater availability and combat saltwater intrusion. Lebanon has seen the
inception of various large- and small-scale projects aiming at the desalination of
brackish water (i.e., water that is more saline than freshwater but not more than
seawater), however, seawater desalination has never been thoroughly explored
(MoE/UNHCR/UNICEF/UNDP, 2021).

Finally, wastewater reclamation is a possible adaptation measure that is yet to be
implemented on a wider scale in Lebanon. Despite the identification of targets that aim
at gradually increasing the use of treated wastewater (World Bank, 2012), projects were
not able to see the light due to construction delays, poor infrastructure, administrational
constraints, and the absence of effluent reuse standards
(MoE/UNHCR/UNICEF/UNDP, 2021).

Wastewater can generally be grouped into two types, namely greywater and
blackwater, with greywater constituting the wastewater from kitchens, baths, and
laundry, and blackwater comprising water resulting from toilets, i.e. water that includes
fecal material (WHO, 2013). Greywater generally constitutes around 65% of the total

household wastewater flow and has a high potential for recycling and reuse (Ghaitidak
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& Yadav, 2013). Even though greywater is generally less polluted than blackwater, it
still requires a certain level of treatment to enable its reuse, as untreated greywater does
not satisfy reuse standards (Ghaitidak & Yadav, 2013). The use of untreated greywater
can lead to salt buildup in certain types of soil or can induce an increase in
microorganisms which can attract mosquitoes (Ghaitidak & Yadav, 2013). Wastewater
treatment and ultimately reuse can happen through conventional or non-conventional
methods, where the former occur in traditionally engineered systems such as activated
sludge or trickling filters. These systems require energy, skilled personnel, capital, and
maintenance costs to operate. The latter include technologies such as stabilization ponds
or nature-based solutions (such as constructed wetlands) (Fahad et al., 2019). Even
Though some non-conventional systems are more land-intensive, they can achieve high
removal rates with minimal maintenance and energy costs (Almuktar et al, 2018), hence
a smaller environmental impact.

Another classification of wastewater treatment is whether the process occurs in a
centralized or decentralized system. Centralized treatment plants accumulate and treat
wastewater from large communities in large-scale systems composed of pipes,
manholes, extensive excavation, and high energy inputs (Massoud et al., 2009). While
current wastewater treatment practices most commonly involve treating wastewater
(blackwater and greywater) in centralized treatment plants, separating blackwater from
greywater can reduce emissions by lowering the load on treatment plants as well as
conserve water resources by enabling wastewater reuse after the necessary treatment
levels are achieved (Ghaitidak & Yadav, 2013). On the other hand, decentralized
systems collect and treat wastewater from individual units near the source of generation.

Such systems are favored in low-density rural areas or other areas without a proper
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zoning strategy (USEPA, 2005). Apart from decentralized systems enabling water to
remain in its original watershed, these systems can be installed as needed without the
incursion of high costs from planning and constructing centralized systems (Massoud et
al., 2009).

Despite the various efforts that have been done to improve wastewater treatment in
Lebanon, most solutions remain centralized, highly engineered, and short of effective
implementation. The following sections will explore decentralized nature-based
solutions for greywater recycling in depth, with a specific focus on constructed

wetlands.

2.5. What are nature-based systems?

Simply put, Nature-Based Systems (NBS) are solutions that mimic the natural
processes occurring in natural landscapes to address environmental challenges including
climate mitigation and adaptation (Nesshover et al., 2017). They offer these services
with minimal requirements for energy and chemicals (Boano et al., 2020) and are often
cost-effective, making them increasingly popular in policy studies and research (van der
Jagt et al., 2020). Depending on their focus and objective, NBS can have many
ecosystem functions that include (i) biodiversity maintenance and enhancement, (ii)
ecosystem restoration, (iii) resilience to climate change and its associated hazards, and
(iv) positive contribution to the well-being of residents around them (Boano et al., 2020;
Nesshover et al., 2017). Given their functions, NBS can also utilize greywater, enabling
them to address the main issue of urban greening, which is the large amounts of
required irrigation water. They can range from green roofs and walls to urban parks and

street trees, or even constructed wetlands (Boano et al., 2020).
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While not a novel concept, greywater treatment through NBS has been possible due
to their minimal energy requirements, wastewater treatment through NBS reduces the
impact on the environment (Kobayashi et al., 2020). They have been used in greywater
treatment for around two decades, with constructed wetlands having the greatest share
of projects and recent developments from green walls and green roofs. While the latter
imitate constructed wetlands (subsurface flow constructed wetlands to be exact), they
still lack well-established design criteria that enable their design for greywater treatment
(Boano et al., 2020).

NBS also offer the option of being implemented as stand-alone systems or
combined with established infrastructure (Pearlmutter et al., 2021). Despite falling short
in comparison with engineered systems in some aspects of their life cycle analysis,
Kobayashi et al. (2020) found that NBS such as constructed wetlands can be considered
superior to engineered systems, which is in line with the findings in the literature
(Kobayashi et al., 2020; Garfi et al., 2017; Fuchs et al., 2011).

The following section will further explore the main types of wetlands by examining

both natural and constructed wetlands.

2.6. Natural and constructed wetlands

The term “wetlands” is used to refer to various forms of wet environments that may
be coastal or in-land, including marshes, bog, swamps, meadows, tidal wetlands,
floodplain, or riparian wetlands. NBS can be thought of as transitional areas between
land and bodies of water and can support both aquatic and terrestrial species. A
common aspect of these wet environments is the near-permanent presence of surface or

near-surface water (USEPA, 1995; Gopal, 1999).
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The hydrologic conditions in wetlands favor the growth of specially adapted plants
(hydrophytes) that flourish in low oxygen environments and promote the development
of characteristic wetland (hydric) soils that slow down and settle as they flow through
the wetland, providing sustained contact between the water and surfaces of the wetland,
and creating microenvironments that promote microbial growth (US EPA, 2015;
Dougherty & Kennedy, 2009).

Wetlands can be divided into two types, natural and constructed, where the latter
were developed to mimic the conditions and processes occurring in natural wetlands

(Stefanakis, 2019).

2.6.1. Natural wetlands

Natural wetlands can be found from the tundra to the tropics and on every
continent except Antarctica. Differences between natural wetlands arise because of
variations in soil type, topography, climate, hydrology, water chemistry, and vegetation
among other factors such as human interference. They can generally be split into two
categories: coastal or tidal wetlands and inland or non-tidal wetlands (US EPA, 2015).

The first category of natural wetlands can be found along gulf coasts. They are
part of estuaries where seawater mixes with fresh water to form an environment of
varying salinities. The combination of saltwater and varying water levels due to tidal
action create a harsh environment for most plants, which is why many shallow coastal
areas are abundant in mud or sand and are mostly unvegetated. However, some plants
have been able to adapt to these conditions, forming tidal salt marshes that are found

along various coasts or mangrove swamps with salt-loving shrubs or trees in tropical
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climates. In addition, freshwater wetlands can be found over tidal salt marshes where
saltwater availability decreases (US EPA, 2015).

The other type of natural wetlands is mostly found within floodplains, along
rivers and streams, or along lakes and ponds. They can also be present in depressions
surrounded by dry land, or in areas where the soil is saturated because of a high
groundwater table or heavy precipitation. Vegetation in such wetlands ranges from
herbaceous plants to shrubs and trees. Most inland wetlands are seasonal, making them
periodically wet, especially in arid and semiarid regions. Despite their functions being
affected by the availability of water, they still play an important ecological role by
providing wildlife habitat and breeding areas (US EPA, 2015).

Among the many functions of natural wetlands is their ability to treat
wastewater, where the biomass generated from the plants’ life cycle provides an
additional source of nutrients, mainly carbon, nitrogen, and phosphorus that fuel
microbial processes. (USEPA, 1995; Craft, 2005). While these conditions grant natural
wetlands water purification abilities, nowadays, they are not utilized in wastewater
treatment due to the potentially irreversible damage that it might cause them
(Stefanakis, 2019). Instead, constructed wetlands were developed to mimic these

processes.

2.6.2. Constructed wetlands

Constructed wetlands, on the other hand, can be categorized into several types,
and vary with their level of water, vegetation type, and direction of water flow. They
include surface flow, subsurface flow, and hybrid systems that include a combination of

both.
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Also known as free water surface wetlands, surface flow wetlands have a
densely vegetated bed with water flowing above the soil with the vegetation emerging
above the water level. The conditions in surface wetlands are aerobic (abundant with
Oxygen) near the surface and become anoxic (without Oxygen) as deeper levels and the
substrate are approached (Stefanakis, 2019). Such wetlands are most commonly used in

tertiary treatment of wastewater (Dotro et al., 2017).

Macrophytes

\
Influent ||

Water ¥ iR T A s S Sludgellitter layer

Soil and root layer

Impermeable liner Bed slope ~1%

Figure 5 Schematic of a free water surface constructed wetland (Stefanakis et al., 2014)

Meanwhile, subsurface flow wetlands have water flowing below the soil, through
their porous substrate that is composed of rocks and gravel. Depending on their flow
direction, these wetlands are divided into Horizontal Flow and Vertical Flow. Such
wetlands are usually used in secondary wastewater treatment to prevent clogging;
however, vertical flow wetlands are able to treat screened raw wastewater, providing
sludge and wastewater treatment in a single unit (Dotro et al., 2017). Most of the water
in subsurface flow wetlands is anoxic, making them better suited for wastewater that
has a low solids concentration and relatively uniform flow. Such wetlands can have
either horizontal or vertical flow (known as horizontal flow constructed wetlands
(HFCW) and vertical flow constructed wetlands (VFCW) respectively) and are

regularly used to reduce the BOD of domestic wastewater. While subsurface flow
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wetlands are less land-intensive than surface flow wetlands, they can be more expensive
to build and maintain, which makes them most suited for small flows (Stefanakis, 2019;

US EPA, 2000).

Macrophytes

Water level control

Influent - L
"""" » Effluent

Water

Impermeable liner Bed slope ~1%

Figure 6 Schematic of a subsurface flow constructed wetland (Stefanakis et al., 2014)

Finally, in hybrid or multistage wetlands, elements from both types of constructed
wetlands are incorporated in an arrangement of aerobic and anaerobic processes. Such
systems allow processes such as nitrification and denitrification to take place and can be
useful in treating agricultural wastewater, which is usually rich in ammonia (USEPA,

1995).
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Type Short description

HF wetland * Wastewater flows horizontally through a sand or gravel-
based filter whereby the water level is kept below the
surface.

e Due to the water-saturated condition mainly anaerobic
degradation processes occur.

e Effective primary treatment is required to remove
particulate matter to prevent clogging of the filter.
Emergent plants (macrophytes) are used.

Are used for secondary or tertiary treatment.

VF wetland e Wastewater is intermittently loaded on the surface of the
filter and percolates vertically through the filter.

e Between two loadings air re-enters the pores and aerates the
filter so that mainly aerobic degradation processes oceur.

e Effective primary treatment is required to remove
particulate matter to prevent clogging of the filter.

e Emergent macrophytes are used.
French VF e Are VF wetlands for treating screened wastewater.
wetland « Two stages of wetlands operate in series and in parallel.
e Provide integrated sludge and wastewater treatment in a
single step.
e No primary treatment unit is required.
FWS wetland * Resemble natural wetlands in appearance.
e Require large surface area, are generally lightly loaded.
e Various plant genus can be used: a) emergent: Typha,

Phragmites, Scirpus, (b) submerged: Potamogeon,
Elodea, etc, (c) floating: Eichornia (water hyacinth),
Lemna (duckweed).

s Are mainly used for tertiary treatment.

