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The recognition that wetlands provide many values for people and are important
foci for conservation worldwide has led to an increasing amount of research and
management activity. This has resulted in an increased demand for high quality
publications that outline both the value of wetlands and the many management steps
necessary to ensure that they are maintained and even restored. Recent research and
management activities in support of conservation and sustainable development
provide a strong basis for the book series. The series presents current analyses of the
many problems afflicting wetlands as well as assessments of their conservation
status. Current research is described by leading academics and scientists from the
biological and social sciences. Leading practitioners and managers provide analyses
based on their vast experience.

The series provides an avenue for describing and explaining the functioning and
processes that support the many wonderful and valuable wetland habitats, such as
swamps, lagoons and marshes, and their species, such as waterbirds, plants and fish,
as well as the most recent research directions. Proposals cover current research,
conservation and management issues from around the world and provide the reader
with new and relevant perspectives on wetland issues.
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Preface

The idea for this book, and generally on the use and the potential of constructed
wetlands in hot and arid climates, was born several years ago while working on
wetland projects in countries with these climatic conditions. On the one hand, coun-
tries with this climate suffer from high to extreme water scarcity and limited fresh-
water resources, while the water demand is always increasing. On the other hand,
wastewater in most of these countries is still viewed as a waste rather than as a
valuable resource. Many factors contribute to this based on my experience, includ-
ing financial and technical barriers as well as social and cultural aspects. But even if
some of these barriers are lifted, circular management of treated effluents, for exam-
ple, for reuse in irrigation, is typically not a priority. However, sustainable wastewa-
ter management is rapidly seen as an opportunity, and a shift is taking place slowly
but steadily. Under these extreme climates, treated wastewater can be a significant
new water source in the local and regional water balance. And this is where nature-
based solutions such as constructed wetlands can play a critical role.

The technology of constructed wetlands is not new. While there are numerous
applications in Central and Western Europe, North America, and Australia, it is
much less frequently applied in regions with hot and arid climates (e.g., Middle
East, Central and North Africa). We now know that this technology can be an ideal
sustainable solution for wastewater management in these regions. From a technical
point of view, the warmer climate and the higher temperatures favor many pollutant
removal processes and further reduce the areal footprint. This technology also fits
well the population patterns in these countries with many small, remote settlements
where decentralized solutions are needed, as well as the economic and social char-
acteristics that require cost-effective and easy-to-build and operate facilities.

The book you are holding is the first attempt to gather most of the available infor-
mation and experience on constructed wetlands in hot and arid climates. The pub-
lished literature on this topic is not extended and quite fragmented among journal
papers and technical reports, considering also that this sustainable technology has
not yet penetrated in deep the relevant markets. Therefore, the idea was to collect as
many as possible of the existing case studies, research projects, and demonstration
facilities that have been implemented in countries with this climate. The result
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proved to be more than satisfying. The book has 21 chapters with constructed wet-
lands examples and studies from 29 different countries, making it the first single
reference in the international literature on this topic.

It is my hope that this book will successfully demonstrate to all relevant stake-
holders the potential and benefits of this sustainable technology for the local/
regional/national water sectors and contribute to the wider adoption and implemen-
tation of constructed wetlands for sustainable and circular wastewater management
in these climatic regions.

Chania, Greece Alexandros Stefanakis
10 April 2022
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Chapter 1

Constructed Wetlands as a Green

and Sustainable Technology for Domestic
Wastewater Treatment Under the Arid
Climate of Rural Areas in Morocco

Laila Mandi, Naaila Ouazzani, and Faissal Aziz

Abstract The aim of this chapter is to demonstrate the applicability and the adapta-
tion of constructed wetland (CWs) eco-technology for the treatment of domestic
wastewater, especially in rural areas under the arid climate of Morocco. As most
rural areas in Morocco are suffering from water and soil pollution, there is a poten-
tial health risk posed by untreated wastewater discharge into the environment. Lack
of sanitation in these regions, where technical and financial resources are usually
limited, has a negative impact on the quality of life of the rural population and their
water resources. Developing treatment techniques adapted to this context is very
challenging, taking into account the social, technical, and financial capacities of
rural areas. Green and sustainable technologies such as CWs have several inherent
advantages compared to conventional treatment systems, including low capital
costs, less infrastructure, lower operating costs, simplicity of construction, and ease
of operation. CWs under different sanitation typologies proved an efficient waste-
water treatment method in real applications in the rural villages of Morocco and
could be considered as an efficient domestic wastewater treatment solution under
arid conditions to promote environmental protection and wastewater reuse.

Keywords Arid climate - Constructed wetlands - Domestic wastewater - Rural
sanitation - Reuse - Morocco
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1.1 Introduction

Morocco is located in arid areas and has been faced with several water management
problems. The arid climate, the heterogeneity of water resources distribution, and
the repetition of drought related to climate change reduce the potential of water
resources [1]. In spite of the major effort on water availability and water supply for
the growing population in Morocco, and despite a legislative, and organizational
upgrade of the management of the water sector, a big delay has to be caught up in
the sanitation and wastewater treatment, particularly in rural areas. The discharge of
wastewater increases the threat of water pollution and reduces the availability and
quality of water resources [2]. The high costs of conventional treatment processes
have led national authorities to search for creative, efficient, and environmentally
sound ways to control water pollution. Green and sustainable technologies such as
constructed wetlands (CWs) could be considered as a useful tool to manage waste-
water economically and effectively in rural areas in Morocco.

CWs have been applied in a number of countries with hot and dry climates [3-5].
They can be applied as primary, secondary, or tertiary treatment, allowing the deg-
radation of the organic pollutants and the removal of pathogenic microorganisms, so
that wastewater can be recycled for irrigation and domestic use and hence reduce
the pressure on the freshwater resources [6]. Moreover, the big challenge is to over-
come all the socio-economic and institutional barriers that are hindering their devel-
opment [3].

This chapter presents the context and obstacles to the implementation of waste-
water treatment facilities in the Moroccan rural areas and the status of CWs, from
experimental research to full-scale projects, as a reference and exemplary design.
The treatment performances of CWs and the pollutant removal mechanisms within
the systems are described, as well as their design and operation, and their adapt-
ability to the arid climate. This chapter demonstrates that CW's can be considered as
an efficient domestic wastewater treatment solution in rural areas, either as a hybrid
system or in combination with other green processes, under arid conditions, to pro-
mote environmental protection and wastewater reuse.

1.2 Current Status of Sanitation in Moroccan Rural Areas

In Morocco, the rural population is estimated at 13.4 million inhabitants, distributed
in 1298 rural municipalities, with around 33,000 villages [7]. Significant progress
has been made in the provision of drinking water to the rural population by the
Moroccan government. Unfortunately, this progress has not been accompanied by a
similar effort in terms of sanitation [8]. Most of the rural centers are established
without a development plan in the majority of cases and suffer from a lack of basic
sanitation infrastructure. According to the High Commission for Planning [7], the
sanitation facilities’ access rate in these areas is only about 11%, considering just
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improved systems (septic tanks and latrines), while the population connected to the
public sewerage system represents 1.7%. This is common worldwide in the rural
population where only 9% is connected to sewerage systems [9]. The total produc-
tion of wastewater in rural areas is estimated to 125 million m*/year [10]. Sanitation
facilities are rare in rural areas and, if they exist, are rudimentary and generally
limited to latrines with storage pits, septic tanks, simplified networks, or cesspools
made by the local population lacking adequate technical support to have a process-
ing system of minimum performance, plus a few pilot rural ecological sanitation
systems. Resulting wastewaters are discharged directly into the environment and
gravity fed into Chaaba (dry bed of a river), where they are infiltrated or used for
irrigating small agricultural parcels if they exist. Sludge from latrines and septic
tanks, when emptied, is either discharged into landfills or discharged into the natural
environment. The excreta of households without toilets are released into the envi-
ronment or mixed with manure [11]. Thus, the state of sanitation can be described
as follows [10]:

* 88% of domestic wastewater is discharged directly into the environment,

* 38% of villages is equipped with excreta disposal devices,

* < 10% of rural municipalities is connected to the collective sewerage system,

* < 3% of rural communities has access to the collective wastewater treatment plant.

The direct discharge of wastewater into the environment (Fig. 1.1) contributes
widely to the degradation of the landscape, the contamination of surface and ground-
water, and the spread of waterborne diseases. Thus, more than 800 children die
every year due to preventable water and sanitation-related diarrhea diseases in
Morocco [12].

It therefore becomes imperative to [13]:

e Urgently upgrade rural centers established without a development plan to
improve the living conditions of populations, including sanitation and the imple-
mentation of wastewater treatment plants,

Fig. 1.1 Discharge of wastewater in some rural areas of Morocco.
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Strengthen actions on the determinants of health (access to drinking water, sani-
tation and purification, health education and global education, accessibility, etc.)
by targeting in priority disadvantaged regions and poor or vulnerable
populations,

Mandatory linking drinking water supply to liquid sanitation and the implemen-
tation of appropriate micro and macro wastewater treatment plants.

1.3 Barriers for Wastewater Treatment in Moroccan

Rural Areas

Like many developing countries, achieving access to sanitation facilities still pose
major challenges in rural areas of Morocco. The main barriers that limit the access
to sanitation infrastructure in small communities are:

Habitat dispersal. In rural areas, most of the villages are “split up” into several
groups of dwellings, which can go as far as a total dispersal of the habitat. Under
these conditions, any public sanitation service system could only be realized at
the cost of large investments and high operating and maintenance costs.
Mountain topography. According to the sites and their difficulties of access, the
mountain edifices are in fact completely broken, from a physical point of view,
with the nearest valleys, which leads to a break in communication, a break in
supply, a rupture at the level of public structures. This rupture is reinforced by the
fact that these places are inaccessible to vehicles, which complicates their refuel-
ing as well as their maintenance.

Poverty. The low socio-economic status of the rural population hinders access to
adequate sanitation. Poverty is widespread in rural areas where interventions
related to water supply and sanitation generally takes place, therefore most ben-
eficiaries are poor. Poorer people in recipient communities generally also benefit
from improved water supply and sanitation. But the poorest and most marginal-
ized communities generally have less access to and do not benefit from national
programs.

Management obstacles. Most of rural areas lack real expertise and technical
assistance, as well as public and private partners. In addition, local decision-
makers don’t have the capacity to see problems globally and in the long-term,
without focusing exclusively on technical vision, but integrating all administra-
tive, economic, geographical and environmental issues. The multiplicity of
stakeholders and the lack of coordination, do not promote the rational develop-
ment of the sanitation sector. In addition, there is a low budget priority accorded
to sanitation facilities compared to other development areas, including
water supply.

Investment weaknesses. Sanitation is a huge financial burden for small com-
munities in Morocco. While many of them are already in debt, they are facing
new obligations requiring heavy short-term investments. If half of the pollution
produced is released to the environment, the amounts to be spent to achieve the
objectives are considerable.
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1.4 Sanitation Strategic Action Plans in Morocco

Wastewater sanitation in rural areas is one of the basic services contributing to
ensuring health, comfort, and ensuring appropriate life for the population. The
Moroccan government has made extensive efforts in this sector through the estab-
lishment since 2005 of the ‘National Liquid Sanitation and Wastewater Treatment
Program’(PNA), whose main objective is the improvement and development of the
sanitation sector across the kingdom. The socio-economic impact expected from
this program concerns the improvement of citizens’ living environment, improving
hygiene and health, creating jobs, and promoting sustainable tourism. This program
has been tremendous progress in terms of catching up with the delay in the Moroccan
sanitation sector. Nevertheless, the PNA has given high priority to sanitation in
urban areas at the expense of communities in rural areas. In 2013, the Moroccan
government has launched the second version of PNA adapted to the rural communi-
ties called ‘National Liquid Sanitation Program in Rural Areas’ (PNAR) to assist
local authorities technically and financially to fulfill their role in the management of
sanitation facilities. The PNAR objectives for 2040 are defined as follows [1]:

¢ FEradicate defecation in nature,
e Achieve 100% rate of equipping rural households with sanitation facilities,
e Achieve a 50% purification rate of wastewater.

The PNAR consists of carrying out liquid sanitation projects, ensuring the collec-
tion, transfer and treatment of wastewater depending on the structure of the rural
centers and villages (size, density, etc.). Three categories of sanitation installations
are defined: a collective system for the administrative centers of rural communes
and villages with more than 1500 inhabitants; semi-collective system for villages of
500-1500 inhabitants; individual system for villages of less than 500 inhabitants. In
order to facilitate decision-making for the choice of the adapted system for each
category, technical guides will be drawn up and made available to rural municipali-
ties [1]. Recently, to optimize and rationalize the efforts of the various stakeholders
involved in the liquid sanitation sector, a catch-up program is developed. Thus, a
consolidated ‘National Sanitation Program’ (PNAM) was born; this is a new pro-
gram involving the National Liquid Sanitation and Wastewater Treatment Program,
the National Liquid Sanitation Program in Rural Areas, and the National Program
for the Reuse of Treated Wastewater [8]. The challenge now is to go beyond the
basic liquid sanitation to extend toward the treatment, reuse, and recovery of water,
according to the principle of the circular economy. This program, which aims to
capitalize on the achievements of the various programs, will allow better planning
of wastewater treatment plants according to reuse needs and will allow the rural area
to be integrated into sanitation program and ensure the financing of the various
projects in an integrated manner. The PNAM which will cover the period 2020-2040
has the following main objectives [8]:

e Achieve a rate of >90% as connection to sewerage in urban areas,
* Reduce pollution caused by wastewater to >80% in urban areas,
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* Achieve a rate of 50% in 2030 and 80% in 2040 as a connection to sewerage in
rural areas,

e Reduce pollution caused by wastewater to 40% in 2030 and 80% in 2040 in
rural areas.

1.5 Application of Constructed Wetlands for Wastewater
Treatment in Rural Areas

1.5.1 Overview of Pilot-Scale CWs for Domestic Wastewater
Treatment in Morocco

The first experiments on the application of CWs were carried out under the arid
climate of Morocco in 1986—1987 [14] with the main goal to study their feasibility
to treat domestic wastewater in rural small communities for potential reuse in agri-
culture without sanitary risks. Several experiments were carried out at pilot scale at
the University Cadi Ayyad in Marrakech (Morocco) to test the ability of such green
eco-technologies to treat both domestic and urban wastewaters using different sys-
tem designs.

The initial investigations were carried out in horizontal flow CWs (HF-CWs)
consisted in two lined ponds planted with floating macrophytes (Eichornia crassipes;
Lemna gibba) and tested for primary and secondary treatment of domestic wastewa-
ter, respectively [14, 15]. These experiments proved the adaptation of HF-CW to the
arid climate of Morocco and showed their efficiency to remove the organic load,
nutrients and sanitary parameters. However, two major problems were raised and
should be overcome using HF-CW under this arid climate; the high water losses by
evapotranspiration, which can reach up to 60% in the summer period, and the spread
of mosquitoes that limits the adoption of such systems under the arid climate [16].

Vertical flow constructed wetlands (VF-CWs) were developed in 1994 in
Morocco for primary treatment of urban wastewater at pilot scale using a local
sandy soil as main substrate and a drainage layer of gravel at the bottom. The system
was planted with emergent macrophytes such as Typha latifolia latifolia, Juncus
subulatus and Arundo donax [17-19]. The authors proved that the VF-CWs are suc-
cessful in removing organic compounds, suspended solids, nutrients and heavy met-
als. Nevertheless, their efficiency to remove pathogens was weak with sanitary risks
for potential reuse in agriculture [19, 20].

The horizontal subsurface flow CW (HSSF-CW) type was evaluated by El
Hamouri et al. [21] in Rabat (Morocco) as secondary treatment after an anaerobic
reactor. The study demonstrated the high ability of HSSF-CW to remove organic
matter and nutrients from pretreated wastewater; however, the system was not able
to remove fecal bacteria indicators. These lead researchers to investigate the combi-
nation of VF-CW and HSSF-CW systems. El Hamouri et al. [22] developed a hybrid
CW (HCW) pilot plant in Rabat (Morocco), which combines a VF-CW, HSSF-CW
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and sand filter for primary, secondary and tertiary treatment of domestic wastewater,
respectively. The system has proven its efficiency to produce an effluent quality
suitable for direct discharge or for irrigation of forage crops, cereals and fruit trees
according to WHO guidelines [23].

Even though several researches have demonstrated the appropriateness of CW
eco-technology to treat domestic wastewater under the arid climate of Morocco, the
implementation of full-scale CWs projects is still underdeveloped in Morocco. Only
few successful projects have been developed in rural areas and are presented in the
next section.

1.5.2  Full-Scale CWs for Domestic Wastewater in Moroccan
Rural Areas

Case  Study 1 Tidili  Mesfioua  Hybrid  Constructed = Wetland
(VF-CW + HSSF-CW).

According to Vymazal [24] and Chen et al. [25], Hybrid Constructed Wetlands
(HCWs) combining VF-CW and HSSF-CW are probably the most frequently used
HCWs for treatment of municipal sewage particularly in Europe and Asia.
Nevertheless, there are only few studies using HCWs in rural sanitation for small
communities [4, 26].

This case study presents the first full-scale HCW implemented in Morocco in a
small rural community named Tidili Mesfioua within the region of Marrakech for
treatment and reuse of domestic wastewater (Fig. 1.2). The HCW was built in 2014
for treating the wastewater from 1844 inhabitants and has been in operation since
then. The project was carried out with funding from the US Agency for International
Development (USAID) with the contribution of stakeholders. This HCW is also the
first plant in Morocco managed by a rural local NGO called Tissilte association for
development (ATD).

The wastewater treatment plant consists of a lifting station, a storage tank with a
self-priming siphon, to obtain a hydraulic batch mode for feeding a first stage of
three VF-CWs (four feeding batches per day) working in parallel, a second stage of
two HSSF-CWs connected also in parallel (Fig. 1.2). Each bed has a slope of 1%
and is planted with Phragmites australis with an initial density of 4 plants/m? [5].
The main design criteria of the Tidili Mesfioua HCW are presented in Table 1.1.

Treated wastewater is discharged to a tank where it is temporarily stored for
potential reuse in crop irrigation. Thanks to the collaboration between the University
Cadi Ayyad (Marrakech) and the association ATD, a regular monitoring of the HCW
is ensured to determine its purification performance and to assess the quality of
water to be reused in agriculture. Several water quality parameters including pH,
electrical conductivity (EC), dissolved oxygen (DO), total suspended solids (TSS),
biological oxygen demand (BODs), chemical oxygen demand (COD), total nitrogen
(TN), total phosphorus (TP), fecal coliforms (FC), Escherichia coli (E. coli) and
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Fig. 1.2 (a) Schematic layout of the Tidili Mesfioua Hybrid Constructed Wetland, (b) aerial view
of the plant, and; (c) field area irrigated with treated wastewater

helminth eggs (HE) are monitored at the inlet and the outlet of the HCW according
to Standard Methods [5]. The obtained results are presented in Table 1.2.

The main average removal percentages of TSS, BODs, COD, TN and TP are
95%, 94%, 91%, 67% and 62%, respectively. Tidili Mesfioua HCW in its actual
design combining both vertical and horizontal subsurface flow CWs was very effec-
tive in the removal of organic matter and suspended solids. TSS removal is mainly
the result of physical processes such as sedimentation and filtration [29]. Fast
decomposition processes are responsible for COD and BODs high removal rates
[30]. The root zone of Phragmites Australis is also of particular importance in
removing biodegradable organic material and provides a substrate for attached bac-
teria which are responsible for the biodegradation of organic material [31].

The main removal mechanisms of Total Nitrogen are ammonification and subse-
quent nitrification occurred in VF-CW, and denitrification which occurs in
HSSF-CW units, plant uptake and export through biomass harvesting [6]. The
removal of phosphorus is done by adsorption-precipitation reactions within the
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Table 1.1 Design criteria’s of Tidili Mesfioua Hybrid Constructed Wetland

Parameter Unit Value
Person equivalent EH 1844
Type of wastewater - Domestic
Flow m¥/d 66
Pretreatment - Bar screen
Concept design - Hybrid constructed wetland
-first stage: 3VF-CWs (primary treatment)
-second stage: 2 HSSF-CWs (secondary treatment)

Total area m? 3000
Hydraulic loading rate: | m*m?%d
VE-CW 0.5
HSSF-CW 0.75
Dimensions m
VE-CW Length: 13, width: 10, depth: 0.9
HSSF-CW Length: 11, width: 8, depth: 0.6
Filling media 50 cm of fine gravel (@: 2/8 mm)
VF-CW 20 cm of coarse gravel (@: 3/20 mm)

20 cm of pebble (@: 60/100 mm)
HSSF-CW 60 cm fine gravel (@: 2/8 mm)
Organic loading rate g BODs/m?%day
VE-CW 194
HSSF-CW 28

Table 1.2 Treatment performance of Tidili Mesfioua HCW (mean + standard deviation)

Admissible Admissible
limits for limit for
Raw Treated Removal | direct wastewater
Parameter wastewater wastewater | (%) discharge [27] | reuse [28]
pH 7.61 £0.02 7.54£0.01 |- - 6.5-8.4
EC (mS/cm) 1.72 £ 0.04 1.81£0.04 |- - 12
DO (mg/L) 0.64 £0.1 2.73+£0.5 - - -
TSS (mg/L) 429.75 + 17.66 | 22.55 £2.64 | 95 150 100
BOD;s (mg/L) 338.50 1691 | 18.23 £1.78 |94 120 -
COD (mg/L) 683.23 £20.36 | 52.95£2.29 91 250 -
TN (mg/L) 44.11+£0.79 16.43 £0.47 |67 - -
TP (mg/L) 8.39 +0.15 3.13+012 62 - -
FC (logCFU/100 mL) | 6.77 2.54 4.25 - <3
E. coli 6.85 2.55 4.36 - -
(1ogCFU/100 mL)
HE (egg/L) 42 0 100 - <l
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HCW substrate media, uptake by plants, and export through biomass harvesting [6,
32]. Concerning the sanitary performance, the Tidili Mesfioua HCW showed a very
high efficiency in removing fecal coliforms (4.25 logCFU/100 mL), E. coli (4.36
logCFU/100 mL) and helminth eggs (100%). Several mechanisms such as natural
die-off, sedimentation, filtration, and predation are responsible for the abatement of
fecal bacteria indicators and pathogen in the constructed wetlands [6]. Thus, waste-
water composition, type of macrophyte, hydraulic regime, hydraulic retention time,
filter media, UV action, temperature, oxidation and pH, are probably the main fac-
tors influencing fecal indicators and pathogen removal by the HCW [6, 33].

Based on the obtained results, the Tidili Mesfioua hybrid constructed wetland
was a successful method for rural sanitation and provides effective treatment perfor-
mance in terms of removal of organic matter, nutrients, fecal indicator bacteria,
pathogen, and helminth eggs. The treated wastewater fulfilled the Moroccan stan-
dards on irrigation water quality for feed crops [34] and WHO recommendations
[23]. Treated wastewater by this HCW is reused for different purposes like olive
trees and alfalfa irrigation.

Case Study 2 Asselda constructed wetland (VF-CW+ Pond).

It was noticed that the integration of CW units with other treatment systems in
rural sanitation is popular around the world [4]. This case study presents a full-scale
VEF-CW followed by maturation pond implemented in the Asselda village located in
the province of Al-Haouz (Morocco). The plant was built in 2015 for treating the
domestic wastewater from 1260 inhabitants and has been in operation since then.
The project was carried out with funding from the Drosos Foundation (Zurich) in
collaboration with AMSED association and contribution of the village NGO and the
stakeholders. The main design criteria of this plant are presented in Table 1.3.

The wastewater treatment plant consists of a lifting station, a storage tank with a
self-priming siphon, in order to obtain a hydraulic batch mode for feeding the three
vertical flow constructed wetlands (VF-CW) working in parallel. The VF-CWs are
planted by Phragmites australis and followed by a maturation pond as secondary
treatment (Table 1.3, Fig. 1.3). Treated wastewater is discharged to a tank where it
is temporarily stored for fruits tree irrigation. The Asselda wastewater treatment
plant is managed by the national office of water and electricity (ONEE), operator in
charge of rural sanitation in Morocco.

The global performance of this plant is presented in Table 1.4. The Asselda
wastewater treatment plant showed high performance in the removal of TSS (93%),
BODS5 (96%), and COD (88%); the efficiency of the plant to remove nutrients was
moderate for TN (55%) and TP (55%). The system proved to be less effective
in reducing the fecal contamination indicator bacteria, with a mean removal rate of
1.85 1logCFU/100 mL. Even though the maturation pond is normally designed to
remove fecal coliform and pathogens, including bacteria, viruses and helminth eggs
[35], its efficiency in Asselda plant was poor. Probably, adding another pond could
allow for higher performance in fecal coliforms removal.
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Table 1.3 Design criteria’s of Asselda wastewater treatment plant (VF-CW+ Pond)

Parameter Unit Value
Person equivalent EH 1260
Type of wastewater - Domestic
Flow m’/d 63
Pretreatment - Bar screen
Concept design - 3VF-CWs in parallel (primary treatment)
1 maturation pond (secondary treatment)
Total area m? 2500
Hydraulic loading rate: m*/m?%d
VE-CW 0.3
v
Dimensions m
VE-CW Length:17, width: 12, depth: 0.9
Filling media - 50 cm of fine gravel (@: 2/8 mm).
VE-CW 20 cm of coarse gravel (@: 3/20 mm),
20 c¢cm of pebble (@: 60/100 mm)
Organic loading rate g BODs/m?*/day 65
Secondary treatment Maturation pond
m Length: 20.5, width: 10.2, depth: 1.2
m? Volume: 251.6
d Residence time: 5

Thus, the treated domestic wastewater from the Asselda plant was in compliance
with the Moroccan standards for direct discharge. The average content of fecal coli-
forms obtained at the outlet of this plant is still higher than 1000 CFU/100 mL, the
limit value of the B category in Moroccan standards of water quality for irrigation
[34]; therefore, the effluent is reused mainly for the irrigation of tree plantations.
This rural sanitation typology combining VF-CW as primary treatment with a matu-
ration pond as secondary treatment, investigated for the first time in Morocco,
showed promising performance and could be adopted by small communities in
rural areas.

Case Study 3 Talat Marghen wastewater treatment plant (Septic
tank+MSL + HSSF-CW).

Rural sanitation systems comprising a septic tank followed by CW units are
also very common worldwide [4]. Most of the studied systems use septic tank as
pretreatment followed by HSSF-CW [36, 37]; HSSF-CW and pond [38]; VF-CW
and pond [38] or VF-CW and HSSF-CW [39]. Nevertheless, the application of a
sanitation typology combining a septic tank followed by a Multi-Soil-Layering
(MSL) system, then HSSF-CW s has not been yet explored to the best of our knowl-
edge. Accordingly, this case study presents a full-scale wastewater treatment plant
composed of a septic tank, followed by MSL system, and a HSSF-CW, implemented
in a small village named Talat Marghen located in the province of Al-Haouz
(Morocco). The plant was built in 2016 for treating the domestic wastewater of 600
inhabitants and has been in operation since then. The project was carried out with
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Fig. 1.3 (a) Schematic layout of the Asselda village’s wastewater treatment plant; (b) aerial view
of the plant and; (c) irrigated trees area.

funding from the National office of Drinking Water and Electricity and the contribu-
tion of the stakeholders. The main design criteria of the Talat Marghen plant are
presented in Table 1.5.

The Talat Marghen village wastewater treatment plant is composed of septic tank
followed by two Multi-Soil-Layering systems in parallel, then two HSSF-CWs
working in parallel as one stage (Table 1.5, Fig. 1.4). The HSSF-CWs are planted
by Typha Latifolia with an initial density of 4 plants/m?. Treated wastewater is dis-
charged to a storage tank where it is temporarily stored for fruits tree irrigation. The
plant is managed by the village association.