Figure 7 Summary of the discussed types of constructed wetlands (Dotro et al., 2017)

2.7. Constructed wetlands and greywater recycling

2.7.1. CW and greywater treatment and reuse

Wetlands, whether natural or constructed, form rich ecosystems composed of water,
soil, plants, and microorganisms that can improve the quality of water flowing through
them, while tolerating flow and organic loading fluctuations (Masi et al, 2007). To
achieve this, many processes naturally take place, such as settling and filtration to clear
the water from particulates, the breaking down of pollutants, and the uptake of nutrients
by different plants and organisms, where the different surfaces of the wetland serve as a
medium of ion exchange. In addition, pathogens are preyed on or die off naturally,
resulting in an improved effluent quality (Almuktar et al, 2018).

Constructed wetlands have demonstrated their ability in the removal of organics and

suspended solids with removal efficiencies that range between 85% to 95% (Abunaser
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& Abdelhay, 2020; Ghanem et al., 2019; Knowlton et al., 2002). In fact, when
compared to other treatment methods such as filtration, rotating biological contactors,
membrane bioreactors, and sequencing batch reactors, constructed wetlands were found
to be the most efficient and feasible in treating large quantities of greywater (Ghaitidak
& Yadav, 2013). However, this claim cannot be made about nitrogen and phosphorus as
their removal rates are not as high (Abunaser & Abdelhay, 2020). As suggested by
Almuktar et al. (2018), nitrogen removal can be enhanced by merging different types of
constructed wetlands that alternate between aerobic and anaerobic zones making them
more efficient than single-stage systems, whereas phosphorus removal can be enhanced
using filter media with high absorption and adsorption capacities (Almuktar et al.,
2018). In addition, increasing the size and flow of constructed wetlands may enhance
phosphorus removal (Ghaitidak & Yadav, 2013). Furthermore, the utilization of lagoons
to store wetlands’ effluent before reuse can also prove beneficial, as sunlight contributes
to the deactivation of viruses and bacteria by UVA and UVB radiation (Jasper et al,
2013; Nguyen et al, 2015).

After treatment, the effluent can either be discharged back into the environment or
reused in urban or agricultural applications. Due to the finiteness of water resources,
and because more than 70% of fresh water is used for irrigation, the application of
treated wastewater for agricultural irrigation has great potential, especially due to the
possibility of the reuse of nutrients like nitrogen and phosphorus — which are essential
for plant production (Almuktar et al., 2018). When considering effluent reuse, it is
important to identify the area in which it is intended to be used. Naturally, the
requirements will increase when the effluent will be reused in urban areas or irrigate

edible crops and will decrease for the irrigation of inedible crops. It is worthwhile to
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note that testing the effluent effect on the wetlands’ plants is important to better
understand their characteristics and tolerance levels (Almuktar et al., 2018).

Therefore, to satisfy the most stringent requirements that enable the effluent for
urban reuse in toilets or the irrigation of plants where the edible portion comes in
contact with the effluent, Collivignarelli et al. (2020) indicate that special attention
should be given to the biochemical oxygen demand as well as the microbiological
parameter. This can be accounted for through the incorporation of a bacteria
disinfection process within the wetlands, on the condition that CI2 is not used due to the
potential harm it may cause in the presence of organic matter, as well as through the
extension of the hydraulic retention time to more than three days to enhance BOD

removal (Collivignarelli et al., 2020).

2.7.2. Components of a Constructed Wetland for Greywater Treatment

Constructed wetlands have witnessed numerous research studies and
experiments in the literature, and it has become clear that their performance is affected
by a wide variety of factors that include location, type of wastewater, wetland design,
climate, weather disturbance, and daily or seasonal variability. While constructed
wetlands in their essence tend to mimic their natural counterparts, the presence of
certain design components can usually ensure successful construction and operation.
These parameters are presented in the following paragraphs and were extracted from the
EPA’s 1990 “Handbook of Constructed Wetlands” and “Treatment Wetlands” Vol. 7

with supporting examples from case studies in the literature.
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2.7.2.1. Location

Constructed wetland location is important as it can greatly impact the total
project cost. For this reason, the chosen CW site shall be located as close to the
wastewater source as possible, on a gently sloping terrain to enable gravity flow. Apart
from being above the water table and not falling within a floodplain, the chosen location
must not contain threatened or endangered species, archaeological, or historic sites. The
chosen site shall also contain soil that can be compacted enough to prevent seepage to
groundwater, as well as have sufficient space to ensure that the required retention time
to achieve the required level treatment is available while keeping future expansion in

mind.

2.7.2.2. Structures
2.7.2.2.1. Cells

The cells that will later hold the components of the constructed wetland can be
excavations in the ground, built up embankments (also known as dikes), or a
combination of both. For dikes, the use of fine-grained soils is essential to achieve an
impervious embankment that prevents water seepage. These embankments, with their
adequate freeboard, shall be enough to accommodate high flows and the buildup of
matter as the wetland becomes operational. Apart from embankment walls having a
maximum slope of 2H:1V to ensure stability, erosion control fabric and an emergency
spillway are to be provided. Finally, to maintain an adequate hydraulic gradient and
regular flow throughout the wetland, a 1-2% slope was used in the various case studies

found in the literature (Licata et al., 2016; Licata et al., 2017; Licata et al., 2019;

Sarafraz et al., 2016).
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2.7.2.2.2. Liners

Moving beyond excavation and embankments, liners play an important role in
preventing mixing (both contamination or infiltration) between the water within the
wetland and groundwater resources. While the compaction of the on-site soils or clay
can provide an adequate seal, sites containing karst, fractured bedrock, gravelly, or
sandy soils, another sealing method is advised. Generally, soils that contain more than
15% clay or can be compacted to a permeability that does not exceed 10 cm/sec can be
used as liners. In other cases, synthetic liners such as asphalt, synthetic butyl rubber,
and plastic membranes can be used, provided that the used liner can prevent root
attachment and penetration. Such was the case in numerous cases in the literature,
where the use of rubber membrane sheets (Licata et al., 2016), Ethylene and vinyl

acetate liners (Licata et al., 2019), or high-density polyethylene (HDPE) (Collivignarelli

et al., 2020) were used.

Figure 8 Constructed wetland with a liner (Masi, 2015)
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In addition, If the on-site soil contains angular rocks, sand beds or geotextile
cushions are required to prevent punctures to the material. Further, the liner should have

around 8-10 cm of soil cover to prevent penetration from the vegetation roots.

2.7.2.2.3. Inlets and Outlets

Inlets and outlets allow water to enter and exit the wetland. They should be able
to handle maximum design flows and be adjustable enough to ensure even distribution
and collection of flow. Despite having a similar function, these structures differ between
surface flow and subsurface flow wetlands and are as follows.

On the one hand, inlets in surface flow wetlands are usually in the form of an
open-end pipe, channel, or gated pipe, with equal flow distribution becoming
increasingly critical as the length to width ratio decreases. On the other hand, inlets in
subsurface flow wetlands can range from surface and subsurface manifolds, open
trenches perpendicular to the direction of flow, to single point weir boxes. Subsurface
manifolds minimize the risk of algal blooms around the inlet as well as the risk of
clogging as its result. However, surface manifolds with adjustable outlets are the most
recommended option as it allows further adjustments and maintenance and minimizes
the risk of back-pressure problems. As was noted among the case studies in the
literature, the use of timer-controlled pumping systems paired with perforated pipes at
the inlets ensured equal flow distribution (Licata et al., 2016 & Licata et al., 2017).

The use of coarse rocks (8-16 cm) around the inlet and outlet zones is
encouraged to ensure equal spreading (Collivignarelli et al., 2020), rapid infiltration,
and prevent ponding as well as algal growth. This method was also used by Sarafraz et

al. (2009) but with 10-15 mm gravel (Sarafraz et al., 2009). Further, this allows TSS
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separations through mechanisms such as straining, sedimentation, and adsorption on
biomass film attached to gravel and root systems (Abunaser & Abdelhay, 2020). Algal
growth can be further minimized by avoiding open water areas around the inlet zone,
shading with vegetation or structures during the summer, and thermal protection during
winter. In the case of parallel cells, valves are not recommended since they require daily
adjustment. Instead, weirs or flumes are typically used. While weirs are relatively
inexpensive and can be easily adjusted, flumes offer minimal clogging in applications
with high solids but are more expensive than weirs.

Meanwhile, outlets in surface flow wetlands can be in the form of weirs,
spillways, or adjustable riser pipes. Variable height weirs offer the flexibility that a
spillway cannot provide, and failure to adjust to changing water levels can ultimately
lead to wetland failure as spillway correction might be difficult. Both weirs and
spillways should be designed to accommodate the maximum probable flow. Further, to
ensure stability and minimize erosion risk, the spillway side slopes should not exceed
2H:1V and should be provided with erosion control fabric. In addition to that, the usage
of rip rap is recommended for further stabilization in case high flows are expected.
Adjustable riser pipes and hoses can also be used as means of water control if diameters
do not drop below 300 mm to prevent clogging. While weir boxes can work in
subsurface flow wetlands, subsurface manifolds are also used. The manifold is placed
over the bottom of the wetland’s bed, providing water level control, which can be useful
during operation to flood the wetland to encourage new development and remove
undesired weeds, or lower the water level to prevent flooding or freezing during winter.
The final level of the discharge point from the wetland should be high enough to

prevent interference after storms.
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2.7.2.3. Hydrology

Hydrologic factors play an important role in determining the efficiency of
constructed wetlands. While conventional treatment methods mainly rely on hydraulic
residence time, wetlands have shown a stronger relationship with area and hydraulic
loading rate. This is because wetlands are usually shallow systems that have a large
surface area compared to their volume, receive their energy input on an aerial basis, and
have no increase in the concentration of biomass with depth. The hydrologic factors that
are usually considered are climate and weather, hydroperiod, hydraulic residence time,

hydraulic loading rate, groundwater exchanges, evapotranspiration, and water balance.

2.7.2.3.1. Climate and weather

Wetlands are strongly affected by climate and weather due to their shallow
depth and exposure to atmospheric conditions such as evaporation, precipitation,
droughts, freezing, and temperature changes. High flows after precipitation events can
reduce wetland efficiency by reducing residence times and increasing the number of
sediments in the water. Pollutant concentrations may vary because of first flushes,
summer storms, or spring runoff. For these reasons, runoff that exceeds the maximum
design flow should be diverted around the wetland. Further, despite constructed
wetlands treating water during cold weather, minimum temperatures can hinder their
ability to treat some pollutants. Temperatures that are considered freezing limit

treatment if the wetlands freezes or ice covers its entrance.
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The hydroperiod is known as the fluctuation in the water level over the year and
is represented by the timing, duration, frequency, and depth of flooding in the wetland.
By giving an idea about the water level in the wetland throughout the year, the expected
wet and dry conditions, and the level of storage and drainage that will be required, the

hydroperiod can be used to control the water level and flow within the wetland.