The global performance of the Talat Marghen wastewater treatment plant is pre-
sented in Table 1.6. The system presented high performance in the removal of TSS
(97%), BODs (98%), COD (94%), TN (94%) and TP (91%). The removal of
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Table 1.4 Treatment performance of Asselda village wastewater treatment plant (Mean + standard

deviation)
Admissible
Admissible limit for
Raw Treated Removal | limits for direct | wastewater
Parameter wastewater | wastewater | (%) discharge [27] | reuse [28]
pH 7.77+0.05 |8.04+003 |- - 6.5-8.4
EC (mS/cm) 5.6+0.25 497+0.013 |- - 12
TSS (mg/L) 647 £1536 |41 +2.34 93 150 100
BODs(mg/L) 860+ 17.81 |31+1.28 96 120 -
COD (mg/L) 1573 +£30.46 | 180 + 4.25 88 250 -
TN (mg/L) 58.15+0.83 |25.85+0,18 |55 - -
TP (mg/L) 13.09+0.12 |583+0.125 |55 - -
FC 7.17 5.32 1.85 - <3
(1ogCFU/100 mL)
HE (egg/L) 55 0 100 — <1

Table 1.5 Design criteria’s of Talat Marghen wastewater treatment plant (ST + MSL + HSSF-CW)

Parameter Unit Value
Person EH 600
equivalent
Type of - Domestic
wastewater
Flow m¥/d 16.35
Pretreatment | — Bar screen + septic tank (volume: 49 m?)
Concept - 2 MSLs in parallel
design 2 HSSF-CWs in parallel
Total area m? 218
Hydraulic m*/m*d
loading rate
MSL 0.25
HSSF-CW 0.13
Dimensions | m
MSL Length: 8, width: 4.25, depth: 2.47
HSSF-CW Length: 10, width: 6, depth: 0.6
Filling media SMLs (mixture of local soil (70%), sawdust (10%), charcoal (10%)
MSL and metal iron (10%)) arranged in a brick-layer-like pattern separated
HSSF-CW by gravel layers (@: 3/5 mm).
60 cm fine gravel (@: 2/8 mm)
Organic g BODs/
loading rate | m%*day
MSL 163.87
HSSF-CW 22.23
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Fig. 1.4 (a) Schematic layout of the Talat Marghen village wastewater treatment plant; (b) aerial
view of the plant and; (¢) village view

suspended solids is mainly realized by sedimentation and filtration on the filter
media of the MSL and CW units [6, 40, 41]. The reduction of organic matter is real-
ized, particularly through microbiological degradation under aerobic conditions in
the pores of the MSL system [42]. Other mechanisms such as filtration and adsorp-
tion can also contribute to the removal of organic matter in MSL and CWs units [43,
44]. The high removal efficiency for TN was due to the ability of the MSL media to
adsorb ammonium and to the co-existence of aerobic and anaerobic conditions
inside the MSL system that induce nitrification/denitrification processes [40]. In
addition, denitrification, plant uptake and export through biomass harvesting are
more dominant mechanisms for TN removal in the CW units [6]. TP removal is very
high due to the adsorption of orthophosphates on the Fe and Al hydroxides in the
filter media of MSL and CW units; and precipitation, particularly with iron metal
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Table 1.6 Treatment performance of the Talat Marghen CW plant (mean + standard deviation)

Admissible
Admissible limit for

Raw Treated Removal | limits for direct | wastewater
Parameter wastewater wastewater (%) discharge [27] | reuse [28]
pH 7.71 £0.04 7.33+0.02 |- - 6.5-8.4
EC (mS/cm) 1.65 £0.02 1.75+0.13 |- - 12
DO (mg/L) 0.51 £0.11 3.03+040 |- - -
TSS (mg/L) 1368 + 15.26 | 30.57 £2.64 |97 150 100
BODs(mg/L) 962 £ 1691 | 20.05+1.78 |98 120 -
COD (mg/L) 2219 £20.36 | 118 £2.29 94 250 -
TN (mg/L) 221.87+0.79 1 12.32£0,47 194 - -
TP (mg/L) 7373 £0.15 1 6.81 012 91 - -
FC (logCFU/100 mL) |7 24 4.5 - <3
HE (egg/L) 53 0 100 - <1

added to the soil mixture layer of the MSL system, plant uptake and export through
biomass harvesting [6, 40, 45].

This rural sanitation typology combining Septic tank, MSL and HSSF-CW was
also very effective in reducing the levels of indicator bacteria (fecal coliforms) and
helminth eggs, with removal rates of 4.5 logCFU/100 mL and 100%, respectively.
Sedimentation, filtration, adsorption, natural die-off, microbial inactivation and pre-
dation (carried out by protozoa and metazoa) are the main mechanisms involved in
bacteria removal from wastewater treatment technologies based on filtration process
in MSL and CW systems [6, 40, 46].

Considering the overall performances achieved by the Talat Marghen wastewater
treatment plant, the effluent quality has always satisfied the admissible limits for
direct wastewater discharge recommended by the Moroccan standards. Moreover,
the rural sanitation typology presented in this case study, which combines the septic
tank followed by Multi-Soil-Layering and subsurface horizontal flow constructed
wetland, shows the disinfection role of the HSSF-CW in this plant. Latrach et al.
[40, 47] have indicated in their studies that the MSL with vertical flow CW alone
couldn’t eliminate fecal bacteria. The use of HSSF-CW here guarantees the coli-
form level recommended for treated wastewater reuse in irrigation.

1.6 Future Considerations on the Application of CWs
in Rural Areas under Arid Climate

From these recent full-scale projects, the hybrid constructed wetland plant showed
the higher performance and the best quality of treated water, better than when it was
combined with a pond. It showed also very interesting sanitary removal perfor-
mance when it was used as tertiary treatment for example after MSL filter. If we
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calculate the required surface per person equivalent for each sanitation typology, we
could notice that the three case studies give similar performances concerning the
elimination of organic matter and nutrients; but the required surface is more impor-
tant when using HCWs (1.62 m?/pe) and VF-CW + Pond (1.19 m?%pe) systems.
However, the sanitary performance of the HCW is still higher and the quality of
treated water is perfectly fitting with the Moroccan regulations and WHO guidelines
for water reuse in irrigation.

Similar sanitary performances were obtained with the combination of Septic
tank+MSL + HSSF-CW with less required surface (0.47 m*pe). Thus, the adoption
of pretreatment (septic tank) in Talat Marghen wastewater treatment plant contrib-
utes to reduced area requirements and less clogging problems. Pretreatment systems
such as a septic tank, anaerobic pond, sedimentation tank, or UASB reactor are
often adopted in rural sanitation for the removal of TSS and organic matter prior to
CWs [37, 48-52]. The application of the CWs at full scale and the successful adap-
tion and the high performance assessed in such treatment systems constitute a very
good demonstration for both decision makers in rural communities and for the oper-
ators that are in charge of the implementation of wastewater treatment plants in rural
areas in Morocco. These demonstrations are convincing about the reliability of such
green technologies and their adaptability to the socio-economic context of the rural
environment. In addition, these best practices constitute a good tool for the technical
staff of either rural communities or operators to learn how to handle and manage
these ecological engineering systems. Despite the fact that the operation and main-
tenance of nature-based technologies is relatively simple, training and technical
assistance are essential to build the capacity of local NGOs and rural municipalities’
staff to successfully manage the wastewater treatment plant.

Furthermore, the treated wastewater by different rural sanitation designs has
been reused in the irrigation of surrounding parcels. Farmers are aware that the
reuse of wastewater treated by such simple, economic, environmentally friendly,
odorless, and easy to handle eco-technologies could be a good alternative to the
discharge of raw wastewater into the river or in receptor media. However, a big
effort is still needed in the future to raise the acceptance of all the farmers given the
opportunity to use treated wastewater instead of surface or ground water for edible
food, if the treated water fits well with the Moroccan standard limits and WHO
guidelines.

Another issue to be addressed in the future is the plant biomass valorization gen-
erated by the constructed wetland systems via harvesting parts of Phragmites aus-
tralis or Thypha latifolia. Locally, some handy craft artisanal industries could be
developed around the treatment plants using this biomass, which could contribute to
the employment market, bringing economic benefits to the end users. In addition to
the advantages cited here about the interesting performances of the CWs, imple-
mentation of such green technologies in rural areas leads to the emergence of new
ecosystems for biodiversity conservation and thus contributes to the attenuation of
climate change effects (carbon sequestration) in arid and semi-arid areas.



1 Constructed Wetlands as a Green and Sustainable Technology for Domestic... 17
1.7 Conclusions

The development of sanitation techniques adapted to rural areas in Morocco, char-
acterized by an arid climate and a generally dispersed habitat, is an alternative to
fight against pollution, preserve scarce water resources, and improve the quality of
life and the well-being of the rural population. In order to contribute to solving this
problem, a number of alternative technologies such as constructed wetlands (CWs)
have been investigated and developed, based on small-scale treatment systems that
are adapted to the needs of rural communities. Recently, full-scale CWs have been
applied in some villages in Morocco using different sanitation typologies. After
several years of operation, these green technologies confirmed their excellent effi-
ciency in treating domestic wastewater characterized by high load of organic matter,
nutrients, fecal coliforms and pathogens; and to adapt to the arid climate of Morocco.
CWs characterized by low investment and operating costs compared to conven-
tional systems are proved, according to the presented case studies in this chapter, to
be the sustainable solution of the future for rural agglomerations, especially from an
ecological and economic point of view. The advantages of CWs are based on the
ease of implementation, operation and maintenance, ecological integration, and
absence of power consumption. In addition, they offer a good quality of treated
water, often in compliance with the Moroccan standards for direct discharge and for
reuse in irrigation, mainly in rural arid areas suffering from water scarcity. Therefore,
the presented case studies could be considered best practices for using such green
and sustainable technology to be implemented in other rural areas in Morocco and
in other developing countries. Thus, enhancing communication and elaborating
guidelines providing useful information on how to implement, operate, and main-
tain CWs in Morocco are actually needed.
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Chapter 2

Efficiency of Constructed Wetlands
and Wastewater Stabilization Ponds
for Wastewater Treatment in Northern
Algerian Sahara

Khaled Bouchama

Abstract Algeria is facing for years a real problem of water supply. The burgeon-
ing population, coupled with pollution and inadequate governance arrangements,
are leading to the depletion of water resources, and the crisis may worsen in the
coming years if nothing is done. To extend the treatment of wastewater by natural
systems, several experimental pilots and full-scale wastewater treatment systems
have been tested in northern Algerian Sahara such as in Brézina, Temacine and Kef
el Doukhan regions. Brézina constructed wetland (CW) is a Hybrid system with
horizontal subsurface flow (HSSFCW) and free water surface flow (FWSCW) beds.
Temacine CW is an HSSFCW planted with 23 different plant species and macro-
phytes. The lagoon system of Kef el Doukhan is a wastewater stabilization pond
(WSP) designed to treat the wastewater in three phases (preliminary, primary and
secondary treatment). The physicochemical analyses of wastewater at the three sys-
tems’s outflows revealed that the planted HSSFCW of Temacine was more efficient
than the hybrid (HSSF and FWS) CW of Brezina and Kef el Doukhan WSP. Overall,
the removal efficiency of TSS, COD, BODs, P-PO,*~, N-NO, and N-NO; were
higher in Temacine CW. However, relatively low effectiveness for electrical con-
ductivity (EC) removal was observed; EC increased by almost 39% essentially due
to the long dry season, high rate of evaporation and naturally high levels of dis-
solved salts in water. Despite an encouraging efficiency in removing organic con-
tamination (COD, BOD:;), TSS, EC, and reducing the total amount of nitrogen and
phosphate in the effluents, the values of the physicochemical parameters at the out-
let of Brezina CW and Kef el Doukhan WSP exceeded Algerian standards for reuse
in irrigation and environmental discharges. To improve their removal efficiency, it is
reasonable to provide a tertiary treatment using maturation ponds in Kef el Doukhan
WSP and review the design of Brezina CW.
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2.1 Introduction

In North Africa countries, Algeria is the most vulnerable to climate change and
water stress, mainly due to its high sensitivity. The combination of climate change
and strong population growth is likely to further aggravate the already scarce water
situation [1]. In Algeria, the water resources are estimated at 19 billion m*/year [2,
3], providing an approximate annual volume of 600 m?*/inhabitant/year [4]. These
figures place Algeria in the category of countries poor in water resources, under the
shortage threshold set by the UNDP (United Nations Development Programme) or
the scarcity set by the World Bank of 1000 m*/inhabitant/year [5]. Several factors
can explain the water stress situation in Algeria:

e The decrease in rainfall; the mean annual precipitation is 200-400 mm overall
[6]. In the Sahara and south the of Saharan atlas, the annual amount of rain is
below 100 mm [2].

* Increasing demand for water due to demographic growth multiplied by four in
40 years. Algeria’s demography increased to 43.9 million inhabitants in January
2020; it was 41.3 million in 2017 [7].

e The majority of dams lost part of their capacities because of material deposits
and lack of maintenance [8].

e The untreated domestic and industrial effluents pollute surface and underground
resources, while increased salinity was reported in several cases resulting from
exhaustive underground water exploitation [8—10].

e The use of non-conventional water resources such as treated wastewater and
desalinization is not common [2].

e Algeria has an area of almost 2.4 million square kilometres, more than four-fifths
of which is desert [6]. With its arid and semi-arid climate, Algeria is highly vul-
nerable to climate change with desertification as a major concern. Overall, tem-
perature and evaporative demand are expected to increase [11].

To equilibrate the water balance, Algeria is committed to the mobilization and
development of non-conventional water resources such as desalination and waste-
water reuse as a strategic component of future water policy [12]. In the last decades,
systems have been constructed copying natural processes for water quality improve-
ment and water purification such as phytoremediation and constructed wet-
lands (CWs) [13, 14].

In countries with hot and dry climates, different types of CWs have been applied
to treat domestic, municipal, industrial and agro-industrial wastewater [15]. Pilot-
scale and/or full scale constructed wetlands have been tested and constructed in
several countries with hot and dry climates; Algeria [16, 17], Morocco [18-20],
Tunisia [19, 21], Egypt [19, 22, 23], Palestine [24], Jordan [25], Iran [26, 27, 28],
Oman [15, 29, 60], USA (Nevada) [30] and Australia [31].
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Natural lagoon systems, also called wastewater stabilization ponds (WSPs) have
been applied in several countries like Algeria [32, 33], Niger [34], Morocco [35,
36], Palestine [37], and Egypt [38]. WSPs are often made up of several watertight
basins or microphyte lagoons, operating in series to treat wastewater for a predeter-
mined period [39]. The treated wastewater by these systems in arid and semi-arid
climates is particularly valuable for irrigation where natural waters are insufficient,
and nutrient depleted [40].

For several years, Algeria and in particular the south has suffered from a real
problem of water shortage, mainly due to the water salinity in the Saharan areas and
water table pollution by infiltration of wastewater discharges. In addition, the rise in
the water table directly linked to the release of urban wastewater causes a gradual
degradation of the palm oases. To expand wastewater treatment by natural systems
and reuse treated water for irrigation, different wastewater treatment systems have
been tested at pilot or full scale to reproduce the appropriate design to the Sahara
climatic conditions.