The hydraulic residence time (HRT) is known as the average time spent by
water in the wetland. This value is obtained by dividing the volume over the outflow
rate. If short-circuiting develops within the wetland, the actual HRT may diverge from
the calculated HRT. It is also important to note that the HRT can affect treatment
efficiency. As demonstrated by Mahdi et al. (2023), shorter HRTs reduced the treatment
efficiency. Thus, it is recommended to use the shortest possible HRT that achieves the

desired treatment efficiency (Mahdi et al., 2023).

The hydraulic loading rate (HLR) is the rate of water entering the wetland and is
obtained by dividing the flow by the surface area. Higher HLRs are correlated with
shorter HRTs which might result with a lower treatment efficiency if too low (Rahman

et al., 2023).
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Groundwater exchange is generally defined as the transfer of water between the
surrounding ground and the wetland. It usually considered negligible in treatment

wetlands because of the presence of liners and sealing.

Evapotranspiration represents the loss of water due to surface water evaporation
and plant transpiration. It is an important factor due to the large surface area compared
to the volume of water. That is because many wetland plants do not conserve water
during hot and dry weather and may result in significant water losses. If the water losses
exceed the inflow of water to the wetland, replenishment with additional water will be

required to prevent pollutants achieving toxic levels.

2.7.2.3.7. Water Balance

The water balance in a constructed wetland represents the balance between the
inflow, storage, and outflow of water. Water inflow includes the influent water,
precipitation, (runoff), and groundwater infiltration (if any), while outflow includes
evapotranspiration, discharge, and groundwater exfiltration (if any). Storage includes
the surface water along with the water saturating the pore spaces withing the substrate.
A simplified water balance equation is expressed as follows:

S=Q+R+I1-0—-ET
Where, S = net change in storage
Q = surface flow
R = Rainfall
I = Infiltration (if any)

O = Surface outflow
ET = Evapotranspiration losses
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It is thus important to note that some of the aforementioned factors can be
altered to change the water budget, such as controlling the outflow, adding shading or
windbreaks to limit evapotranspiration, or utilizing water control structures to control
the stored amount of water. Furthermore, storage in surface flow wetlands can be

manipulated by excavating deeper or adding fill.

2.7.2.4. Soil

Depending on the constructed wetland and its intended function, a multitude of
suitable soils can constitute the wetland’s bed. These soils are distinguished by looking
at properties such as pH, electrical conductivity (EC), cation exchange capacity (CEC),
texture, and soil organic matter.

Starting with soil pH, it plays a major role in the availability and retention of
heavy metals and nutrients and should ideally fall within the 6.5 - 8.5 range. Electrical
conductivity (EC) on the other hand, affects the wetland’s ability to process the waste
material flowing into it, and should not exceed 4 mmho/cm (Millimhos per centimeter)
to be considered as a good growth medium. Further, the cation exchange capacity
(CEC) represents the soil’s ability to hold positively charged ions such as Ca%*, Mg?*,
Fe2*, AI¥*, and Mn?*. While this property is largely variable among different types of
soil, the utilized soil shall have a CEC greater than 15 meq/100 g of soil
(Milliequivalents per 100 grams of soil). Further, soil redox potential (i.e., its tendency
to become reduced or oxidized) plays a crucial role in nitrogen and phosphorus
removal, meaning that a soil with reducing properties should be used to ensure the

removal of nitrates and ammonia.
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Another important property is the soil type and texture which plays a crucial role
in contaminant removal and plant establishment and growth. Contaminant removal is
dependent on the contact between the soil and water flowing through it. Sandy or
gravelly soils have a high porosity, and thus promote rapid passage, while finer silty or
loamy soils offer a prolonged contact time with the water. This soil-water contact is
further prolonged in clayey or well-decomposed organic soil as flow through is slow.
Moreover, the selected soil should contain enough organic matter to enable plant
growth and microbial activity, especially during the establishment phase. While
wetlands are usually constructed with infertile site soils, they are later provided with
organic matter such as compost, leaf litter, or sewage sludge. To reiterate the previous
statement, the chosen soil should allow high pollutant retention and not restrict plant
growth. Sandy soils with coarse textures offer low pollutant retention but do not restrict
plant growth and are often supplemented with organic matter. Medium textured loamy
soils on the other hand, have high retention with minimal restriction to plant growth,
making them a good choice. Dense soils such as clays lack nutrients, retain water, and
limit plant growth by preventing root penetration, however, they contribute to
phosphorus retention and might be useful for treating nutrient rich wastewater. Finally,
while peat is found in natural wetlands, they are not the preferred choice for their
constructed counterparts as they release organic acids and have a soft texture that does
not enable satisfactory plant establishment.

While noting the above, constructed wetlands whose purpose is to treat nutrient-
rich wastewater can be built with sand or gravel, as they are a less costly alternative to

soil. Wetlands in the literature have shown success with different soil types and
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gradients, most notably by combining silica and gravel to achieve a porosity between 35
and 40% (Leto et al., 2013; Licata et al., 2017; Collivignarelli et al., 2020).

In addition, given the fact that sand and gravel are quick to dry, they might require
additional irrigation to maintain a moisture content that enables plant growth. Finally,
organic material such as compost, sawdust, hay, straw bales, or chicken litter can be
used to enhance microbial activity within the wetland. They also consume oxygen,
which aids in the creation of anoxic zones (zones that lack oxygen) that enable

nitrification.

2.7.2.5. Vegetation

Another important component of constructed wetlands is the species of plants
used. These require special attention in the constructed wetland design, bearing in mind
factors that include the availability of wetland plants, climatic conditions, geographical
distribution, maintenance and management costs, and wastewater constituents (Leto et
al., 2013). Throughout their life cycle, plants have various functions in constructed
wetlands. Upon establishment, plant growth enables flow deflection and offers a
medium for microbial growth. After plants die, they transform into litter, producing
organic carbon that fuels microbial processes. Apart from adding aesthetics to wetlands,
plants also stabilize the soil while increasing their permeability. It should be noted that
due to presence of high concentrations of pollutants in the wastewater along with being
continuously flooded, not all wetland plants can be used in wastewater treatment. While
the chosen plant species is important, it is even more important to ensure that the
wastewater treatment wetland has a dense vegetation cover that is populated with native

and local species, as they are best acclimated to the underlying environmental
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conditions. In addition, plant root size may influence the retention time of the wetland
(Licata et al., 2019). For example, experiments in similar contexts used Phragmites
australis (also known as the common reed) because of their abundance in the area
(Amacha et al., 2017; Abisaab et al., 2018). This species of plants is distinguished by
high ET rates, resistance to pollutant loads, and a high biomass yield (Milani &

Toscano, 2013). However, this species of plants is considered highly invasive as it can

rapidly spread and eliminate other species (EPA, 1990).

Figure 9 Phragmites australis over a river (The Scientist, 2021)

Once the species are selected, they can be obtained from various sources such as
seeds, wetland soils, or by transferring established plants. Seeds may be the least
expensive option, but they are not as reliable as other methods, as germination is
unpredictable. After the seeds are spread across a wet planting area to ensure
germination occurs, water levels will be raised as the plants grow while keeping the
leaves above the water to ensure that the plants are transpiring and undergoing
photosynthesis. Meanwhile, soil from other wetlands can provide a good source of well
adapted native species by fostering seeds for long periods of time. The transfer is

usually done by transporting soil cores, and while an excellent source of well-adapted
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wetland plants, they are time consuming and incur a high cost. After adding the soil to
the new wetland, it is kept moist without flooding until the seeds germinate. Another
form of obtaining wetland plants is through entire plants or plant parts can be obtained
from nearby plant nurseries or wetland sites, as the plants would also be well adapted to
the local conditions of the area. Ideally, the most appropriate way is to locally grow a
nursery for the project site since it is convenient and does not incur high costs. Plants
and plant parts are usually gathered after their growth stops in the fall or before it begins
in the spring, by taking the entire root system along with the soil around it to populate
the wetlands with microbes. Finally, planting density varies greatly among studies in the
literature, with densities ranging from 1 plant/m2 to 8 plants/m2 (Abunaser &

Abdelhay, 2020; Licata et al., 2019; Licata et al., 2017; Leto et al., 2013).

2.7.3. Wetlands in Lebanon

In Lebanon, there are seven identified natural wetlands distributed over the
country that cover an area of 16 km? (MoE/UNHCR/UNICEF/UNDP, 2021; UNEP-
MAP/UNESCO-IHP/CNRS Lebanon, 2015). Three of these wetlands are coastal and
include those of the Palm Islands in Tripoli, Deir EI-Nouriyeh Cliffs in Chekka, and
Tyre Beach. The other four are inland wetlands and include Ayoun Orghosh in Baalbek
caza, and Ammig, Chamsine/Anjar, and Aiha in the Bekaa
(MoE/UNHCR/UNICEF/UNDP, 2021). Only four of the seven wetlands are recognized
on the RAMSAR list of wetlands (namely Palm Islands, Deir EI-Nouriyeh, Tyre Beach,
and Ammiqg) (MoE/UNHCR/UNICEF/UNDP, 2021; UNEP-MAP/UNESCO-
IHP/CNRS Lebanon, 2015), while only two are protected (namely Palm Islands and

Tyre Beach) (MoE/UNHCR/UNICEF/UNDP, 2021).
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Unfortunately, Lebanese wetlands are facing turbulence from natural and
anthropogenic sources that might risk them losing their natural value. This turbulence
can be the result of hydrological imbalances from climate change, overexploitation,
uncontrolled urban expansion, overgrazing, logging, overfishing, forest fires, or
eutrophication because of sewage and chemical discharge (UNEP-MAP, UNESCO-

IHP, CNRS Lebanon; 2015).

® NATURAL WETLAND
® CONSTRUCTED WETLAND

PROPOSED CONSTRUCTED
WETLANDS

Figure 10 Location of natural wetlands in Lebanon (reconstructed from Shaban,
2013) along with the location of the existing and proposed constructed wetlands
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Despite having multiple natural wetlands in Lebanon, constructed wetlands have
not been fully adopted in Lebanon. The three main constructed wetland projects in the
country are the Upper Litani River constructed wetland in Bekaa (Ghanem et al., 2019;
Abi Saab et al., 2018; Amacha et al., 2017), the reed bed in Bcharreh (Amacha et al.,

2017), as well as the Roum Constructed Wetland in South Lebanon.

2.7.3.1.Litani River Constructed Wetland

Thie Litani River Constructed Wetland was established in 2013 by the Litani
River Authority and the Litani River Basin Management Support in Kherbit Kanafar, in
the southern parts of the Bekaa Valley (Ghanem et al., 2019; Abi Saab et al., 2018;
Amacha et al., 2017; USAID, 2012). The wetland sits adjacent to the Litani River with
an area of around 2.6 ha, with an inlet that diverts some of the river’s polluted water
into the wetland for treatment, and an outlet that merges the treated effluent with the
river’s natural course (Ghanem et al., 2019). The macrophytes used in the wetland are
Sparganium Erectum and Phragmites Australis, both of which are native species.
Directly exposed to the sun, water provides nutrients for the macrophytes, as it flows
slowly within the wetland, where a series of physical, chemical, and biological
processes result in the settlement of solids and degradation of organics (Ghanem et al.,
2019; Abi Saab et al., 2018; Amacha et al., 2017). The constructed wetland was
designed for a flow that varies between 30 liters per second in the dry season and 60
liters per second over the remainder of the year. Its removal efficiencies were 87% for
chemical oxygen demand (COD), 65% for biological oxygen demand (BOD5), 86% for

total suspended solids (TSS), 43% for nitrates, 35% for ammonium, 55% for
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phosphorus, and 73% for potassium, and was able to increase dissolved oxygen (DO)

by 25%. It was also able to remove 99% of fecal coliforms (Abi Saab et al., 2018).