This chapter provides an overview of the efficiency of Brézina and Temacine
CWs, and Kef el Doukhan WSP in treating wastewater, focusing on the main factors
hindering the use of this technique in North Algerian Sahara.

2.2 Brézina Constructed Wetland

With the aim of extending the wastewater treatment by natural systems and produce
better quality wastewater through phytoremediation systems, an integrated, sustain-
able model for oasis protection, recovery, and development has been realized in
Brézina oasis [41].

The Oasis of Brézina (33°5'38” N — 1°15’3.40” E) is located in the pre-Saharan
region (800 m a.s.l.) south of the wilaya (department) of El Bayadh, 700 km south
of Algiers, Algeria [17, 41]. In Brézina oasis, the climate is arid; monthly average
temperatures range from a minimum of 9 °C in January to a maximum of 35 °C in
August [41]. Precipitation is less than 100 mm per year, with a relative humidity of
40%. Average solar radiation is 4.6 kWh/m?, and the wind speed can reach 5.9 m/s
during the sandstorms of April month [42].

The main problems that afflict Brézina oasis are the groundwater depletion
resulting from an increasing urban population, and the risk of groundwater contami-
nation due to the discharge of untreated wastewater. All these cause severe damages
to the palm grove [17].

2.2.1 Design of Brézina Constructed Wetland

The main goal of Brézina CW was to face the challenge from two different perspec-
tives; the first concern is adopting a new water management model inspired by col-
lecting, recycling and reusing urban wastewater. The second proposes a new
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Fig. 2.2 Constructed wetlands of Brézina Oasis (October-2013) [17]

agroforestry strategy to stimulate alternative economic chains and environmental
restoration [17]. The CW has a treatment capacity of 30 m*/day, with two parallel
natural treatment chains (constructed wetlands B and A) (Figs. 2.1 and 2.2). The
CW of Brézina is a Hybrid system: horizontal subsurface flow (HSSFCW) and Free
water surface flow (FWSCW) [17, 42]. The waterproofing of the cells or the basins
is ensured by a compacted layer of clay of at least 20 cm and a geomembrane cover-
ing in high-density polyethylene (1.5 mm). The design and dimensions of Brézina
CW are shown in Table 2.1 [16].

Section (B) is a constructed wetland with a free surface flow system composed
of three cells alternating aerobic (cell 1 and cell 3) to anaerobic process in cell 2
(Fig. 2.3). Cell 1 is designed to provide preliminary sedimentation with a water
level up to 30 cm, and the vegetation is emergent with a density of 90%. Cell 2 is
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Table 2.1 Design and dimensions of Brézina constructed wetland [16, 17]

Dimension Treatment
Constructed Length x | Depth | capacity Type of constructed
wetland Treatment Basin width (m) | (m) (m*/day) wetland
Section (A) | Cell 1 and cell 3 20x 10 0.7-1 20 Horizontal subsurface
Cell 2 12x10  |0.7-0.9 flow (HSSFCW)
Section (B) | Cell 1 and cell 3 19x9 0.5 10 Free water surface
Cell 2 12x9 0.8 (FWSCW)
Water Water storage 24 x 11 2 - -
storage treatment reservoir
(WSTR)
-3m- -2m- -2m-
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Fig. 2.3 Constructed wetland section (b) with free surface flow [17]

designed to provide anaerobic digestion of Cell 1 effluent, water level never exceeds
60 cm, and the vegetation is submerged with a density of 20%. Cell 3 is designed to
complete the water treatment of Cell 2 effluent through an aerobic process. The
water level is up to 30 cm, and vegetation is emergent with a density of 90%
(Fig. 2.1) [17].

The CW (a) is of horizontal subsurface flow comprising three separated cells
where mainly aerobic processes are triggered (Fig. 2.4) [17].

The water level should never exceed 30 cm in the aerobic cells (cell 1 and cell 3)
and 60 cm in the anaerobic cell (cell 2) to increase the efficiency of the constructed
wetland and the growth of the selected plant species [17, 42]. Two different mixes
of plant species were chosen; the first mix of plants was composed of Phalaris
arundinacea L., Juncus spp., Phragmites spp., and Typha spp. optimal for reduced
water depth and resistance to short periods of dryness. The second mix (Myriophyllum
spp., Typha spp.) is optimal to favour anaerobic processes [17]. The treated waste-
water will be used to produce wood biomass for local consumption (e.g.,
Tamarix) and to produce forage, wood and non-wood products (e.g., Argania spi-
nosa L., Pistacia atlantica Desf., Olea europaea L., Populus spp.).
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Fig. 2.4 Constructed wetland section (a) with Horizontal subsurface flow [17]

Table 2.2 Characteristics of wastewater at the inflow and outflow of Brézina constructed wetland

Treated Treated Algerian standard
Wastewater | wastewater | wastewater Discharge | Irrigation

Parameters [42] [42] [16] [44] [45]
T [°C] - - - <30 -
EC [ds/cm] - - - - 3
pH - - - 6.5-8.5 6.5-8.5
TSS [mg/L] 417 35 82% removed | 35 30
BODs [mg/L] 161 25 67% removed | 35 30
COD [mg/L] No measured | 125 < 120 mg/l 120 90
Total phosphorus 0.947 15 80% removed | 10 -
[mg/L]
Total nitrogen [mg/L] |49 30 36% removed | 30 30
TC [CFU/100 mL] 10° 10° 95% removed | — <100
Nematode eggs 1 1 No measured | — Oto<l
[egg/100 mL]

2.2.2 Efficiency of Brézina Constructed Wetland

According to the study of Benslimane et al. [16] (Table 2.2), the physico-chemical
analysis of wastewater at the inlet and outlet of the pilot included: Total suspended
solids (TSS), chemical oxygen demand (COD), biological oxygen demand (BOD:j),
total nitrogen (TN), total phosphorus (TP) and total coliforms (TC). Results showed
an acceptable treatment performance. The average removal efficiency of TSS and
BOD;s was 82% and 67%, respectively. The content of TP decreased by almost 80%.
This trend is also observed for COD and TC. The study concluded that the general
performance of the treatment system is within the permissible limits of Algerian
standards for reuse in irrigation. However, relatively low effectiveness for TN
removal has been recorded. Transformation and removal of nitrogen in CWs are
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mainly accomplished by ammonification, nitrification and denitrification as well as
plant uptake, that are influenced by the temperature and hydraulic residence time
[43]. Moderate performance for TN removal in this case study could be due to a
weaker denitrification rate.

The denitrification process requires anaerobic or low-oxygen conditions and can
only occur in the CW’s anoxic zones. In Brezina CW, only one of the six basins was
designed for anaerobic conditions; this likely affected nitrogen removal efficiency
by reducing the hydraulic residence time required for denitrification. A single basin
with the selected dimensions (Table 2.1) cannot achieve high nitrogen removal effi-
ciency. The increased volume of cell 2 and the hydraulic residence time could
improve nitrogen removal. In addition, a lack of carbon source in the wastewater
also affects the denitrification process in HSSFCWs [46, 60]. However, introducing
an external carbon source may reduce dissolved oxygen (DO) levels, which is ben-
eficial for successful denitrification [47, 60].

The results of Benslimane et al. [16] study was in accordance with those of De
Angelis et al. [42] (Table 2.1). The removal efficiency of TN was 38%, with an aver-
age of 30 mg/L in the outlet. The removal efficiency of TSS, BODs, and TC was
91%, 84, and 99%, respectively. Only two indicators, COD (125 mg/L) and TP
(15 mg/L) in the treated effluent were above the country’s permissible limit for
reuse in agricultural irrigation and discharge into the environment. According to De
Angelis et al. [42], total phosphorus concentration increased by more than 15 times
in the outlet of the system. In CWs, the major phosphorus removal processes are
sorption, precipitation, plant uptake (with subsequent harvest) and peat/soil accre-
tion. However, the first three processes are saturable and soil accretion occurs only
in FWS CWs [48]. Increased TP concentration in Brézina CW was probably due to
the imbalance between phosphorus released in wastewater by phosphate solubiliz-
ing microorganisms and the quantity removed by macrophytes and the polyphos-
phate accumulating organisms (PAOs), which are mainly responsible for phosphorus
removal.

In addition, excess fertilization and manure use in the oasis of Brézina could
cause a phosphorus surplus to accumulate in the soil, some of which is transported
by runoff to the basins. Effectively in the first year of operation, the basins of CW
were partially damaged by flooding events [41]. Brézina CW was designed without
walls to protect the basins against flooding and sandstorm. Wind erosion by sirocco
(a frequent wind in the region) could fill the basins with sand and soil, which cer-
tainly affecting the global removal efficiency if a maintenance operation was not
carried out. The release of phosphorus from the sediments into the water column is
another possible explanation for the increase in TP content. As reported by Aradjo
et al. [49] the cyclic transformations of phosphorus occur in both the water column
and sediments and involve both physicochemical and biological processes.
Phosphorus is removed mainly by the sedimentation of particulate organic material
and chemical precipitation and the formation of sediments. However, many factors
such as redox conditions, pH levels and mixing, for instance, may favour phospho-
rus release from sediments back to the water column.
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2.3 Temacine Constructed Wetland

The CW is located near a small town called Temacine (33° 01’ N and 06° 00'E),
10 km south of Touggourt city, Ouargla (681 km south-east from the capital Algiers),
an area with a high environmental and archaeological value. The wastewater treat-
ment plant collects domestic and urban wastewaters from the small and old village
called ‘Ksar Temacine’ [50, 51]. Temacine is characterized by a hot desert climate,
dry during summer and cold from December to February. Temperatures are gener-
ally high (45-50 °C) in the hottest months (June to August). Rainfall in the region
is negligible and irregular throughout the seasons and years. In 2009, the maximum
rainfall was recorded during the month of March with only 19 mm. Evaporation is
very high, with its intensity being strongly reinforced by hot winds; the maximum
value recorded in the region in 2019 was 420 mm in June [52].

2.3.1 Design of Temacine Constructed Wetland

The CW is of horizontal subsurface flow, sized to treat 15-22 m?/day of urban
wastewater, corresponding to the production of 100-150 people or 20 houses at a
rate of 150 L/per/day [51, 53]. Two successive stages comprise the wastewater treat-
ment system; primary treatment (physical) is provided with a septic system, consist-
ing of three cells with a volume of 45 m?, and 3 days residence time of wastewater
in the pit (Table 2.3). At the outflow, the water is filtered through a filter of palm
fiber (lif) [51]. There is a growing interest in using palm fiber (lif) to absorb organics
and nutrients (P, N...) in wastewater. Date-palm fiber filter has excellent potential for
tertiary domestic wastewater treatment; it is reported to remove up to 54.9% of tur-
bidity, 57.7% of total phosphorus and 98% of helminth eggs [54].

The secondary biological treatment is built in a 400 m?® tank (crescent-shape
geometry). The tank was filled with 70 cm of gravel, and the wastewater level is
kept 10-15 cm below the gravel. Subsurface flow means that the wastewater is
not in contact with the air; this has the advantage of avoiding any human contact,
odors, or the proliferation of mosquitoes. Inside the basin, walls allow water to stay

Table 2.3 Design and dimensions of Temacine constructed wetland [50, 51, 55].

Dimension Treatment
Constructed Treatment | Substrate | Volume | Depth | Residence capacity (m?/
wetland Basin media (m?) (m) time (day) day)
Primary physical |03 cells Palm fiber |45 0,8 3 15-22
treatment (septic (lif)
tank)
Secondary 01 tank Gravel 400 1 4
biological
treatment
(HSSFCW)
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Fig. 2.5 Early construction phase of the constructed wetland at Témacine [55]

for 4 days, which means a total residence time of 7 days [53, 54]. In the constructed
wetland, 23 different plant species recognized by their ability to tolerate the local
climate were planted, such as Juncus maritimus, Cyperus papyrus, Canna indica,
Typha angustifolia, Nerium oleander, Washingtonia filifera, Vétivéria zizanioides,
Mentha Spicata, Ficus Carica, Jasminum Grandiflorum, Hibiscus Rosa-sinensis,
and Lantana Camara. The water discharged from the basin is directed to drainage
trenches that feed a green zone planted by fruit trees [51, 55] (Fig. 2.5).

2.3.2 Efficiency of Temacine CW

The performance of the Temacine CW for wastewater treatment was examined.
Physical and chemical parameters of wastewater were analyzed at the inflow and
outflow of the pilot: Temperature (°C), pH, conductivity (EC), Total suspended sol-
ids (TSS), chemical oxygen demand (COD), biological oxygen demand (BOD:j),
dissolved oxygen concentrations (DO), nitrate nitrogen N-NO,™, nitrite nitrogen
(N-NOj;"), orthophosphate (P-PO,*") and total coliforms (TC) (Table 2.4). Several
studies evaluated the effectiveness of the Temacine CW pilot [50, 53, 56].

The results of studies conducted by Hammadi et al. [52], Bachi et al. [50], and
Tidjani [56] on Temacine CW, revealed a similar removal efficiency (Table 2.4). In
the three studies, total coliforms removal was up to 90%, the removal efficiency of
TSS ranged from 70%-90%, COD from 80% - 91%, BODS from 75% - 96% and
P-PO,*~ removals ranged from 51% to 98%. Regarding nitrogen removal efficiency,
the nitrate reduction rate ranged from 94 to 99% [50, 56]. The high removal rate of
N-NO;~ could be due to a good condition for denitrification and/or the uptake of
nitrate by macrophytes (Juncus maritimus, Cyperus papyrus, Canna indica, Typha
angustifolia) and other plant species (Nerium oleander, Washingtonia filifera). With
70 cm of gravel as substrate media in the secondary biological treatment tank, the
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Table 2.4 Characteristics of wastewater at the inflow and outflow of the Temacine constructed
wetland. (The results represent the maximum and minimum values of each parameter, the number
with an asterisk (*) represents the average)

Wastewater Wastewater Wastewater characteristics
characteristics [53] characteristics [50] [56]
Parameters Inflow Outflow Inflow Outflow | Inflow Outflow
pH (-) 7.6-8.48 6.6-7.2 7.09-7.38 | 6-8 7.2-7.91 6.63-7.46
T (°C) - - 18.6-33.4 | >29.7 | 18.2-29.5 15.7-29.1
EC [mS/cm] 4.58-5.95 |5.38-6.07 |- - 2.95-3.36 3.03-5.48
TSS [mg/L] 125-813 20-75 117-296 <35 62.9-529.5 |4-30
COD [mg/L] 179.5-530 |35-98.30 |260-380 <120 |110-528.5 19.4-39.5
BODS [mg/L] |- - 140-300 <35 80.4-292.5 |3-255
DO [mg/L] 0.10-0.25 |0.21-1.60 |- - - -
N-NO, [mg/L] |- - 0.02-0.13 | 1.8* 0.02-0.06 0.001-0.028
N-NO* [mg/L] |- - 15.4-30 0.01* | 12.2-55 0.8-6.7
P-PO,* [mg/L] | 20.2-34.3 |8.60-17.90 | 6-18 3 2.23-20.3 0.13-0.44
TC 1500000* | Removal |- - 450000* 6%*
[CFU/100 mL] of 90%

anaerobic conditions at the bottom of the CW were probably optimum for the deni-
trification process. In addition, dissolved oxygen concentrations at the inlet of the
CW was between 0.10-0.25 mg/L, which seemed favorable for an efficient denitri-
fication. Similar results were found by Cui et al. [57]; a good denitrification effi-
ciency was observed when DO concentrations in the HSSFCW were between
0.5-4.5 mg/l. The temperature in Temacine region seems positively affecting the
nitrate and TP removal efficiency; at the outlet, the treated water temperature can
reach 29.7 °C. According to Zhou et al. [58], temperature could substantially influ-
ence the performance of CWs, since the removal percentages of NH4*, NO;~, TN,
and TP in CW tended to decrease with temperature decline. Concerning the high
orthophosphates removal (P-PO,*~) in Temacine CW, this could be explained by the
direct uptake of P-PO,*~ by plants or attributed to adsorption on the substrate
medium (gravel). In addition, microbial populations residing in submerged roots
can also assimilate orthophosphates.

The effectiveness of the Temacine CW on salinity levels was estimated indirectly
through electrical conductivity (EC). The results showed an increase in EC at the
outlet of 2% [52] and 39% [56] for different seasons. Several studies in hot regions
and under simulated hot arid climatic conditions have reported an increase in salin-
ity at the outlet of constructed wetlands [59—61]. Wastewater usually has a higher
electrical conductivity, especially in regions with hot climates due to the long dry
season and the high rate of evaporation [62]. According to Bettahar et al. [63], in the
Algerian Sahara, the mineralization and salinity of the water are generally of geo-
logical origin. In hot and drylands, salinity is enhanced by intense solar radiation,
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increased evapotranspiration and poses additional challenges for decentralized
water-treatment systems such as CWs [61]. Within arid and hot areas, CWs func-
tions may be altered compared to temperate and humid climates, evaporation and
plant transpiration, altering the water balance in these systems and increasing salin-
ity values [15].

To reduce water salinity in the outflow of the Temacine CW, particular attention
must be paid to selecting plants with high water use efficiency to reduce evapotrans-
piration losses. Testing one or a mixture of these species (Arundo donax, Phragmites
australis, Typha latifolia and Sarcocornia fruticosa) could improve salt removal
efficiency from the system. According to Wagner et al. [59], Typha latifolia and
Phragmites australis can tolerate high salinity and a temperature of 30 °C, demon-
strating that these plant species are suitable choices for wastewater treatment of
salty water in a hot and arid climate. Proportions of plant species in CWs could also
affect the system effectiveness. In Temacine CW, the increase in the proportion of
Canna indica species could lead to a decrease in salinity at the outlet. According to
the study of Liang et al. [64], Canna indica showed good removal efficiency of
nutrients (N, P) and salinity in a CW mesocosm under greenhouse conditions. In
addition, it is essential to choose the adequate residence time of wastewater in the
W. Evapotranspiration losses can be significant in arid climates, especially if rela-
tively long residence times are required for the treatment.

2.4 Kef el Doukhan Wastewater Stabilization Pond

The Mzab region is located 600 km south of the capital city of Algeria. Agriculture
is the main activity based on an oasis agriculture system: date palm (45%), vegeta-
ble crops (14%) and fruit trees (12%) [65]. In the region, floods and groundwater
pollution are the inhabitants’ main concerns. For several years, the water table was
polluted by infiltration water from irrigation and wastewater discharges. In addition,
under the combined effect of the decrease in water withdrawals and the increase in
recharge, this water table tended to rise in low-lying areas such as palm groves,
leading to the degradation of crops and date palm in the oases [66—68]. Therefore,
the Algerian authorities have decided to create a natural lagoon treatment; the Mzab
wastewater treatment plant is part of a program to preserve the environment and
water resources in the region.

The lagoon system is located in El Atteuf (kef el Doukhan) at the downstream of
the valley of Mzab [69]. A hot and dry desert climate characterizes the region; rain-
fall ranges from 70 to 30 mm/year and the temperatures can exceed 45 °C in the
summer period. The air’s relative humidity is very low and the winds are relatively
frequent (sirocco) [70]. Evaporation varies between 2.5 m in the northern regions
and more than 3.5 m south of Mzab valley [66].
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2.4.1 Design of Kef el Doukhan Wastewater Stabilization Pond

The WSP of Kef el Doukhan is designed to treat domestic wastewater by natural
lagoon system to produce an effluent quality that complies with the WHO’s and
Algerian discharge standards and reuse the treated water for irrigation [66]. The
natural lagoon system was built on a surface area of 79 hectares (790,000 m*) and
was designed to treat the wastewater in three phases (preliminary, primary and sec-
ondary treatment) and to dewater sludge in the drying beds [33]. (Fig. 2.6).

The system comprises 16 basins divided into 2 levels and 10 beds of drying, with
a maximum treatment capacity of 46,700 m*/day corresponding to 331,700 persons
equivalent. Design and dimensions of Kef el Doukhan WSP are summarized in
Table 2.5.

Fig. 2.6 Aerial view of the Kef el Doukhan natural lagoon systems [66]

Table 2.5 Design and dimensions of the Kef el Doukhan WSP

Dimension Treatment

Constructed | Treatment | Waterproofing and | Volume | Depth | Residence | capacity
wetland Basin Substrate media (m?) (m) |time (day) | (m’/day)
Primary 8 anaerobic | Elastomeric 174,029 |3.5 3 46,700
treatment lagoons bitumen (8

geomembrane lagoons)
Secondary | 08 aerobic | Without media 46,0008 1.6 |10
treatment lagoons lagoons)
Drying beds | 10 Washed sand - - - -
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Table 2.6 Characteristics of wastewater at the inflow and the outflow of Ghardaia WSP (the
results represent the average, the number with an asterisk (*) represents maximum and minimum
values of each parameter)

Wastewater characteristics Wastewater Wastewater
[71] characteristics [66] characteristics [72]
Parameters Inflow Outflow Inflow Outflow | Inflow Outflow
pH (-) 7.73-8.47%* 8.02— 7.6 8.1 7.84 8.48
8.44*
T (°C) - - 21.2 20.2 19 18.5
EC [mS/m] 3.37-3.68* 2.68— 3.82 3.17 |3.69 3.11
3.19%
TSS [mg/L] 92.66 86.08 143.1 55.7 70 91
COD [mg/L] |215.25 80.85 395.0 152.5 203 137
BOD; [mg/L] | 141.83 53.88 189.4 53.5 161 94
NH4+ [mg/L] |- - 30.7 31.7 19.08 32.18
N-NO,_ - - 0.5 045 |- -
[mg/L]
N-NO® [mg/L] |- - 1.4 0.6 - -
P-PO,* [mg/L] |- - 3.6 3.0 - -

2.4.2 Efficiency of Kef el Doukhan Wastewater
Treatment Pond

The main objective of the Kef el Doukhan WSP was to protect the receiving envi-
ronment, surface and underground water resources, minimize the upwelling and
pollution of the water table, and reuse the treated wastewater for agricultural pur-
poses. According to the results (Table 2.6), the purification process was ineffective.
A low removal performance for most of the evaluated parameters was recorded. The
effluent of Kef el Doukhan WSPs did not meet the Algerian standards for reuse in
irrigation and discharge into the environment (Table 2.6).

Overall, the alkalinity of the wastewater in Kef el Doukhan WSP has increased.
Despite this, the pH of the effluent is within Algeria’s standards for irrigation and
discharge to the environment (6.5 < pH < 8.5). In the study of Zegait and Remini
[66], the average pH was 7.6 in the influent and 8.1 in the effluent. Djaani and Amer
[72] obtained comparable results, with pH = 7.84 in the influent and 8.48 in the
effluent. These results were similar to that reported by Mansouri et al. [73] in a WSP
installed at a semi-arid region (pH ranged from 7.8 to 7.9 at the influent and from
7.9 to 8.3 at the effluent). The results are also comparable to the findings of Achag
et al. [36] where the WSP is located in a desert climate city in southern Morocco
(pH ranged from 7.42 to 7.9 at the influent and from 7.87 to 8.6 at the effluent).

The high photosynthetic activity of microalgae probably caused the increase in
alkalinity of wastewater in Kef el Doukhan ponds. That consumes carbon dioxide
faster than it can be replaced by the respiration activity of bacteria. The processes of
photosynthesis and respiration of algae have a considerable influence on CO,
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availability in WSPs and, consequently, on the pH of the wastewater. According to
Mara, Pearson [74], at peak algal activity, carbonate and bicarbonate ions react to
provide more carbon dioxide for the algae, so leaving an excess of hydroxyl ions
with the result that the pH can rise. In addition, the domination of high temperature
and sunlight in Kef el Doukhan area could increased algae rate of growth. The rate
of algae photosynthesis and the cellular metabolism of microorganisms in the ponds
are enhanced by high temperatures and retarded by low temperatures [75]. Water’s
EC may be used to determine the amount of salts dissolved in it. The EC of the
effluent at Kef el Doukhan WSP was slightly lower than in the influent (Table 2.6).
Despite this reduction, it does not satisfy the Algerian standards requirement, which
should be less than 3 ds/cm. The low efficiency of reducing the EC in the effluent is
probably due to the long dry season and high evaporation rate in Ghardaia and Mzab
region. According to Boutelhig et al. [76], the Mzab valley is characterized by solar
potential, which reaches about 6 kWh/m?, within an annual sunshine duration of
more than 3000 hours/year. The evaporation ranges from 2.5 m in the north to more
than 3.5 m south of Mzab valley [66]. In areas with hot climates, the low perfor-
mance and the ineffectiveness of WSPs in reducing the EC of the effluent was
observed [36, 77]. According to Achag et al. [36], bacterial decomposition of
organic matter produces nutritional salts like nitrogen and phosphate, which may
increase EC in the effluent.

Concerning the removal efficiency of TSS in Kef el Doukhan WSP, the average
removal ranged from 8% to 61% [71]. On the contrary, Djaani and Amer [72]
recorded an increase of 23% (Table 2.6). These differences in efficiency are due to
several factors like climatic conditions (temperature, wind and rainfall), composi-
tion and quantity of mineral and organic matter in the influents and the presence or
no of microalgae in ponds. The average values recorded at the effluent were
86.08 mg/L [71], 55.7 mg/L [66] and 91 mg/L [72]; those values are above the
Algerian standards for irrigation reuse and environmental discharge, which are 30
and 35 mg/L, respectively. Inorganic materials, sand, clay, silt, organic particles,
algae, and bacteria constitute most TSS in WSPs. According to [66, 71, 72], the
presence of algae in the colloidal suspension contributes to the high values of TSS
in effluents. Several studies conducted in a hot climate have linked the ineffective-
ness in eliminating TSS to the high growth rate of microalgae in ponds [36, 73, 78,
79]. This inefficiency could also be caused by sand and dust particles that fall into
Kef el Doukhan WSP, that may be transported by winds, dust storms, and sand-
storms. According to Wang [80], sand and dust storms are common weather phe-
nomena in Algerian arid and semi-arid regions. The ineffectiveness of reducing
COD and BODs was also observed in Kef El Doukhan WSP. The values of these two
parameters were higher than the limits set by Algerian standards for irrigation reuse
(COD <90 and BODs < 30 mg/L) and environmental discharge (COD <120 and
BOD:s < 35 mg/L), except of what was recorded by Benhedid et al. [71] where the
COD was 80.85 mg/L. The removal rates of COD and BODs were between 32% -
62% and 42% - 71%, respectively. This reduction is mainly due to solids settling,
anaerobic digestion process, aerobic oxidation of organic compounds and algae
presence in ponds. Several WSPs installed in hot climate countries yielded similar
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results: in Iran: BODs (66% - 83%) and COD (59% - 76%) [73]. In Morocco: the
average removal was for BODs (65.4%) and COD (47%) [36]. In Tanzania: BOD:s
and COD removal was 45.3% and 62.7%, respectively [81]. In Egypt: removals
were for BODs (50.65%) and COD (48.95%) [82].

Inadequate hydraulic retention time (HRT) and insufficient maintenance proba-
bly reduced the COD and BODs removal efficiency of Kef El Doukhan WSP. In
addition, microalgae die-off in ponds could increase BOD levels as they decompose
at the bottom. The primary function of anaerobic ponds is BOD removal; a properly
designed and not significantly underloaded anaerobic pond will achieve around
40% BOD removal at 10 °C and over 60% at 20 °C. For wastewater with a BOD of
300 mg/L, for example 1.5 days is sufficient at a temperature of 15 °C [74]. In addi-
tion, the increase in HRT more than the recommended value may lead to the death
of some bacteria and then a decrease in ponds removal efficiency [82]. The effi-
ciency of WSPs in the removal of BOD, COD, TSS can be improved through the
addition of baffles to optimise the HRT and improve plug flow conditions of the
ponds [83].

Overall, the nutrient removal performance of Kef El Doukhan WSP was unsatis-
factory. The total nitrogen rate in the effluent exceeded the Algerian standard limit
of 30 mg/L. The ineffectiveness of Kef Doukhan WSP for ammonium removal was
most likely due low nitrification and a slowdown in the transformation process. The
die-off of microalgae and phytoplankton populations in the aerobic ponds resulted
in a decrease in dissolved oxygen. Nitrification is an aerobic microbial nitrogen
transformation process by which ammonium (NH,4*) is converted to nitrate (NO;")
in two phases: oxidation of ammonium to nitrite and oxidation of nitrite to nitrate.
Marek et al. [84] reported that the bacteria involved in the transformation of ammo-
nium nitrogen need a sufficiently long time to grow. The growth rate of these organ-
isms is primarily affected by the concentration of ammonium nitrogen and dissolved
oxygen, temperature, the pH in the environment and the BOD/TN ratio.