Figure 11 Aerial view of the Litani Constructed Wetland (Abisaab et al., 2018)

2.7.3.2. Bcharreh Reed Bed Filter Treatment

Also established in 2013, the Bcharreh Reed Bed was funded by the Agence
Francaise de Développement in collaboration with the union of municipalities of
Bcharreh, the Ministry of Energy and Water, and the Council for Development and
Reconstruction (Ghanem et al., 2019). The project is a wastewater treatment pond with
a vertical subsurface flow, meaning that the wastewater is discharged on top of the
surface, where it flows vertically downwards through bed filters — Phragmites Australis
—and finally finds its way to the bottom of the pond where it is collected in a drainage

pipe (Ghanem et al., 2019).
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Figure 12 Bcharreh Reed Bed

2.7.3.3. Roum Constructed Wetland

Instead of discharging untreated wastewater into the valley, The Roum
Constructed Wetland was proposed to treat the wastewater generated within Roum
village. The project was funded by USAID under the Lebanon Water Project (LWP)
and was completed in 2021. The project consists of two treatment stages with the first
occurring in a French Vertical Flow Constructed Wetland, and the second occurring in a
vertical Flow constructed wetland. With an area of around 3,360 m2 (2,016 for the
upper basin and 1,344 for the lower basin), the constructed wetland was designed for
the year 2045. Both ponds are constructed with an impervious layer, filter medium, and
populated with Phragmites australis. Treatment efficiency in the Roum constructed
wetland was found to be around 96.1% for BOD, 92.9% for COD, 76% for TSS, 88%

for Nitrates, and 76.4% for TP.
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Figure 13 Different Stages of the Roum Constructed Wetland

Figure 14 Roum Constructed Wetland

Assessments of the performance of these constructed wetlands have shown high
removal efficiencies, signifying substantial improvement in many water quality
parameters including biochemical oxygen demand (BOD), dissolved oxygen (DO),

suspended solids, inorganic nitrogen, orthophosphates, and pathogens (Ghanem et al.,
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2019; Abi Saab et al., 2018; Amacha et al., 2017). This highlights the importance of
wetland plants in improving water quality through the removal of nutrients, pathogens,
and other trace elements (Abi Saab et al., 2018). However, it is important to note that
these projects are still relatively young and the effectiveness of these systems over an
extended period is yet to be determined (Ghanem et al., 2019). An example of the
changes that might happen could be the decrease in the level of orthophosphate removal
because of wetland maturation, equilibrium in plant growth, or saturation of the soil

(Abunaser & Abdelhay, 2020).

Table 4 Comparison of removal efficiencies between Lebanese case studies

Source Polluted River Water Wastewater

Wetland Litani CW (Abisaab et al., 2018) Roum CW
Parameter RE (%)

pH

TSS 86.18 76

COD 87.01 929

BOD 64.99 96.1

TP - 76.4

2.7.4. Other Wetlands from Similar Contexts

2.7.4.1. Zargaa and Irbid Governorates Constructed wetlands

These wetlands were implemented as part of a research study to test the
performancy of vertical flow constructed wetlands (VCFW) in treating domestic
greywater at four different locations in Jordan. The four wetlands were constructed in
four different rural areas that were not served by a sewer network and did not have any
form of wastewater treatment. The Zargaa governorate wetlands were in Dulail and

Berin, while the Irbid governorate wetlands were located in Obaid (Al-Sareeh) and
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Taibeh (Diersanneh). It is also important to note that all sites had different weather

conditions (Abunaser & Abdelhay, 2020).

The process in these wetlands starts with a sedimentation tank to transfer the
suspended solids into a cesspool, and the liquid effluent into a fat and grease separator.
The water later finds its way to a recycled vertical flow constructed wetland (RVFCW)
made of four layers of volcanic tuff and gravel and populated with pampass grass. The
collected water from the bottom of the RVFCW is pumped to a barrel to be reused in

irrigation or sent to the fat and grease remover (Abunaser & Abdelhay, 2020).

The results of the experiment showed a high removal for BOD, COD, and TSS
with removal efficiencies reaching 90%, 90%, and 92% respectively, and achieved a
compliance for T-N,T-P, N-NO3, Turbidity, Ca, Mg, SO4-, and heavy metals with the
Jordanian standards for unrestricted irrigation. However, an increase in the total
dissolved solids concentration was noted, which would call for the inclusion of a

disinfection stage to further improve the effluent quality (Abunaser & Abdelhay, 2020).

Further, phosphorus removal was negatively impacted by the size of the
constructed wetlands since most of phosphorus removal occurs because of absorption

through the filter bed media (Ghaitidak & Yadav, 2013).
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Figure 15 VCFW setup adopted in the four locations (Abunaser & Abdelhay, 2020)

2.7.4.2. Horizontal Flow Constructed Wetland in Babol, Iran

Located north of the Iranian Alborz Mountains and south of the Caspian Sea,

this horizontal flow constructed wetland served as an advanced treatment unit for the

wastewater treatment plant in Babol, Iran (Shahamat et al., 2017). The constructed

wetland was built and operated in an open environment made of three troughs filled

with a mixture of pea gravel, tiny, and coarse sand. One trough was populated with

Phragmites australis, the other with L. latifoila, and the third one was considered a

control trough (Shahamat et al., 2017).
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Figure 16 Constructed wetland in Babol, Iran (Shahamaet et al., 2017)
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Both plants had high removal efficiencies with those of Phragmites being higher
and reaching 28.6%, 94/4%, 79.8%, 93.7%, and 82.6% for TDS, TSS, turbidity, BOD,
and COD showing that constructed wetlands are cost effective solutions that can

significantly reduce contaminants from effluent wastewater (Shahamat et al., 2017).

Table 5 Comparison of removal efficiencies between regional case studies

Source Greywater Treated Sewage Effluent

Wetland | Zargaa and Irbid VFCWs (Abunaser & Abdelhay, 2020) | Babol HFCW (Shahamat et al., 2017)

Parameter RE (%)
TSS 92 94.4
CcoD 90 82.6
BOD 90 93.7

2.7.4.3. Horizontal subsurface flow constructed wetlands in Sicily, ltaly

Two HSSF wetlands were constructed in Sicily, Italy with the aim of testing the
performance of different macrophytes in wastewater treatment. The first wetland was
located in the West of Sicily in Piana degli Albanesi, and received treated wastewater
from the town’s wastewater treatment plant. The HSSF CW consisted of three troughs
filled with silica quartz river gravel, one planted with umbrella sedge (Cyperus

alternifolius), the other planted with common cattails (Typha latifoila L.), and a third

control group (Licata et al., 2019).
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Figure 17 Piana degli Albanesi constructed wetland (Licata et al., 2019)
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The second wetland was in the South-West of Sicily in the town of Raffadali,
and received treated wastewater from the town’s WWTP. This HSSF CW consisted of
two troughs filled with silica quartz river gravel and populated with giant reed (Arundo

donax L.) and umbrella sedge respectively (Licata et al., 2019).

pob 3808

=-8-

HSSF CW(2)

[ Arundo donax -planted unit
[E=2) Csperus alternifolius -planted unit

Figure 18 Raffadali constructed wetland (Licata et al., 2019)

Both wetlands were able to achieve similar high removal efficiencies for the
main chemical, physical, and microbiological water parameters. Removal efficiencies
ranged between 57% and 74% for TSS, 64% and 70% for BOD5, 66% and 75% for
COD, 43% and 51% for TKN, 38% and 48% for TP, 83% and 89% for total coliforms,

83% and 90% for fecal coliforms, and 85% and 90% for E.coli (Licata et al., 2019).

2.7.4.4. Constructed Wetlands in Central Italy

Four constructed wetlands were monitored over a period of two years to assess

their performance in treating wastewater from different tourist activities. Due to their
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nature, all studied sites had varying water consumption and wastewater production that
depended on the season, weather, influx of tourists, and were not connected to the
municipal wastewater network (Masi et al., 2007).

The first wetland (Figure 19-A) was a single stage constructed wetland for the
secondary treatment of domestic wastewater at a holiday farm site known as “Abertina
Reale” shelter. The system consisted of a septic tank followed by a buffer tank to
stabilize the influent quantity of wastewater, which is pumped into two vertical flow
reed beds for aerobic treatment. The effluent was later discharged into the Dolo river,
requiring high treatment efficiency. The second constructed wetland (Figure 19-B) was
located at the “Baggiolino” tourist farm, and constisted of a subsurface horizontal flow
wetland. Despite its large wastewater production in the summer, treatment had to be
done on site due to its distance from the nearest wastewater treatment plant. The system
comprised four separate septic tanks that collect wastewater from four different
buildings and conveys it by gravity to the wetland. The third wetland (Figure 19-C)
was located at the “Relais Certosa” hotel, where the wastewater was conveyed by
gravity to a pumping station that transfers the wastewater into a horizontal flow wetland
that eventually feeds into two different vertical flow wetlands. A portion of the
produced effluent is discharged into the river Greve and the remainder is stored in a
tank for reuse. The final wetland (Figure 19-D) was located at “La Cava” camping site,
which only operated during the summer season. Treatment had to be done on site due to
the remoteness from the nearest treatment plant. The system at the camping site
completely operated by gravity and consisted of segregating black and greywater into

two different horizontal flow constructed wetlands. The greywater effluent was reused
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in the buildings for toilet flushing while the black water effluent was reused for the

drip-irrigation of green areas around the site (Masi et al., 2007).
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Figure 19 Setup of the four different constructed wetlands (Masi et al., 2007)

The results of this study showed an 83%-95% COD removal, 68%-93% TSS
removal, and 78%-98% NH4+ removal, as well as pathogen reduction and elimination

(Masi et al., 2007).
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Table 6 Comparison of removal efficiencies between other case studies in the
Mediterranean

Licata et al., 2019 Masi et al., 2007
Treated Sewage Treated Sewage Wastewa | Wastewa | Wastewa | Wastewa | Greywa
Source
Effluent Effluent ter ter ter ter ter
HSSF CW 1 HSSF CW 2 Hotel | Shelter | TOUrist | Camping | Campin
Farm 1 g2
Parame
0,
ter RE (%)
TSS 57 - 64 71-74 84.62 94.74 68.42 - -
CcoD 70-75 66-71 93.91 83.44 85.40 88.05 89.44
BOD 64 - 68 64 -70 95.12 93.85 90.48 - -
TP 38 -47 42 - 48 94.12 91.36 81.82 99.17 95.45

2.8. Concluding Section

Moving forward, it is important to recognize NBS such as constructed wetlands not
only as viable treatment systems that can achieve high removal efficiencies with
minimal maintenance requirements but also as adaptation methods that can increase the
amount of available water, especially in a country like Lebanon, where water security is
on the brink of collapse. As seen in the literature, sufficient experimentation has been
performed in different regional contexts with promising results that demonstrate
constructed wetlands as efficient, robust, and relatively low-cost solutions to improve
wastewater quality, especially in remote areas (Abunaser & Abdelhay, 2020; Licata et
al., 2019). Issues such as increases in the total dissolved solids’ concentration can be
addressed through the inclusion of a disinfection stage, while issues of low phosphorus

removal can be addressed through the increase of the wetlands’ size.