In addition, the transformation of organic nitrogen to ammonia proceeds typi-
cally faster under sufficient oxygen concentrations. It is usually faster than nitrifica-
tion, and if the latter is affected, ammonia accumulation occurs. This happens
mostly during a rapid change from aerobic to anaerobic conditions. For ammonifi-
cation, optimum temperature and pH range from 40 to 60 °C and 6.5 to 8.5, respec-
tively [60, 85]. Concerning, nitrification and denitrification, the populations of
nitrifying bacteria are apparently very low in WSPs, possibly due to the absence of
physical attachment sites in the aerobic zone, although inhibition by the pond algae
may also occur [75]. In wastewater, ammonium (NH,*) and unionised ammonia
(NH;) are interchangeable depending on the pH and temperature [86, 87]. At 25 °C,
and pH < 9.25 the dominant form is NH,*, while at pH > 9.25 the dominant form is
NH;. At Kef el Doukahan WSP, the pH in the influents and the effluent were less
than <9.25. This probably explains the increase in NH," in the effluent (Table 2.6).
The average removal efficiency of N-NO,~, N-NO; and P-PO,* in Kef el Doukhan
WSP was 10%, 57% and 17%, respectively. The poor and moderate removal perfor-
mance of N-NO,™~ and N-NO; could be due also to their low quantities in the influ-
ent. Mkude and Saria [77] observed similar results the removal effectiveness was
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2.7% with 3.32 mg/L of NOs-N in the influent. The reduction rate of NO;-N was
52% with 0.91 mg/L in the influent [81].

The removal rate of (PO,*-P) in Kef el Doukan WSP was 17% with 3 mg/L in the
final effluent, which is the maximum value authorized by Algerian standards for
irrigation reuse and environmental discharge. In similar climate conditions of the
WSP, Machibya and Mwanuzi [81] observed a higher removal performance of
orthophosphate (29%). Furthermore, Mahassen et al. [82] found that the removal
rates of dissolved phosphate and total phosphate (TP) were 51.4% and 47.8%,
respectively. The efficiency of total phosphorus removal in WSP depends on how
much leaves the pond water column and enters the pond sediments (sedimentation
as organic P in the algal biomass and precipitation as inorganic P principally at pH
levels above 9.5) compared to the quantity that returns through mineralization and
resolubilization [74].

The efficiency of Kef el Doukhan WSP was lower than expected, particularly in
terms of nutrient removal, EC and dissolved salts reduction. Wastewater’s physico-
chemical parameters values at the outlet exceeded Algerian standards for reuse in
irrigation and environmental discharges. Experimental studies on the behavior of
local plants, forest trees and palm trees irrigated with the treated wastewater must
be initiated. Especially, Algeria is embarking on a rehabilitation plan for the green
dam realized in the 70’s, a massive program of reforestation and rehabilitation in the
pre-Saharan area that extends from the western to the eastern borders of Algeria.
Undoubtedly, it will need a substantial quantity of plants and forest trees. To enhance
the efficiency, it is reasonable to provide a tertiary treatment using maturation
ponds. A series of maturation ponds (1-1.5 m deep) receives the effluent from a
facultative pond. In addition, maturation ponds achieve only a small removal of
BOD, but their contribution to nutrient (nitrogen and phosphorus) removal can also
be significant [74]. Modifications of the pond’s design by adding some additional
points for wastewater inflow to the ponds to make complete mix in the different
ponds are needed [84].

2.5 Conclusion

Facing water scarcity, Algerian policy is increasingly interested in unconventional
water resources. Wastewater treatment and the reuse of treated wastewater has
become a priority. Under the hot and arid climate of the northern Algerian Sahara,
analysis of the physicochemical parameters of the influent and effluent wastewater
indicated that the planted HSSFCW of Temacine was more efficient than the hybrid
(HSSF and FWS) CW of Brezina and Kef el Doukhan WSP. However, in Temacine
CW a relatively low effectiveness for electrical conductivity removal was observed,
due essentially to the long dry season, high rate of evapotranspiration and naturally
high levels of dissolved salts in water. In order to remedy this, particular attention
must be paid to selecting plants with high water use efficiency to reduce
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evapotranspiration losses and adopting an adequate hydraulic residence time.
Concerning Brezina CW, moderate removal efficiency was observed. In particular,
a poor performance for total nitrogen and total phosphorus removal has been
reported due to inadequate design and a lack of regular maintenance. The CW was
designed without walls or physical barrier to protect the ponds against flooding and
sandstorms.

Fertilizers used in the oases and sand could be transported by runoff and wind to
the CW basins, which certainly affects the global removal efficiency. In addition,
only one of the six basins of the CW was designed for anaerobic conditions. This
design likely affected the efficiency of nutrients removal. The efficiency of Kef el
Doukhan WSP was lower than expected, particularly in terms of nutrient removal,
electrical conductivity and dissolved salts reduction. Wastewater’s physicochemical
parameters values at the outlet exceeded Algerian standards for reuse in irrigation
and environmental discharges. To improve the removal efficiency, it is reasonable to
provide a tertiary treatment using maturation ponds and ameliorate the design of the
ponds by adding some additional points for the wastewater inflow. In contrast to
Temacine planted HSSFCW, the reuse of treated wastewater of Brezina hybrid
(HSSF and FWS) CW and Kef el Doukhan WSP remains unsuitable for agriculture
use; it is more than necessary to review the design and consider the latest knowledge
in wetland technology as well as the used plant species in these hot and arid regions.
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Chapter 3

A Review of Constructed Wetlands Types
and Plants Used for Wastewater Treatment
in Egypt

Check for
updates

Mohamed S. Gaballah, Ayman N. Saber, and Jianbin Guo

Abstract Egypt is considered one of the world’s driest and most water-stressed
regions. A considerable amount of wastewater produced annually in Egypt attracts
a variety of treatment technologies based on several factors, most notably cost and
efficiency. Natural treatment methods such as constructed wetlands (CWs) are a
rapidly growing technology. CWs have been applied in Egypt for almost 30 years.
Horizontal subsurface flow (HSF) CWs represent 60% of the experimental and/or
full-scale and/or pilot-scale systems. In comparison, 25% of the literature refers to
Free water surface (FWS) CWs, and the remaining to Vertical flow (VF) and Hybrid
Systems. Water hyacinth (Eichhornia crassipes) as a floating plant and Cyperus
papyrus and Typha angustifolia as emergent plants are widely used in CWs in
Egypt. In general, CWs have shown a high treatment potential to treat wastewater
under the climatic conditions of Egypt with an increasing number of applications.
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3.1 Introduction

Water scarcity and wastewater management are considered significant challenges
that affect the ecosystem and the urban environment worldwide. Many countries and
regions worldwide continuously face growing pressure on their limited freshwater
resources, particularly in arid countries such as Egypt [1]. Egypt is classified among
the driest areas and the most water-stressed regions in the world, with an average
annual temperature of 25 °C and even higher in summer months, and with limited
annual precipitation below 250 mm, resulting in an extremely freshwater scarcity
[2, 3]. Moreover, the Grand Ethiopian Renaissance Dam (GERD) in Ethiopia threat-
ens Egyptian water security, and negatively impacts on Egypt’s freshwater since
Egypt depends on the Nile River to secure 95% of its total water needs [4-8]. Thus,
in Egypt, wastewater reuse is encouraged when it is safe and economically feasible
to increase the water demand [9]. Several methods exist to treat wastewater based on
different factors, mainly cost and efficiency, while nature-based solutions [10, 11],
such as constructed wetlands (CWs), are the most growing technology.

Developing countries fail to use nature-based solutions to solve wastewater crises
[1, 12]. About 95% of wastewater is discharged without treatment into lakes, seas, or
other reservoirs, posing a threat to water sources and other serious environmental
problems. CWs could offer an affordable and accessible solution for lower-income
countries. CWs are defined as engineered eco-systems initiated and operated to treat
different types of wastewater by manipulating the simultaneous physical, chemical,
and biological processes [13, 14]. CWs have been rapidly developed to cover several
types of wastewaters, such as municipal and industrial, due to their cost-effectiveness
and eco-friendly character [1, 9, 15-20]. As a result of the growing attention to CW
technology, the hydraulic design, construction, and operation have been extended to
introduce various new configurations that facilitate the process as a whole and
improve the performance for pollution removal [21-24, 25]. Locally, this technology
has been applied in Egypt for almost 30 years.

From exploring the scientific literature, the significant number of publications
related to CWs as individual experimental research or reviews on the Web of Science
might be a good indicator of the increased transparency of this field’s knowledge. A
Web of Science database research (a tool from Clarivate Analytics, August 15,
2020) using the keyword “constructed wetlands, constructed wetlands in Egypt”
resulted in 13,426 and 31 studies, respectively. This indicates that although there is
a flourishing publication record available on CWs worldwide, it is limited in Egypt.
Figure 3.1 depicts the number of papers per year from 2010 to 2020, showing that
the topic has experienced a gradual growth in the number of studies. In addition,
many books have been published recently, for instance, CWs hydraulic design [15],
CWs as a suitable technology for sustainable water management [26], and CW's for
industrial wastewater treatment [16].

Several review papers discussed CWs’ performance in removing a wide range of
pollutants from different wastewater types. These reviews have undoubtedly dis-
cussed the dynamics of pollutants, emerging organic pollutants such as antibiotics
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Fig. 3.1 Number of studies in the last 10 years on constructed wetlands

and pharmaceutical contaminants, and mechanisms of pollutant transformations. As
a result of the increased attention to water scarcity in arid and hot regions such as
Egypt, authorities have focused on wastewater reuse to protect the limited freshwa-
ter resources. Although CWs present a promising technology in Egypt, individual
experiments and review papers are rarely reported.

Within this context, this chapter summarizes the current knowledge on CWs
applications in Egypt along with the current status of water scarcity, taking into
consideration different system configurations, operational parameters, and removal
efficiencies. For this, an update on the application of CWs in Egypt is provided
through a literature review of the last 10 years. Publications on CWs treating differ-
ent types of wastewater in Egypt as pilot-scale and full-scale were also reviewed.

3.2 Water and Wastewater in Egypt

Egypt has a dry climate, with 95% of its area being a desert. There is a narrow strip
of fertile lands alongside the major stream of the Nile and a comparatively small
delta in the north [27]. It became the basis of one of the most distinctive old civili-
zations’ societal and economic life, where the primary human activity was agricul-
ture [28]. The total precipitation is around 25.7 mm/year; in summer, there is an
evapotranspiration rate of about 0.7 mm/day. The relative humidity varies from
45-75%, and the mean daily temperature ranges from 13-38 °C. There are also
limited amounts of rain and flash floods. The Nile River is Egypt’s principal and
almost sole freshwater supply. The country depends on Lake Nasser’s accessible
water to meet Egypt’s annual water quota requirements, which amounts to 55.5
billion m*/year [29].
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Over the last few decades, the pollution load to the Nile system (e.g., the Nile
River, canals, and drains) has grown due to population increase, many new indus-
trial projects, and new projects for agricultural irrigation, and other activities
along the Nile River. As a result, the quality of Nile water has declined signifi-
cantly in the last few years [30, 31]. The Nile system’s dilution capacity is likely
to decrease as the policy of expanding irrigated farming progress and industrial
capacity development increases the amount of pollutants discharged into the Nile
[32]. The primary sources of most hazardous contaminants to the Nile and main
canals are effluents from agricultural drains (including heavy metals, pesticides,
fertilizers, and microbes) and the treated or incompletely treated municipal and
industrial wastewaters. The most contaminated region in the Nile is between Cairo
and the Mediterranean Sea within the two branches of the Nile, Rosetta and
Damietta [33-35].

The industrial sector is the second essential source of water consumption and a
contributor to pollution. The Egyptian factories use about 7.8 billion m*year of
water, 4050 million m*/year of which are discharged back to the Nile system. Hence,
industrial wastewater is the second source of Nile water pollution due to hazardous
organic and inorganic chemical loads in this wastewater. Industrial activities are
clustered around large cities like Cairo, Giza, and Alexandria, which use 40% of
total water [36]; however, small-scale private agro-industrial factories in Upper
Egypt have recently begun contributing to Nile system pollution as well. Roughly
129 plants discharge their wastewater into the Nile River system. Untreated dis-
charge of large amounts of this wastewater impacts river water used for both irriga-
tion and drinking and has a harmful impact on aquatic life [28, 29, 37]. Food
processing industries are responsible for more than 50% of the biological oxygen
demand (BOD), while more than 60% of heavy metal discharges come from chemi-
cal factories. Wastewater from electroplating plants in the Helwan region (south
Cairo) has a high content of Fe, Zn, Cr, Cu, and Mn [38]. Several studies have also
reported the occurrence and concentration of Lead (0.001-330 pg/L) and cadmium
(0.001-80 pg/L) in the Nile water [39—-44]. Despite all official efforts to avoid these
dangerous pollutants, 34 plants still do not comply with the Egyptian regulations for
water disposal into the Nile systems [45].

The municipal wastewater effluent is considered as the third main source of Nile
system pollution. The increasing population in Egypt along the Nile River leads to
more wastewater generation, and policymakers are expected to expand the number
of wastewater treatment plants (WWTPs). There are nearly 239 WWTPs in Egypt
with an annual flow of 4.5 billion m?, of which 1.3 billion m*/year are discharged to
the Nile water system. Toxic chemicals such as organic micro-pollutants and heavy
metals are released in this wastewater because of domestic mixing with commercial
and industrial activities [29]. These elevated values are higher than the standard
limit and, in some areas of the Nile, higher than the permissible limits for healthy
water streams. The two Nile branches, Damietta and Rosetta, downstream Delta
Barrage, represent the worst River Nile quality. Some antibiotics such as sulfa-
methoxazole, azithromycin, and ciprofloxacin have been detected in the effluent of
municipal WWTP in Beni-Suef city. Additionally, the detection of azithromycin in
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these municipal WWTP was higher than that detected in municipal WWTP in cen-
tral Greece, China, and Thailand [46].

3.3 Constructed Wetlands (CWs)

CWs are defined as low-cost wastewater treatment techniques based on natural pro-
cesses, which simulate the natural wetlands (e.g., swamps, marshes, and boglands)
in a controlled environment [47]. CWs can be an effective treatment system, which
can be very useful in developing countries [48], as they can remove most pollutants
(e.g., pathogens, nutrients, organic and inorganic pollutants).