As seen in the examples of the previous section, constructed wetlands have
demonstrated success (refer to Table 4) in treating blackwater and polluted river water
in the Lebanese case studies (Ghanem et al., 2019, Abi Saab et al., 2018; Amacha et al.,

2017). Constructed wetlands have also demonstrated success (referto ~ Table 5 and
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Table 6) in the treatment of blackwater, greywater, as well as improving the quality of
treated sewage effluent (Masi et al., 2007; Shahamat et al., 2017; Licata et al., 2019;
Abunaser & Abdelhay, 2020). Yet, there is insufficient case studies to demonstrate their

efficiency of greywater treatment in Lebanon.

The proposed constructed wetlands will treat greywater, which will aim at filling a
gap in the literature and highlighting different possibilities for wastewater reuse in
Lebanon. It is important to acknowledge that the proposed CWs will have to be
accompanied by a system that separates greywater from blackwater, and that any
application of greywater recycling in Lebanon will require a similar system, as
blackwater and greywater are not separated by default. This research could help inform
future considerations to incorporate systems that separate wastewater, as greywater will
require less demanding treatment methods. After highlighting the gap, this research will
proceed to describe the proposed constructed wetlands and the methodology of the

experiment.
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CHAPTER 3

METHODOLOGY

To answer the research question, the study followed several steps of data
collection and processing. After performing a literature review to better understand
constructed wetlands and greywater reuse, a quantitative study was performed to
explore the efficiency of constructed wetlands in greywater treatment and to assess the
possibility of reusing this effluent in other applications such as irrigation or toilet
flushing. This was achieved by collecting samples at the inflows and outflows of the
constructed wetland and testing for different physical and chemical water quality
parameters to understand the difference in nutrient, organic material, and heavy metals
concentrations, as well as to keep track of other physical parameters such as
temperature and turbidity. Samples were collected three times a week throughout the
experiment’s duration. After sample collection, removal efficiencies were calculated
and compared against regional and international standards. The undergone steps are

detailed in the following sections.

3.1. Pilot Case Study

The studied constructed wetlands are a part of the NAWAMED project (an
acronym for Nature-Based Solutions for Domestic Water Reuse in Mediterranean
Countries). Funded by the ENI CBC Med/EU, the project aims at installing eight pilot
projects for greywater/rainwater treatment and reuse across five countries (Italy,
Tunisia, Jordan, Malta, Lebanon). The projects include living green walls and

constructed wetlands to treat flows from public buildings, parking areas, and refugee
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camps to ultimately achieve a 30% reduction in water consumption at the pilot sites.
The following experiment will focus on two constructed wetlands located in the Bekaa
Valley of Lebanon. The constructed wetlands, which will cover an area of 30 m2 each,
will be in AREC (Advancing Research Enabling Communities Center), AUB’s multi-
functional and inter-disciplinary center devoted to teaching, research, training, and

outreach activities.

Google

Figure 20 Satellite Image of AREC showing the location of both CWs

3.2. Constructed Wetland Setup

The project consists of two constructed wetlands, one treating greywater from
the women’s dormitory and administration building and another treating greywater from
the men’s dormitory Greywater will be collected and preliminarily treated in a
degreaser before being transferred to a pump station where it will reach the horizontal
flow constructed wetland via a feeding system. The HFCW consists of gravel and is

populated with Phragmites australis, through which greywater will pass and drain into
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an outlet manhole where the effluent will be stored for reuse. The experiment setup is

shown in Figure 21 and the stages are detailed in the following sections.
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Figure 21 Layout of the experiment's setup

3.2.1. Greywater Collection

Points of sampling

Reuse

The first step in the experiment is the separation of greywater from blackwater

in each of the three buildings. This is achieved by disconnecting washbasins and shower

basins from the existing network and connecting them to a greywater collection network

installed specifically for this project (Refer to Figure 22). This network collects

greywater from each of the buildings and conveys it by gravity to the corresponding

constructed wetland. The greywater collection network includes two connections to

existing systems; a connection to the existing potable water network just upstream of

the CWs that acts as a fail-safe to ensure continuous irrigation of the wetland plants

during maintenance or in the event of a system malfunction and a connection to the

existing wastewater network downstream of the buildings that also acts as a fail-safe in

case of an overflow of grey water.
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Figure 22 Separating the washbasin greywater in the boys' dorm

3.2.2. Pretreatment

After greywater collection and prior to reaching the constructed wetlands, a 1
m3 degreaser is used at each unit to undergo primary treatment by removing grease and
suspended solids that might be present in the water. The degreaser was designed to have
a hydraulic retention time (HRT) of three hours at peak flow, to account for
uncertainties in the production of greywater, and to ensure operation in case
maintenance was not done regularly (once per year). The degreaser is followed by a wet
well to minimize long detention times and odors while preventing continuous pumping.
The greywater is collected in a holding tank and pumped via a submersible pump to the
CW’s feeding system.

It is important to note that the order of processes at this stage differs between the
wetlands, as the Boys’ CW starts with the degreaser followed by a wet well, whereas
the girls’ CW starts with a pump station followed by the degreaser. The reason behind
this is to prevent the large excavation costs which will result from the proposed gravity
system, requiring only a deep wet well upstream of the apparatus rather than an entire
deep system. The minimum slope is important to minimize sedimentation while

ensuring an adequate flow within the pipes.
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3.2.3. Horizontal Flow Constructed Wetland

The HFCW construction starts with excavating the soil (Figure 23), laying a
nonwoven geotextile layer, then adding sand to create a 1.5% longitudinal slope.
(Figure 24). This is followed by waterproofing the basin with a 1 mm High-Density
Polyethylene (HDPE) liner (Figure 25) and laying an additional layer of nonwoven
geotextile. Later, the addition of different combinations of bed filter media occurs as per
the wetlands’ design. The inlets and outlets of the CWs are filled with 80-120 mm
gravel that line up to 0.8 m of the bed’s longitudinal section from each side. The
remaining section of the bed is filled with a medium-washed gravel layer that has an
average diameter of 12 mm (Figure 26, Figure 27, and Figure 28). The CW’s feeding
system receives greywater from the wet well and distributes it evenly across the CW’s

inlet via 125mm diameter pipes.

Figure 31 and Figure 32 represent the longitudinal sections of the CWs.

Figure 23 Soil Excavation Figure 24 Laying the first geotextile
layer and sand
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Figure 28 Adding gravel until the

Figure 25 Waterproofing with the desired height
HDPE liner

Figure 26 Installing the collection
system

dorm)

¥ /g

S,

Figure 27 Laying of rocks and gravel
under the feeder

Figure 30 Completed wetland (boys'
dorm)
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Figure 31 Longitudinal Section of the Girls’ CW (NAWAMED, 2021)
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Figure 32 Longitudinal Section of the Boys’ CW (NAWAMED, 2021)

For this project, the selected plants were Phragmites australis (also known as the
common reed), planted with a density of four phragmites per square meter across the
surface of the wetland, as previous trials and experiments have established this figure as
the most optimal planting density. Rather than being directly seeded into the wetland,
the plants were bought and planted from available nurseries.

While similar in surface area and constituents, the two CWs differed in their
dimensions, source of greywater, received flow, hydraulic retention time, hydraulic

loading rate, and organic loading rate. These changes are summarized in  Table 7.
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Table 7 Comparison between the CWs

Constructed Wetland Location Girls’ Dorm Boys’ Dorm
Source of greywater Showers, washbasins | Showers, washbasins, laundry
Dimensions (LxW) Tmx5m 8.5mx4m
Flow (m®d) 15 1.0
Hydraulic Retention Time (d) 4.5 7
Hydraulic Loading Rate (L/m?/d) 50 35
Organic Loading Rate (gBOD/m?/d) 60 100

3.2.4. Collection and Storage

The lower end of the CW (refer to Figure 31Figure 31 Longitudinal Section of
the Girls’ CW (NAWAMED, 2021) and Figure 32) consists of a drainage system
comprising a 110mm diameter pipe than collects the wetland’s effluent and transfers it
into an outlet regulation manhole thus ending the process. This effluent is later
transported by gravity into a tank where it is stored to be reused for the irrigation of the

nearby planted areas.

3.3. Influent and Effluent Sampling

For each CW, eight influent and eight effluent samples were collected between
14/06/2023 and 01/11/2023, amounting to 32 samples in total. The sampling period
depended on the availability of students and staff at the AREC center (i.e., when there
were enough visitors to ensure an adequate greywater flow) and was done once per
week. All samples were collected between 08:00 AM and 09:00 AM and placed in a
cooler to minimize the temperature effect on the samples during the trip to the
laboratory in Beirut. Two liters were collected at the sampling points of each unit in
disinfected glass bottles, particularly after the degreaser and at the outlet manhole of

each wetland.
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Samples were labelled as CW-L-NN, where CW represents the wetland (A for boys and
B for girls). L represents the locations of sampling (inlet and outlet), and NN represents

the sample number (between 01 and 08).

3.4. Sample Testing

The samples were transported to the Laboratories for the Environment,
Agriculture and Food (LEAF) and tested for a set of physical and chemical water
quality parameters used in similar experiments in the region (Abunaser & Abdelhay,

2020; NAWAMED, 2021). These parameters are listed in Table 8.

Table 8 Tested Physical and Chemical Water Quality Parameters

Parameter Abbreviation
pH -
Biochemical Oxygen Demand BOD5
Chemical Oxygen Demand COD
Total Suspended Solids TSS
Total Phosphorus TP

3.5. Data Analysis

The removal efficiencies of each wetland were calculated to assess HFCW

performance using the following equation (Licata et al., 2019):

Removal Ef ficiency (%) = % x 100

Where: Ci and CO are the mean concentrations of the pollutants in the influent
and effluent, respectively.

Furthermore, due to a lack of approved treated wastewater reuse standards in
Lebanon, the results of the experiment were weighed against the FAO draft wastewater

reuse guidelines for Lebanon (NAWAMED, 2021) as well as the Lebanese Ministry of
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Environment’s Decision 8/1 which specifies effluent discharge limits for wastewater

treatment plants (MoE, 2001). The guidelines are shown in Table 9 and Table 10.