3.3.1 Constructed Wetland Types

As known, there are four typical types of CWs, i.e., Free water surface (FWS),
Horizontal subsurface flow (HSF), Vertical flow (VF), and Hybrid Systems. In
Egypt, all those types have been investigated and applied for different types of
wastewaters, as shown in Table 3.1. About 60% of the experimental studies indi-
cated that HSF is used either in full-scale or pilot-scale. HSF system in Egypt
showed a high potential ability for pollutants removal compared to other systems.
Approximately 25% of the reviewed literature revealed that FWS is also applied,
while only one study was found on VF and another for a hybrid system.

3.3.2 Plants Used in CWs in Egypt

Local plant species can be used and grow in CWs. The plants in CWs in Egypt are
classified into two types; floating plants, and emergent plants (Table 3.2).

In Egypt, the water hyacinth (Eichhornia crassipes) plant is an emerged plant
and grows in natural waters (Lakes, Nile river, irrigation channels). It is considered
an invasive aquatic weed and was found 100 years ago in the Nile Delta for the first
time but entered Egypt 200 years ago. Eichhornia crassipes are intensively found in
Northern Lakes, creating many problems such as clogging of irrigation canal intakes
and flooding, disturbing the operation of hydropower and water supply systems, and
resulting in the degradation of the local biodiversity [59]. It is also considered a
hyper-accumulator species; however, it has many benefits, and remediation through
CWs is one of them. The policies in Egypt concerning Eichhornia crassipes eradi-
cating and controlling the plant from water bodies through mechanical or biological
control [57], presented an efficient management scenario for its coverage percent-
age to enhance the phytoremediation of different pollutants and reduce the water
losses instead of fall eradication. Eichhornia crassipes in CWs have a significant
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role in efficient nutrient absorption and high potential pollutants removal at high
rates. Pistia stratiote is a floating aquatic plant, and its leaves spread in a rosette on
the water surface that inhibits algae growth. Pistia stratiote is found in Egyptian
waters in the spring and fall seasons. It has a high potential ability for contamination
removal, as shown by [58]. Lemna spp. (Duckweed) the plant is an aquatic plant
amongst the promising aquatic plants having the enormous capacity to treat eutro-
phicated wastewaters [60]; however, it’s rarely used in Egypt phytoremediation
studies. Duckweed is an invasive plant and is found in fresh Egyptian waterbodies.
All of floating plants are used in FWS (CWs).

Cyperus papyrus plant is originated in Egypt, which has a historical benefits
such as paper made and others. Cyperus papyrus is intensively used in CWs world-
wide as a result of its high efficiency for pollutants removal [61]. Also, its root
structures provide more microbial fixation sites, sufficient residence time of waste-
water, entrapment, and settlement of suspended particles, the surface area for
adsorption of contaminants, absorption, assimilation in plant tissues, and oxygen
for the oxidation of organic matter and inorganic in the rhizosphere [62]. Canna
flaccida is an invasive plant for the Egyptian environment; it hashing high growth
rates with big roots, which may be a potential plant species that can be utilized
effectively to remediate emerging organic contaminants [48, 63]. Canna flaccida
has a colorful blossom, which can add an esthetically pleasing element to treatment
sites. Phragmites are a native plant with many different species in Egypt; it usually
distributes channels, lakes, and other water bodies. It has a high salinity tolerance so
that it can grow on beaches.

Phragmites plant, especially Phragmites australis species, are widely used
worldwide in CWs for treated wastewater [64]; in Egypt, many studies have used it,
revealing their high ability and tolerance for heavy pollutants removal, as noted in
Table 3.2. CWs widely use Typha angustifolia in Egypt, classified as an emergent
plant with a high growth rate. Typha angustifolia is an invasive plant that originated
from Europe and is distributed widely in many parts of the world [24]. There are
many species of typha; Typha angustifolia has12—16 narrow and flat leaves [65].
Typha angustifolia is found in Northern lakes and the Nile River in Egypt. Typha
angustifolia is known to have potential phytoremediation ability for various con-
taminants and has an antimicrobial effect against many pathogenic bacteria [22].
Typha angustifolia has approved its capacity for uptake the pollutants and per-
formed efficiently in CWs. Typha latifolia (Cattails) is a native plant in Egypt found
intensively in Lakes and the Nile River. Cattails plant has a wide range of applica-
tions, especially for its ability for pollutants removal through CWs.

3.4 Conclusions

Water scarcity and wastewater management are considered significant challenges
that affect the ecosystem and the urban environment worldwide, especially in Egypt.
With limited freshwater resources, Egypt has a huge amount of wastewater
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Table 3.2 Plant species used in CWs in Egypt

Common Plant Growing Optimum
Plant type | Plant name name height season conditions Origin
Floating Eichhornia Water 1-2m Seasonally | 28-30 °C Invasive
plants Crassipes hyacinth
Pistia Water lettuce | 0.2— Seasonally | 22-30 °C Invasive
stratiotes 0.3 m
Lemna spp Duckweed 0.0l m Seasonally | 6-33 °C Invasive
Emergent | Cyperus Papyrus, 4-5m Perennial 20-30 °C Native
plants papyrus paper reed plant
Canna flaccida | Canna 1-1.5m | Perennial 15 °C Invasive
plant
Phragmites Phragmites 5m Perennial 10-30 °C Native
plant
Typha Typha 3m Perennial 25-30 °C Invasive
angustifolia plant
Typha latifolia | Cattails 1.5-3 m | Perennial 25-30 °C Native
plant

annually, partially treated using different methods, with Constructed wetlands
(CWs) technology among them. CWs literature for wastewater treatment in Egypt
has been reviewed for a period of the last 10 years. The HSF system was found to
be the most widely applied system in either full-scale or pilot-scale, followed by the
FWS design. Also, the commonly used plants in this technology were reviewed and
showed a wide range of suitable plants growing in the Egyptian environment. This
green technology has become increasingly known in Egypt and has a wide imple-
mentation potential; however, the number of publications is growing slowly. The
currently limited experiences with CWs in Egypt imply the ability of this technol-
ogy to contribute to addressing the water scarcity issues in Egypt effectively.
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Chapter 4

Two Decades of Experience on Nature-
Based Solutions for Wastewater Treatment
in Egypt, Palestine and Tunisia

F. Masi, A. Rizzo, N. Martinuzzi, and R. Bresciani

Abstract A few nature-based wastewater treatment plants (WWTP) designed in
three arid countries, i.e. Egypt, Palestine and Tunisia are presented in this chapter,
with a focus on the potential of treated wastewater reuse in line with circular econ-
omy concepts. All the presented systems are Horizontal Subsurface Flow (HF)
Constructed Wetlands (CWs) (Egypt, Palestine), Vertical Flow (VF) CWs (Palestine),
or multistage CWs combining HF and VF stages (Tunisia, Palestine). The CW
WWTPs operate in the range of about 50-5000 PE and all cases include reuse as the
main final destination of the treated effluents. Almost twenty years of direct experi-
ence in these hot or arid climate countries, lately extended to new projects in India,
Indonesia, Cambodia, have generated some useful indications for the design of
nature-based solutions (NBS) in such operational scenarios, duly reported in the
following discussion.

Keywords Nature-based solutions - Constructed wetlands - Treatment wetlands -
Sustainable sanitation - Sustainable water management - Wastewater reuse -
Circular economy - Egypt - Palestine - Tunisia

4.1 Introduction

Constructed/treatment wetlands (CWs or TWs) are engineered water treatment sys-
tems that optimize the multiple transformation processes of chemical compounds
present in natural environments, with particular focus on the ones defined as pollut-
ants. CWs efficiently treat different kinds of polluted water [1-3]. Compared to
conventional systems, CWs are large and extensive systems which require only
minimal effort in operation and maintenance. This operational aspect makes CWs
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suitable solutions for wastewater treatment in remote areas [4, 5]. Nowadays there
are several applications of CWs in hot and dry climate countries, and very often in
these specific locations [6—11, 12—14] reuse is one of the main design targets and
thus water loss should be minimised, for instance by selecting plants with low
evapotranspiration (EP) capacity or CWs technologies that reduce the retention
time or the areal footprint, and the consequent losses due to evaporation (ET) and
EP [15, 14]. Therefore, CWs typologies such as those with subsurface flow, where
the air/water interface is not direct, can surely be preferred to open water systems,
still having water reuse as a main goal. On the contrary, the higher ET and EP per-
formances that can be obtained in arid climate locations can also be used to aim for
zero-discharge systems, sometimes a wise choice when dealing with particular
industrial wastewaters or in cases with specific constrains.

The latest trends in sustainable water cycle design are everywhere focused on
resource recovery approaches, where said resources are represented by treated
water, up to desired performance levels, and nutrients (N and P, both in chemical
species ready-to-use as fertiliser) [16, 17]. In arid countries this approach is of pri-
mary importance to secure food production in the coming decades. NBS coupled
with fertigation of crops (agroforestry, high value plants, biomasses for biorefiner-
ies or for direct or indirect energy production) could be an effective way to cover the
still too large percentage of untreated and not properly managed domestic wastewa-
ter in today’s world [18].

4.2 IRIDRA Experience on NBS in Hot and Dry Climates

Over the last 15 years, IRIDRA’s multi-disciplinary team of experts in nature-based
solutions (NBS) has often been involved in the design of NBS for wastewater treat-
ment and reuse in arid climates. In particular, the nature-based wastewater treatment
plants (WWTP) designed in three arid countries, namely Egypt, Palestine and
Tunisia will be presented, with particular attention to the potential of treated waste-
water reuse in line with the concepts of circular economy. Moreover, the examples
presented also have a wide variability in terms of technologies used, since both
single stage combinations (horizontal subsurface flow — HF, vertical subsurface
flow — VF) and different multistage combinations were designed.

The Egyptian case study is a CW for domestic wastewater treatment and reuse
for irrigation purposes. The wastewater is generated by a farm located in the
Sharquiya Governorate, in the Nile Delta region, which produces organic and phar-
maceutical plants, and includes a primary school, training workshops, offices, a
communal laundry and a few houses.

The Tunisian case studies consist of a multistage Treatment Wetland system for
the rural village of Chorfech of 500 inhabitants and a primary school located nearby
which is equipped with a small constructed wetland and all feasible water-saving
devices, including the reuse of the treated wastewater for toilet flushing.
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Three main case studies will be presented for Palestine, amongst the numerous
Palestinian experiences of IRIDRA both in the Gaza strip and in the West Bank,
namely the CW WWTP for the villages of Hajja and Sarra, and the CWs for treat-
ment and reuse of grey water for Bedouin villages. The Sarra CW WWTP serves
4300 p.e. and it is aimed at treating wastewater for reuse in the cultivation of olive
trees, or for discharge into open freshwater. The Hajja CW WWPT has a treatment
capacity of 700 p.e., and is also aimed at discharging into a ditch. Finally, grey water
CW treatment systems were implemented to serve Bedouin villages in southern
Palestine, a very arid and deserted area, as part of an OXFAM action financed by EU
(ECHO), FAO and the Sardinia Region; the treated grey water is reused for the irri-
gation of olive cultivation and fodder (Table 4.1).

4.2.1 Chorfech, Tunisia

Chorfech is a rural settlement of 50 houses inhabited by 500 people and a similar
number of domestic animals, located 24 km NW of Tunis, Tunisia. 40% of the
Tunisian population lives in small villages or isolated habitats with access to drink-
ing water for almost all (~ 94%). 83% of this population lives with poor sanitation
services and their wastewaters is discharged directly without treatment. Only 3.2%
of the rural populations have a sewer system, and 13.5% have a sanitary pit or septic
tank. For these reasons, the Tunisian government is now interested in the develop-
ment of sanitation in small and rural villages, where the current sanitation poses a
serious risk to the environmental and human health. The necessary technologies
must be as robust, simple and low-tech as possible, and must be able to provide a
high quality of treated wastewater.

This region of northern Tunisia has an average rainfall of about 470 mm/year,
with temperatures ranging from average daily values of 13.7-28.3 °C.

Before the construction of the WWTP, the raw wastewater was collected in a
conventional combined sewer and discharged into a drainage channel after a pri-
mary sedimentation in a septic tank. A multistage CW, consisting of three stages
HF + VF + HF, was implemented to serve the village and put in operation in 2009.
The multistage CW receives effluents from an Imhoff tank, whose primary sludge is
pumped twice a year into a Sludge Drying Reed Bed (still a NBS similarly designed
to VF CWs with all the needed adaptations to deal with the sludge dehydration and
composting on-site) positioned nearby. The leachate produced by the SDRB is
recirculated by a drainage system to the first stage HF (Fig. 4.1 and Table 4.2).

The removal rates performed by the WWTP of Chorfech during the monitored
period were respectively: 97.12% for TSS, 94.56% for COD, 97.22% for BOD:s,
71.39% for total Nitrogen, 82.15% for total Phosphorus. The removal of the E. coli
and Enterococcus by the whole system ranged from 1.8 to 2.5 log units. Treated
water complies with the local normative limits for agricultural reuse (for instance
orange trees plantations or fodder production) and the best practice is to bypass the
third stage, aimed at removing Nitrogen from the effluents by denitrification, to
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Fig. 4.1 Hydraulic profile of the Chorfech CW WWTP I nTunisia

Table 4.2 Performances of the Chorfech CW WWTP in Tunisia (average values of about 8
sampling events - grab samples)

Measured flow: 17 m/d COD (mgO,/L) BOD; (mgO,/L) TSS (mg/L)
Raw WW 3072 1620 1407
Imbhoff tank 2876 1350 956

HF first stage 1647 197 174

VF second stage 234 26 86

HF third stage 167 45 53
Removal (%) 94.6 97.2 96.2

increase the concentrations of Nitrates and Phosphates in the effluent to provide
water and nutrients to the crops in spring and summer. In the autumn and winter
seasons, there is no need for fertigation and therefore the effluent must be discharged
into freshwater (an artificial drainage channel) and the denitrification is needed to
reach the specific values allowed for Total Nitrogen.

4.2.2 Chorfech Primary School, Tunisia

A pilot demonstration installation was also implemented at the Chorfech school
(Fig. 4.2). The objectives were: (i) to solve the problem of the uncontrolled dis-
charge of domestic wastewater, and (ii) to identify a robust and simple solution to
be recommended for application in rural schools in Tunisia, characterized by lim-
ited financial resources for water supply and sanitation. Several tools for water sav-
ing (push-button taps, waterless urinals, rainwater harvesting) are part of the
installation. The sanitation system consists of a septic tank followed by a HF
CW. The treated effluent is reused for gardening.