Table 9 2010 FAO Draft Wastewater Reuse Guidelines for Lebanon (NAWAMED,

2021)

Class

Restrictions

produce eaten
cooked; irrigation

of greens with

public access

fruit trees, irrigation of
greens and with limited
public access;
impoundments with no
public water contact

cereals, oil plants, fiber and
seed crops, canned crops,
industrial crops, fruit trees (no
sprinkler irrigation); nurseries,
greens and wooded areas
without public

access
Proposed secondary + secondary + storage or secondary + storage /oxidation
Treatment filtration + maturation ponds or ponds
disinfection infiltration percolation
BODs 25 100 100
(mg/L)
COD (mg/L) 125 250 250
TSS (mg/L) 60 200 200
pH 6-9 6-9 6-9

Table 10 MoE Decision 8/1 Effluent Discharge Limits (MoE, 2001)

Parameter Definition Vvalue
pH Negative Logarithm of H+ Concentration 6-9
BOD5 Biochemical Oxygen Demand 25 mg/L
COD Chemical Oxygen Demand 125 mg/L
TP Total Phosphorus 10 mg/L
TSS Total Suspended Solids 60 mg/L

The results were also compared to the Jordanian Reclaimed domestic

wastewater Standard 893/2006. The Jordanian guidelines were selected due to the

geographic proximity as well as the similarity in climatic conditions. They are shown in

Table 11.
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Table 11 Jordanian Reclaimed Wastewater Standards (Government of Jordan, 2006)

Parameter Unit %ﬁg?eirgﬁéowvggtizr Artificial Recharge CIJ{ iglaot \i/(v):rs Irrig(e:ition Irrig;tion Irrigf\tion
pH 6-9 6-9 6-9 6-9 6-9 6-9
TSS mg/L 60 50 15 300 200 50
COoD mg/L 150 50 100 500 500 100
BOD mg/L 60 15 30 300 200 30
TP mg/L

Finally, the results were compared to the Italian water reuse parameters and

standards that overlap with the FAO and Jordanian guidelines. While they are intended

for use in the irrigation of green areas, some of these parameters are similar to those for

drinking water. These standards are shown in Table 12.

Table 12 Italian Water Reuse Parameters (NAWAMED, 2021)

Parameter Definition Unit | Standards
pH Negative Logarithm of H+ Concentration 6-9.5
TSS Total Suspended Solids mg/L 10
BODS Biochemical Oxygen Demand mg/L 20
COD Chemical Oxygen Demand mg/L 100
TP Total Phosphorus mg/L 2
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CHAPTER 4

RESULTS AND DISCUSSION

After sample collection and testing, the research aimed at exploring the extent of
treatment occurring in the wetlands by comparing the inlet water quality to that of the
outlet which was in turn compared to local and regional reuse standards as well as
calculating the removal efficiencies. Table 13 and Table 14 show the test results over

the sampling period.

Table 13 Sampling results for the boys' wetland (CW-A)

Date Sample | Location | pH (r;]r ; /?_) (rig/E) 3%2_5) (UE/PL)

- Inlet | 7.09 | 26.8 18.5 20 59.2

1os0pg (ALOL el (709 208 | 185 | <0 5
- Inlet | 7.08| 266 15 20 48

21/06/2023 2_1)(_)52 oEtTet 7.11 <5 16 Z2o <25
- Inlet | 7.09 | 27.6 50 96 35

05/07/2023 Q-IO(-)(:)J’B O:tTet 791 <5 24 40 <25
- Inlet | 7.38 | 308 53 60 29.2

12/07/2023 2_2)?34 O:t(leet 741 <5 22 56 <25
- Inlet | 8.08 | 192 110 71 42.3

20/07/2023 21)055 OEtTet 778 <5 22 54 <25
- Inlet | 822 | 256 210 117 120

09/08/2023 21)0(6)56 OEtTet 792 <5 88 50 <25
-I- Inlet 7.22 5 85.5 88 58.2

26/10/2023 2_:3(_);7 Sutkt |77 zs 30 27 <25
o e T T T o
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Table 14 Sampling results for the girls’ wetland (CW-B)

Date Sample | Location | pH TSS cob BODS P
(mg/L) (mg/L) (mg/L) (ug/L)
14/06/2023 B-1-01 Inlet 7.2 23.2 24 <20 28.4
B-O-01 | Outlet | 7.06 <5 14 <20 <25
B-1-02 Inlet 7.14 17.2 53 <20 45.8
21/06/2023 B-O-02 | Outlet | 7.07 <5 17.5 <20 <25
B-1-03 Inlet 7.08 23.6 41 82 <25
05/07/2023 B-O-03 | Outlet | 7.34 <5 <125 40 <25
B-1-04 Inlet 7.35 17.4 39 76 <25
12/07/2023 B-O-04 | Outlet | 7.15 <5 <125 39 <25
B-1-05 Inlet 7.9 15.2 58 60 26.9
20/07/2023 B-O-05 | Outlet | 7.54 <5 13 28 <25
00/08/2023 B-1-06 Inlet 7.28 17.2 121 71 116
B-O-06 | Outlet | 7.73 <5 58 32 <25
26/10/2023 B-1-07 Inlet 7.95 <5 14 24 162
B-O-07 | Outlet | 7.66 <5 19 30 <25
0L/11/2023 B-1-08 Inlet 8.08 <5 <125 22 26.4
B-O-08 | Outlet | 7.75 <5 <125 <20 <25

4.1. Influent Water Quality

While the wetlands were designed to handle a certain organic loading (see

Table 7), it is important to look at the actual quality of water entering the wetlands to
better understand the results. For CW-A, influent pH levels were relatively constant
throughout the first four samples which were followed by a slight increase in the
remaining sampled, making the pH average around 7.55 and vary between 7.08 and
8.23 throughout the study. On the other hand, CW-B also showed relatively constant
influent levels that were slightly lower than CW-A, which receives laundry wash water
that generally has higher pH levels. CW-B’s average pH was around 7.50 and varied
between 7.08 and 8.08.

Influent TSS levels remained relatively constant throughout the study for both

wetlands, with CW-A showing a higher TSS concentration. CW-A TSS levels averaged
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around 20.6 mg/L and ranged between undetectable (<2.5 mg/L) and 30.8 mg/L,
whereas those of CW-B averaged around 14.85 mg/L and ranged between undetectable
(<2.5 mg/L) and 23.6 mg/L. On average, a 28% difference in influent TSS
concentrations was noted between CW-A and CW-B. However, it is important to note
that during the final two samples, TSS concentrations were significantly lower as the
summer semester had ended and the population discharging into the wetlands
decreased.

Both BODS5 and COD influent values showed a steady increase in concentration with
time until the end of the summer semester, after which the concentrations gradually
decreased. While the inlet COD at CW-A increased from 18.5 mg/L and 210 mg/L and
back to 75 mg/L, it averaged around 77.13 mg/L throughout the experiment. Similarly,
CW:-B inlet concentration increased from 24 mg/L to 121 mg/L to undetectable (<12.5
mg/L) and averaged around 44.53 mg/L. BOD5 concentrations followed a similar trend
increasing from undetectable (<20 mg/L) to 117 mg/L then decreasing to 31 mg/L in
CW-A while averaging at 60.31 mg/L in CW-A, and varying between undetectable
(<20 mg/L) to 82 mg/L in CW-B — averaging at 44.38 mg/L. A possible explanation to
the increase in BOD5 and COD would be the temperature rise that was accompanied by
the heat wave that occurred during the experiment period, as BOD5 and COD
concentrations are known to increase in concentration at higher temperatures. The
BOD5/COD ratios showed some inconsistent trends, with the ratio averaging around
0.86 for CW-A and 1.26 for CW-B. The BOD5:COD ratio is shown in Table 15 for all
the samples. While the BOD5/COD ratio generally varies between 0.31 and 0.71 in
greywater, the dominance of COD remains a possibility in cases where Xenobiotic

Organic Compounds (XOCs) are present. XOCs are synthetic organic compounds that
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can be found in various household chemicals such as bleaches and surfactants as well as

beauty products (Oteng-Peprah et al., 2018).

Table 15 BOD5/COD Ratio

CW-A CW-B
BOD5 | COD | Ratio | BOD5 | COD | Ratio
14/06/2023 10 18.5 | 0.54 10 24 | 0.42
21/06/2023 10 15 | 0.67 10 53 | 0.19
5/7/2023 96 50 | 1.92 82 41 | 2.00
12/7/2023 60 53 | 1.13 76 39 | 1.95
20/07/2023 71 110 | 0.65 60 58 | 1.03
9/8/2023 117 210 | 0.56 71 121 | 0.59
10/26/2023 88 85.5 | 1.03 24 14 | 171
1/11/2023 30.5 75 | 041 22 10 | 2.20

Sample Date

Finally, Phosphorus concentrations in CW-A ranged between 29.2 ug/L and 163
ug/L in CW-A averaging around 69.36 ug/L, while those in CW-B ranged between

undetectable (<25 ug/L) and 162 ug/L.

4.2. Effluent Water Quality

While generally flowing in a similar trend to influent levels, effluent pH levels
varied for both wetlands, with values less, equal, or greater than influent values for both
wetlands. CW-A effluent pH levels varied between 7.04 and 8.03 and averaged around
7.53, and CW-B effluent pH levels varied between 7.08 and 8.08 while averaging

around 7.41. The pH levels in both wetlands are shown in Figure 33 and Figure 34.
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Figure 33 CW-A pH Levels throughout the study

CW-B pH Levels
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Figure 34 CW-B pH Levels throughout the study

Effluent TSS levels were consistent throughout the sampling period and were
undetectable (<5 mg/L) except for one sample that had a concentration of 16.8 mg/L.
For this reason, the effluent concentration was considered as 2.5 mg/L to calculate the

removal efficiency which ranged between 86.98% and 91.88% for CW-A and between
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83.55% and 89.41% for CW-B (Figure 37). Figure 35 and Figure 36show the TSS

concentrations at both sampling points throughout the experiment.

CW-A - TSS Concentrations
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Figure 35 CW-A TSS concentrations throughout the study
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Figure 36 CW-B TSS concentrations throughout the study

79



TSS Removal Efficiency

94.00
92.00

90.00
88.00
86.00
84.00
82.00
80.00

78.00
14/06/2023  21/06/2023 5/7/2023 12/7/2023 20/07/2023 9/8/2023

=@=C\W-A Removal Efficiency CW-B Removal Efficiency

Figure 37 TSS Removal Efficiency

Further, COD effluent values showed a significant drop from the initial values in
the influent. For CW-A, after discarding the first two samples which were considered
as outliers, the COD effluent concentration ranged between 18 mg/L and 88 mg/L
making the removal percentage vary between 52% and 80%, and average at around
64.92% removal (Figure 40). On the other hand, CW-B showed even lower COD
effluent concentrations that ranged between undetectable in three samples (< 12.5
mg/L) and 58 mg/L. Undetectable COD concentrations were considered as 6.25 mg/L,
and consequently, the removal percentage varied between 41.67% and 83.97% and
averaged around 67.84% removal throughout the experiment (Figure 40). The COD

concentrations are shown in Figure 38 and Figure 39.
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Figure 38 CW-A COD concentrations throughout the study
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Figure 39 CW-B COD concentrations throughout the study
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Figure 40 COD Removal Efficiency

Similarly, BOD5 effluent values also showed a significant decrease from the
influent values. After also discarding the first two outlier samples for CW-A, effluent
BODS5 concentrations ranged between undetectable (<20 mg/L) and 56 mg/L,
translating to a removal percentage that varied between 6.67% and 69.32%, averaging
around 47.12% removal (Figure 43). Moreover, BOD5 was undetectable (< 20 mg/L) in
the first two samples taken from CW-B and varied between 28 mg/L and 40 mg/L in the
remaining samples after going back to undetectable (<20 mg/L) by the end of the study.
These samples were used to calculate the removal efficiency within CW-B which
ranged between 48.68% and 54.93% and averaged around 52.54% (Figure 43). The

BOD concentrations are shown in Figure 41 and Figure 42.
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Figure 41 CW-A BOD concentrations throughout the study
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Figure 42 CW-B BOD concentrations throughout the study
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Figure 43 BOD Removal Efficiency

Finally, effluent Phosphorus concentrations were consistent throughout the
experiment for both wetlands and were undetectable (<25 ug/L). A value of 12.5 ug/L
was considered to calculate the removal efficiency which ranged between 57.19% and
92.33% and average around 75.65% for CW-A (Figure 46). Removal efficiency varied
between 52.65% and 89.22% for CW-B and averaged around 69.40% while
disregarding the samples which were undetectable at the inlet and outlet (Figure 46). P
concentrations are shown in Figure 44 and Figure 45. It is to be noted that the limit
specified in MoE Decision 8/1 was not shown on the graphs due to the results being

well below the limit.
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Figure 44 CW-A P concentrations throughout the study

180
160 CW-B - P Concentrations
140
120
100
80
60

40 ./\
20 ps °

0

=@=|nfluent ==@=Effluent

Figure 45 CW-B P concentrations throughout the study
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Figure 46 P Removal Efficiency

4.3. Discussion

To better understand the results and assess the efficacy of the wetlands, the
following sections will include a comparison of the effluent water quality to different
local and regional standards. Further, the results will be compared to those obtained in
different case studies from Lebanon and the region before finally exploring the

significance of such projects as well as the challenges facing them.

4.3.1. Comparison to Local and Regional Standards
The assessment of the effluent water quality was carried out by comparing the
average effluent concentrations to the limits specified in the previously mentioned
standards, namely the Lebanese Ministry of Environment’s Decision 8/1, the FAO
guidelines for wastewater effluent reuse in Lebanon (draft), the Jordanian Reclaimed
domestic wastewater Standard 893/2006, and the Italian reuse standards. The

comparison with the Lebanese standards is shown in Table 16 and Table 17, the
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comparison with the Jordanian standards is shown in Table 18 and Table 19, and the

comparison with the Italian standards is shown in Table 20 and Table 21.

Table 16 Influent Comparison to Lebanese Standards (for more information refer to

Table 9)
Parameter | Unit | CW-A | CW-B | Decision 8/1 | Class 1 | Class 2 | Class 3
pH - 7.55 7.50 6-9 6-9 6-9 6-9
TSS mg/L | 20.61 | 14.85 60 60 200 200
COD mg/L | 77.13 | 44.53 125 125 250 250
BOD mg/L | 60.31 | 44.38 25 25 100 100
TP mg/L | 0.069 | 0.054 10 - -

Table 17 Effluent Comparison to Lebanese Standards (for more information refer to

Table 9)
Parameter | Unit | CW-A | CW-B | Decision 8/1 | Class 1 | Class 2 | Class 3
pH - 7.53 7.41 6-9 6-9 6-9 6-9
TSS mg/L | 4.29 2.50 60 60 200 200
COD mg/L | 33.88 | 17.53 125 125 250 250
BOD mg/L | 35.75 | 24.88 25 25 100 100
TP mg/L | 0.013 | 0.013 10 - -
Table 18 Influent Comparison to Jordanian standards
. . Irrigation
Parameter Unit CW-A Cw-B %'sg:ggaéow";gir :gg;:’;;: o EVL\J’; i Irrigation C | Irrigation B | Irrigation A
pH 755 750 6-9 6-9 6-9 6-9 6-9 6-9
TSS mg/L 20.61 14.85 60 50 15 300 200 50
cob mg/L 4713 4453 150 50 100 500 500 100
BOD mg/L 60.31 4438 60 15 30 300 200 30
TP mg/L 0.069 0.054
Table 19 Effluent Comparison to Jordanian standards
Discharge to e Irrigation L .
Pararmete Unit CW-A CW-B water bod_ies and éég;:r'; Cut Irrigation C Irrlgémon Irr:]g;tlo
wadis Flowers
pH 7.53 7.41 6-9 6-9 6-9 6-9 6-9 6-9
TSS ng/ 4.29 2.50 60 50 15 300 200 50
cob ng/ 33.88 17.53 150 50 100 500 500 100
BOD ng’ 35.75 24.88 60 15 30 300 200 30
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‘ TP ‘ng/I 0.013 ‘ 0.013 l

Table 20 Influent Comparison to Italian standards

Parameter | Unit | CW-A | CW-B | Italian Reuse Standards
pH - 7.55 7.50 6-9.5
TSS mg/L | 20.61 | 14.85 10
COD mg/L | 77.13 | 44.53 100
BOD mg/L | 60.31 | 44.38 20
TP mg/L | 0.069 | 0.054 2

Table 21 Effluent Comparison to Italian standards

Parameter | Unit | CW-A | CW-B | Italian Reuse Standards
pH - 7.53 7.41 6-9.5
TSS mg/L | 4.29 2.50 10
COD mg/L | 33.88 | 17.53 100
BOD mg/L | 35.75 | 24.88 20
TP mg/L | 0.013 | 0.013 2

First, with an average of 7.53 for CW-A and 7.41 for CW-B, the pH was found
to fall within the limits of all the considered standards, which is also the case at the
inlet. TSS concentrations averaged around 4.29 mg/L for CW-A and 2.5 mg/L for CW-
B, falling well below the limits of all the considered standards. It is also important to
note that the inlet TSS concentrations also fell within the limits of the Lebanese
standards, and Jordanian standards except for irrigation of cut flowers, however, they
exceed the limit in the Italian standard. A similarity was noticed for COD, whose
effluent averaged around 33.88 mg/L for CW-A and 17.53 mg/L for CW-B and fell
within limits in all the considered standards. Further, the inlet COD concentrations also
fell within the limits of all the standards except the Jordanian standard for aquifer

recharge. Finally, the average Total Phosphorus concentration in the effluent was
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0.0125 mg/L for both wetlands, which is well below the specified limits in the
standards, knowing that even the influent Total Phosphorus also fell within the limits.
On the other hand, BOD effluent concentrations averaged 35.75 mg/L for CW-A and
24.88 mg/L for CW-B. From this it can be concluded that the CW-A effluent does not
satisfy the BOD limits specified in Decision 8/1 (25 mg/L), FAO class 1 (25 mg/L), JS
for artificial recharge, irrigation of cut flowers, and irrigation A (30 mg/L), as well as
the Italian reuse standards (20 mg/L). Meanwhile, CW-B performed relatively better as
the average BOD concentration falls within standard except for JS artificial recharge
(15 mg/L) and the Italian reuse standards (20 mg/L).

The assessment of effluent water quality involved a comparison with various
established standards, revealing the following findings. pH, TSS, and TP levels
consistently fell within the limits of all the considered standards.

While COD concentrations also fell within standards, the BOD concentrations,
particularly in CW-A, did not. The standards include the Lebanese MoE Decision 8/1,
FAOQ class 1, Jordanian standards for artificial recharge, irrigation of cut flowers, and
irrigation A, as well as Italian reuse standards. On the other hand, CW-B exhibited
better performance, meeting most standards for BOD concentrations, except for

Jordanian standards for artificial recharge and Italian reuse standards.

4.3.2. Comparison to Local and Regional Case Studies

Having compared the wetlands’ performance to different standards, it is also

important to compare the results with those in other case studies done in Lebanon and
the region. For Lebanese case studies, the Litani and Roum constructed wetlands will be
considered, noting that the former treats polluted river water while the latter treats
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wastewater (i.e., not separated). Both the Litani and Roum CWs were described in
earlier sections. Table 22 and Table 23 show this comparison by listing the inlet and
outlet concentrations along with the reported removal efficiencies, while Table 24
compares the removal efficiencies to other constructed wetlands in Egypt, Jordan, and
Iran. Finally, Table 25,

Table 26, and Table 27 compare the performance of CW-A and CW-B to other

case studies performed in Italy.

Table 22 Inlet Comparison with Lebanese Case Studies

Greywater Greywater Polluted River Water Wastewater
Wetland CW-A CW-B Litani CWZ(OAlgi)SE‘ab etal, Roum CW
Source Greywater Greywater Polluted River Water Wastewater
Paramete Concentration Concentration Concentration (mg/L) Concentration
r (mg/L) (mg/L) (mg/L)
pH 7.55 7.50 7.96 -
TSS 20.61 14.85 69.35 527
COoD 77.13 44.53 50.09 435
BOD 60.31 44.38 71 295
TP 0.069 0.054 - -

First, while considering the influent water quality, it is noted that the pH levels
in CW-A and CW-B are lower than that of the Litani CW, but still fall within the
acceptable standards mentioned earlier. TSS concentrations were lower in CW-A and
CW:-B than the Litani CW, while BOD and COD inlet concentrations fell in a similar
range. The Roum constructed wetland had significantly higher TSS, BOD, and COD
concentrations mainly due to the different type of water being treated in each wetland.

Table 23 Effluent Comparison with Lebanese Case Studies

Source Greywater Greywater Polluted River Water Wastewater
Wetland CW-A cw-B Litani ;YVZ(()Algisaab ot Roum CW
Parameter Con(t;;e;/trl_a;tlon RE (%) Cor1(<;?3;rLa;tlon (Ii/OE) Con(tl:ﬁS}rLa)tlon (I§/OE) Con(z;;eg}rl_a;tlon (I§/OE)
pH 7.53 741 7.94 - - -
TSS 4.29 90.22 2.50 86.46 9.58 86.18 47 76
COD 33.88 64.92 17.53 67.84 6.51 87.01 59 929
BOD 35.75 47.12 24.88 52.54 24.86 64.99 15 96.1
TP 0.013 75.65 0.013 58.85 - - 33 76.4
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As for the effluent, it is noted that the pH remained lower in CW-A and CW-B
than in the Litani CW as the average pH did not vary greatly for the wetlands (0.26%
for CW-A, 1.2% for CW-B, and 0.25% for the Litani CW). Meanwhile, TSS removal
was the highest in CW-A and CW-B (90.2% and 86.48% respectively) compared to the
Litani (86.18%) and Roum CWs (76%). While CW-A and CW-B had the lowest
effluent TSS concentrations, they also had the lowest TSS influent concentrations.
Comparing CW-A and CW-B to the other case studies in Table 24, TSS removal
efficiency was relatively similar to the CWs in Jordan, Egypt, and Iran which had
removal efficiencies ranging between 87% and 94.4%.

Furthermore, COD removal was the lowest in CW-A and CW-B (64.92% AND
67.84% respectively) compared to Litani and Roum CWs (87.01% and 92.9%
respectively). However, it is important to note that the inlet COD concentrations in CW-
A and CW-B fell within the limits of most of the standards which means that they were
further reduced in the wetlands. BOD removal was also the lowest in CW-A and CW-B
(47.1% and 52.5% respectively) compared to the Litani and Roum CWs (64.99% and
96.1% respectively). In addition, while it is noted that the average effluent BOD5
concentrations at CW-A and CW-B were not within standard limits, it was reported by
Abisaab et al. (2018) that the BOD5 concentrations did not meet the requirements
during the months of August and September (Abisaab et al., 2018), which means there
could be a correlation between BOD removal efficiency and climatic conditions. As for
the wetlands in Table 24, it is observed that the Jordanian and Iranian cases had much
higher BOD and COD removal efficiencies (90% and 90% respectively for Jordan,
93.7% and 94.4% respectively for Iran), but the Bahr el Bagar wetland achieved a

similar removal efficiency of 52% for BOD and a slightly lower removal efficiency for
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COD at 50%. Finally, Total Phosphorus was noted to have a comparable removal

efficiency between CW-A (75.6%) and the Roum CW (76.4%), with CW-B having a

slightly lower removal efficiency (58.8%). This could be attributed to the difference in

the length of the wetlands knowing that despite having the same surface area, CW-A

has an additional 1.5 m of length.

Table 24 Comparison with other case studies from Jordan, Egypt, and Iran

SO:rC G;fgrw G;feyrw Greywater Treated Sewage Effluent Polluted Drainage Water

Param CW-A | cw-B Zarqgaa and Irbid VFCWSs (Abunaser | Babol HFCW (Shahamat Bahr I_EI Bagar CW (EI
eter & Abdelhay, 2020) etal., 2017) Sheikh et al. 2010)
TSS 90.22 86.46 92 94.4 87

CoD 64.92 67.84 90 82.6 50

BOD 47.12 52.54 90 93.7 52

In addition to the above, the results of the experiments were also compared to
other case studies in the mediterranean region, which were also detailed in previous
sections. These results are listed in Table 25,

Table 26, and Table 27.

While comparing the influents, it is noted that the TSS concentration is the
lowest in CW-A and CW-B compared to all the case studies, with the closest being to
the levels of the Hotel in Masi et al. (2007). As for COD concentrations, CW-A and
CW-B levels were closer to those of Licata et al. (2019) than Masi et al. (2007) given
that the former is treated sewage effluent, and the latter is untreated wastewater. BOD
concentrations on the other hand, were closer to those in Masi et al. (2007), while Total

Phosphorus concentrations were significantly lower in CW-A and CW-B.
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Table 25 Influent comparison with other Mediterranean case studies

Licata et al., 2019 Masi et al., 2007
Greyw | Greyw | Treated Sewage Treated Sewage | Wastew | Wastew | Wastewa | Wastew | Greyw
Source
ater ater Effluent Effluent ater ater ter ater ater
Param CW-A | cw-B Sicily HSSF CW | Sicily HSSF CW Hotel Shelter Tourist Campin | Campi
eter 1 2 Farm gl ng 2
TSS 20.61 14.85 31.02 45.03 26 76 57 - -
(o{0]} 77.13 4453 54.41 63.6 115 163 226 745 502
BOD 60.31 44.38 25.32 31.14 41 65 84 -
TP 0.069 0.054 7.82 3.62 51 8.1 6.6 24 6.6
Table 26 Effluent comparison with other Mediterranean case studies
Licata et al., 2019 Masi et al., 2007
Source Greyw | Greyw | Treated Sewage Treated Sewage | Wastew | Wastew | Wastewa | Wastew | Greyw
ater ater Effluent Effluent ater ater ter ater ater
Param | oA | cw-B | HSSFCw1 HSSFCW2 | Hotel | Shelter | 'ourist | Campin | Campi
eter Farm gl ng 2
TSS 429 2.50 11.13 - 13.52 11.45-12.82 4.00 4.00 18.00 - -
COD 33.88 17.53 12.93 - 15.62 18.03 - 21.28 7.00 27.00 33.00 89.00 53.00
BOD 35.75 24.88 8.21-9.25 9.35-10.98 2.00 4.00 8.00 -
TP 0.013 0.013 421-491 1.83-2.05 0.30 0.70 1.20 0.02 0.30

Meanwhile, at the outflow, TSS concentrations of CW-A and CW-B were

among the lowest, achieving a removal efficiency comparable to the values extracted

from Masi et al. (2007) for the House and Shelter CWs. COD removal on the other

hand, was more comparable to efficiencies reported in Licata et al. (2019), which is

possibly due to having relatively low influent COD concentrations. Furthermore,
effluent BOD concentrations were the highest in CW-A and CW-B which had the
lowest removal efficiency between all wetlands, while Total Phosphorus concentrations
were the lowest with fairly high removal efficiencies that did not exceed those extracted

from Masi et al. (2007).
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Table 27 RE comparison with other Mediterranean case studies

Licata et al., 2019 Masi et al., 2007
Greyw | Greyw | Treated Sewage Treated Sewage | Wastew | Wastew | Wastewa | Wastew | Greyw
Source
ater ater Effluent Effluent ater ater ter ater ater
CW-A | CW-B HSSF CW 1 HSSF CW 2 Hotel | Shelter | Tourist | Campin | Campi
Farm gl ng 2
Param 0
eter RE (%)
TSS 90.22 86.46 57 - 64 71-74 84.62 94.74 68.42
COD 64.92 67.84 70-75 66 -71 93.91 83.44 85.40 88.05 89.44
BOD 47.12 52.54 64 - 68 64 -70 95.12 93.85 90.48
TP 75.65 58.85 38-47 42 - 48 94.12 91.36 81.82 99.17 95.45

In conclusion, upon comparing the wetlands’ performance to various local and
regional case studies, a few observations were made. First, in comparison with the local
case studies, it was noted that the pH remained in a similar range to that reported in the
literature by Abisaab et al. (2018), while the TSS and TP removal were comparable to
the values reported in local studies. BOD and COD removal were found to be lower.
Second, in comparison with the regional case studies, the same can be said for TSS
removal for being comparable, while BOD and COD removals were lower than the
values reported by Abunaser & Abdelhay (2020) and Shahamat et al. (2017), yet higher
than those reported by Sheikh et al. (2010). Finally, in comparison with other
Mediterranean case studies, TSS and TP removal was better than the values reported in
Licata et al. (2019) and comparable to those reported in Masi et al. (2007). Meanwhile
BOD and COD removal rates were comparable to those reported in Licata et al. (2019)

and lower than those reported in Masi et al. (2007).

4.3.3. Observations on Marketability, Cost, and Scalability
After looking at treatment efficiency, the following section will explore other

aspects of constructed wetlands such as marketability, cost effectiveness, scalability,
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and will highlight the challenges faced during construction. The presented ideas are the
outcome of several discussions done with contractors, engineers, and stakeholders
involved in the project during construction and are supported by the testing results. The
discussions encompassed the challenges facing such projects along with the possibility
of upscaling and utilizing them in cities which showed various agreements between
experts on the matter.

Starting with marketability, there was a sense of agreement among the involved
stakeholders about the viability of nature-based systems (constructed wetlands in
particular), as they were found to increase water saving by enabling reuse. With the lack
of water saving strategies, the wastage of significant amounts of potable water, and
mismanagement, CWSs can help increase green spaces while enabling the reuse of
treated greywater in irrigation or toilet flushing. They can also replace conventional
systems in remote areas. However, one expert highlighted the importance of having
significant GW production, making dorms a great candidate for such systems due to the
presence of various showers and lavatories.

As for cost effectiveness, constructed wetlands were found to have a very low
cost compared to other treatment methods. In the absence of certain elements, local
alternatives that satisfied the specifications were found, making such projects fully
available in local markets. This was also the case with other countries participating in
the NAWAMED project.

In addition, it was in agreement that CWs can be upscaled and used at a larger
scale provided that wastewater separation is available. Possible locations for
implementing such projects in cities would be on public land and other vast areas.

Furthermore, wherever there is no adequate area in cities, other solutions like green
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walls or green facades can be explored, but it is important to note that they require
systems that are more complex than constructed wetlands.

On the other hand, a few challenges were identified that could hinder the
progress of constructed wetlands. One of the main agreements on challenges was the
importance of fully understanding the system, its different components and their
function, and the various design parameters. This issue was discussed in a NAWAMED
workshop where several stakeholders stated that they did not dive into the details of the
project during the bidding phase. This led to the bids being overpriced initially, as not
all countries had contractors specialized in NBS construction. However, one method of
dealing with this issue was to set an upper limit for the bids to give bidders an idea.
Moreover, it can be said that such projects offered learning a specialty that would open
further future opportunities. Further, other highlighted challenges were external factors
like COVID-19, regional wars, or the Lebanese financial crisis which resulted in some
delays and difficulties in material procurement. The most significant challenge
highlighted was wastewater separation, especially in Lebanon. In the event of the
implementation of such projects, special attention must be incurred to the additional
costs resulting from the separation of wastewater. However, it could guide future
developments and legislation to include wastewater separation from the beginning.
Finally, public perception and acceptance of greywater reuse must be considered as
well. However, this can be improved by highlighting the success of such projects and

addressing public concerns about safety issues and health risks.
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CHAPTER 5

CONCLUSION

With the intent of understanding the efficiency of constructed wetlands in
greywater treatment, eight influent and eight effluent samples were taken from each
constructed wetland amounting to a total of 32 samples. The samples were then
transported to the lab where they were tested for pH, BOD, COD, TSS, and TP.
Removal rates were later calculated and compared to various local and regional
standards such as the Lebanese MoE’s Decision 8/1, the FAO draft wastewater reuse
guidelines for Lebanon, the Jordanian standards of reclaimed water, as well as the
Italian standards for reuse which helped identify the possible uses of the effluent. The
removal rates were also compared to other case studies from Lebanon and the region
(Jordan, Iran, Egypt, and Italy) to better understand their performance. In addition to the
above results, discussions during project implementation about the marketability, cost,
and scalability of constructed wetlands in the Lebanese context were done with
contractors, engineers, and stakeholders involved in the project which led to various
takeaways.

While this research has focused on two constructed wetlands, some caveats of the

research need to be acknowledged.

- Longer period of sample collection to ensure viability of the results. Monitoring
and assessment over an extended period of time can provide a better
understanding about the effluent quality and the seasonal variations.

- Comparing the results of efficacy of the CW wetland would have been more

robust if the results were compared to existing conventional gray water
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treatment facility. Since grey water separation and treatment is not common
practice in Lebanon, it was impossible to conduct this exercise.

- Including a control group to validate the treatment efficiency of the constructed

wetlands.

Constructed wetlands can serve as multi-benefit nature-based solution that can
promote sustainability by enabling water saving and enhance biodiversity through their
contribution to green spaces that cater to different plants and animals. They also offer
cost-effective solutions when compared to other conventional treatment methods.
Constructed wetlands can also be scaled and adapted to different remote and rural areas
that would otherwise be difficult to serve conventionally, thus solving an issue that has
become increasingly important after the recent economic collapse in Lebanon which
saw the failure of various infrastructure sectors due to mismanagement and the lack of
maintenance and funding. The decentralized solution of utilizing constructed wetlands
to treat remote/rural areas locally can reduce the demand on existing conventional
sewage systems. Similarly, the exploration of other nature-based solutions such as green
walls and green facades can also help cities to rely less on conventional treatment and to
increase water saving through the use of recycled water. However, it is important to
acknowledge that greywater separation is not a requirement in the Lebanese law, with
most developments (if not all) were implemented without separation. While this poses a
significant challenge to greywater treatment systems, the results of such experiments
could guide future legislations if these solutions were to be implemented at a national
level. Finally, Public acceptance of such projects is also crucial for their marketability
and can be enhanced through showcasing of successful projects and addressing the

different public concerns that arise.
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It has been demonstrated in the results that constructed wetlands are effective at
improving the quality of the incoming greywater to enable its safe discharge or reuse in
irrigation applications. Given that the effluent did not satisfy the limits of all the
standards it was compared to, future research should explore the performance of such
wetlands over extended periods of time to better understand the effects of seasonal
changes and load fluctuations. It is also important to identify the end use of water
beforehand, as this can have a great influence on the design of constructed wetlands

which will enable the effluent to fall within the desired limits and standards.
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