During the monitored period the school hosted 7 teachers and a number of stu-
dents between 65 and 74 per year. The average consumption of drinking water was
just over 21 L/day/student, after the implementation of the demonstrative installa-
tions, it decreased by over 50% (10.7 L/day/student). The averages of the overall
removal rates of the “Septic Tank — HF CW” sanitation system were equal to 93%
for TSS, 86,7% for COD, 96,4% for BODs, 68% for NH,*, 71% for TKN, 88,5% for
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Fig. 4.2 Implementation of water saving equipment (push-button taps, urinal waterless, and rain-
water reservoir, general layout of sanitation and HF CW) at the Chorfech school in Tunisia

PO,*~. Evidence has shown that this solution can be recommended for a wide range
of applications in rural schools in Tunisia and could be replicated in similar areas
and countries in order to save water and to efficiently treat domestic wastewater,
avoiding the direct discharge of untreated wastewater.

4.2.3 Hajja and Sarra, Palestine

Water supply systems for villages and farmland are a complex problem across the
West Bank in Palestine. The shortage of water and the impossibility of building a
distribution and irrigation system entails a great difficulty for local agricultural
development and consequently the general economic situation. In the area of Nablus
and Qalqylia, olive cultivation is one of the traditional activities and sources of
income that is most affected by this water shortage. The implementation of CW
based WWTPs for both villages, producing fertilisers-rich effluents for olive planta-
tions, was therefore intended to improve the living conditions of the population by
increasing the economic role played by these crops, especially through the sale of
olive oil with a more stable trend of the annual yields linked to a more constant
availability of water and nutrients for the fertigation of the plantations. The WWTPs
implementation was funded by the project “Making wastewater an asset: increasing
agricultural production introducing irrigation by non-conventional water sources”
managed by the NGOs GVC-Italy (WeWorld), PHG and UAWC (Palestine) and
financed by the EU (Contract number DCI-FOOD/2010/254-819).

The WWTP in Sarra (about 3500 PE) is a 2-stage CW system, with a pre-
treatment with mechanical screen, a primary treatment with two Imhoff tanks in
parallel, a secondary treatment with first stage VF CW (6 basins in parallel,
1500 m?), second stage HF CW (6 basins in parallel, 3000 m?). The system is
equipped with SDRBs for the primary sludge from the Imhoff (Fig. 4.3).

The WWTP in Hajja also has the same configuration, VF + HF CW (after a pri-
mary grid and a primary treatment with Imhoff tanks), installed as an upgrade of an
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Fig. 4.3 Areal views of Hajja and Sarra CW WWTP as well as Sarra CW WWTP plan layout in
Palestine

existing HF CW serving a population of about 1000 PE and designed to have the
possibility to be doubled with the construction of two other identical lines as the
remaining part of the population (up to 3000 PE) will be connected to the treatment
system. In both WWTPs the effluents will be stored in ponds, deep and shaded, and
reused for the fertigation of olive trees.

In the related FAO Report (2014), the following results obtained by the 2 NBS
installations are listed:

1. reclaimed wastewater, complying with minimum standards for agricultural
reuse, are made available to farmers through the construction and the rehabilita-
tion of efficient and sustainable sanitation systems for the villages of Sarra
and Hajja;

2. village Councils are able to manage and maintain the sanitation systems and
general public and farmers are aware of the main issues of sustainable and envi-
ronmentally sound sanitation including reuse of treated wastewater, through
capacity building and awareness-information programmes;

3. the irrigation with treated effluent and the application of efficient farming prac-
tices has increased.
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The construction of a sewer collection system and a WWTP in Sarra, and the reha-
bilitation of the existing CW in Hajja were supported by several parallel activities
such as capacity building of the village councils for the financial management of the
sanitation systems, activities raising awareness of the public and farmers, technical
training on olive cultivation, orchard management and olive oil quality, provision of
irrigation network tools and equipment, improvement of marketing practices.

4.2.4 Palestinian Bedouin Villages

Oxfam Italy assigned to IRIDRA the design of several CWs for the treatment of
greywater in some Palestinian villages in the southern regions of the West Bank.
The greywater treatment implementations were inserted into projects funded by EC
and other sponsors for emergency support to herder and Bedouin communities.
Since 2008, some NGOs operating in the West Bank and in Gaza, have started intro-
ducing CW technology in Palestine, with the main aim of creating a new alternative
water source to reduce the water stress typical of that area in recent years and to
enhance the local economy with the increase of the farming capacity in herders’
villages or of the agricultural productivity (focusing mainly on the cultivation of
olive trees). The CW systems in some cases treat mixed wastewater from small
groups of houses, in others greywater only, considering anyway a per-capita con-
sumption ranging from 9 to 15 L/d. The final effluent is then used to drip-irrigate
pieces of arid land for fodder production (bushes with low water demand), since the
local economy is mainly based on goat breeding and water scarcity is one of the
most important limiting factors for its improvement. The CW systems are designed
to minimize the loss of water by evapotranspiration and to provide the easiest main-
tenance, mainly single stage VF CWs, also because the systems are managed
directly by the village councils, with the direct involvement of the community mem-
bers (Fig. 4.4).

These first experiences have shown promising results and a good acceptance of
the CW technique by the served population and local authorities and these factors
together could ensure a widespread diffusion of this type of approach in the com-
ing years.

4.2.5 Sekem School, Egypt

In the early years of the new century, full scale CWs were not well known in
Egypt, with few exceptions. The WWTP of the SEKEM farm was designed for
wastewater treatment and reuse for fertigation of agroforestry plots. The wastewa-
ter is composed of 100% domestic wastewater; the daily flow was calculated both
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Fig. 4.4 Ramadin VF CW system for greywater reuse in Palestine

on the basis of water demand and on the basis of the number of people connected:
500 students at 20 L/day, plus 100 persons in the offices at 20 L/day, laundry plus
residential houses leading for a total of 15 m?/day. The SEKEM administration
considered a possible extension of the school and boarding school leading to a
design flow of approximately 20 m?*/day. The HF CW, implemented in 2007, has
a total surface of 200 m?. The effluents are reused on timber plantations for the
packaging of the SEKEM products (mainly medicinal herbs and extracts). The
area of the study is located East of the Sharquiya Governorate. Thirty years ago,
this area was a desert with no agriculture activity. One of the Farm’s sewage sys-
tems serves schools and boarding school, training workshops, offices, laundry and
few houses. The project was designed to implement and construct real integrated
models of wastewater treatment and reuse for the peri-urban and deprived remote
regions.

From a monitoring campaign, for a total of 30 sampling events, the quality of the
treated wastewater was found to be within the Egyptian standards allowed for the
irrigation of timber plantations. No problems with odours or insects were reported
and improved water reuse and groundwater protection were obtained. The overall
removal of the WWTP exhibited a remarkable improvement in the characteristics of
the treated wastewater reaching 73, 92 and 91% respectively for TKN, TSS, VSS, in
addition to 89% for BODs and 87% for COD. About 16 m*/d of freshwater were
saved by reusing efficiently treated wastewater to irrigate the agricultural area.
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4.3 Conclusions: Lessons Learnt

In the following paragraphs the main findings and reflections generated by the direct
field experience in the design, construction supervision and monitoring in the fol-
lowing years are discussed and proposed for further elaboration.

4.3.1 Design Recommendation

In several case studies, and in particular in those with a warmer climate, the mea-
sured inlet concentrations of the main pollutants were notably higher than the usual
values for domestic wastewater, due to lower water consumption and evaporation of
the wastewater itself. These high inlet concentrations coupled with low flows must
be considered in the sizing equations, properly considering the temperature effects
on the kinetics of the transformation processes of the pollutant molecules. Organic
loads of CWs in hot countries can be higher compared to temperate climates. The
available results, even though referred to a few experiences, show that the organic
load can reach values up to 10-30 times higher than the usual ranges applied in
Europe or North America.

A second common issue related to the hot climate is that, especially during the
first months of construction, all the plastic parts exposed to sunlight (e.g. feeding
pipes in PVC, HDPE geomembrane over the embankments) must be adequately
protected and shaded in order to avoid deformations or premature aging of the
polymers.

Plants, on the other hand, are more prone to water stresses; careful management
is required in case of prolonged periods without water users and consequently
WWTP users (e.g. touristic sites). Emergency irrigation is sometimes needed during
these dry periods to maintain vegetation alive, in particular in VF systems; HF sys-
tems also need to be irrigated usually after 2—-3 weeks with no inlet flow.

Still relating to vegetation, the initial plantation can be more successful (a low
mortality rate for planted rhizomes or small plants) with a well-conducted commis-
sioning phase where the water level is kept high, such as 2-3 cm over the bed
surface.

As a last advice, mainly based on direct experience in such scenarios, a simpler
construction and operation system, such as a HF CW, is preferable in remote areas
and in situations with a high fluctuation of the inlet hydraulic and organic loads, for
the greater volume of water contained in the reactor and the consequent more effi-
cient buffering effect. Even a lower dependence on technical components such as
electromechanical pumps or even siphons can ensure in such remote locations a
more robust behaviour in time (Table 4.3).
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Table 4.3 Summary of special considerations during the design phases from direct experience in

case studies

Case studies

Lessons learnt during design

Palestine: VF system are preferred to HF systems in order to minimize ET losses and

6 small enhance the treatment flexibility due to the high fluctuations in daily hydraulic

plants and organic loads

Palestine: Due to the limited available area, a hybrid system was equipped with a VF 1st

Sarra and stage filled with pea gravel (according to French systems guidelines) designed for

Hajja high loading rates and gravity fed via siphon devices. This design choice was also
made with the goal of reducing ET losses. A final pond was created to store the
treated water and to refine its quality.

Egypt: The high fluctuations of the loads during the week led to the selection of

Sekem robustness and high buffering capacity, combined with the lower needs in
ordinary and extraordinary maintenance of the system; in these cases, a HF CW
complies with the above-mentioned requirements.

Tunisia: Modularity is a must whenever the final fate of the effluent varies throughout the

Chorfech year and also when the loads follow seasonal trends. In particular, when reuse for

fertigation is the only discharge in the summer months, nutrients are welcome in
controlled concentrations, while very often they are not if the effluent has to be
discharged in a water body in winter; this operational approach can be made
possible by the selection of a treatment train including multiple stages, each with
specific processing functions, with the possibility of disconnecting and
by-passing the different stages as needed; a well-conceived O&M Manual is
desirable, for the proper maintenance of all stages of the system in all the
different operation scenarios.

The following general considerations should be all properly checked in the pre-
liminary phase of the design:

1. when TWW is going to be reused, the WW treatment efficiency should match

the quality necessary for the specific reuse purpose, limiting the treatment per-
formances to what is really necessary; WW segregation and on-site treatment of
greywater can efficiently contribute to the production of a safe effluent with the
proper quality available for the targeted reuse;

. VF might be preferred to HF CWs to minimize EP and ET losses due to their
intrinsic shorter HRT in comparison to other CW typologies; depending on the
required effluent quality and reuse aim, the VF beds can be filled with coarser
sand, down to the smallest gravel available on site, in order to reduce the reten-
tion time (as well as the performances in terms of pollutants removal);

. HF CWs are simpler in construction and operation as no intermittent loading is
required and enhance the treatment robustness and flexibility whenever there is
high fluctuation in HLR and OLR, due to the large quantity of water stored in the
gravel bed, if compared to the inlet flow, and the related buffering effect.
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4.3.2 Implementation

Often, in remote areas of low-income countries, the main difficulties are linked to
the supply of the components for the implementation of the NBS. In small systems,
frequently implemented by unskilled workers, proper quality in the positioning of
the liners is not always guaranteed.

In several countries the use of siphons for the feeding of VF CWs is introducing
a higher weakness, in terms of robustness and lifetime of the WWTP, compared to
the use of electric pumps, generally better known and more easily replaceable or
repairable in case of malfunctioning.

Furthermore, proper construction supervision by CW experts is suggested for a
successful implementation, including in the project budget and activity plan a suf-
ficient number of construction site visits by said experts, especially during the most
sensitive implementation activities (e.g., soil movements, physical definition of the
hydraulic profiles, geomembrane posing, piping, installation of control manholes).

4.3.3 Water Reuse

As already detailed in the previous paragraphs, the following suggestions should be
considered for a successful implementation of water cycles in arid countries:

e unsaturated VF are preferable to HF CWs to limit EP and ET losses (shorter HRT);

e mass balances are needed to check the possible concentration of a target pollut-
ant to meet the specific water quality standard for reuse (e.g. salt
concentrations)

 the segregation between grey and black water can contribute to the production of
goods through their processing, “new water” by treating greywater and fertilisers
or energy from concentrated black water.
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Chapter 5

Constructed Wetlands for Wastewater
Management in Egypt: An Overview

of 30-Years Experiences in Small/Medium-
Size Treatment Plants

Hussein 1. Abdel-Shafy, Mohamed A. El-Khateeb, and Mona S. M. Mansour

Abstract Constructed Wetlands (CWs) are well known as an efficient treatment
technology for many wastewater sources such as municipal and various industrial
effluents. Different engineering designs such as horizontal and vertical flow and
hydroponic channels can be implemented according to the required treatment strate-
gies. Greywater and blackwater are also treated in CWs in Egypt and other coun-
tries. CWs can achieve high removal rates of various pollutants including total
suspended solids, organic pollutants (COD, BOD), nitrogen compounds, phos-
phates, pathogenic contamination, as well as several heavy metals. There is a wide
acceptance and interest in employing CWs due to their advantages such as simple
construction, cost-effectiveness, low operation and maintenance cost, high ability to
tolerate fluctuations in flow and inlet quality, high pathogens removal, potential for
reuse and recycling, aesthetically accepted appearance. Several successfully full
and pilot scale CWs are in operation in Egypt as well as in the Middle East and
North African countries where the warm climate seems to favour the various CW
processes and functions. This chapter presents existing full-scale CWs, hydroponic
wetlands, as well as pilot plants using horizontal, vertical, and channel flow for the
wastewater treatment in Egypt.
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5.1 Introduction

Conventional wastewater treatment systems are energy-intensive and include many
mechanical components that require high investment as well as high operation and
maintenance cost [1], which makes it difficult to use in low-income reasons. On the
other hand, constructed wetlands (CWs) have low construction cost, use local mate-
rials, very low operation and maintenance cost, minimum energy demand and are
simple in operation [1-3], which gives them good prospective to be implemented in
developing countries. Furthermore, CWs do not require high skilled engineers to
operate; simple labor is enough. Thus, they are accepted as a reliable wastewater
treatment technology representing an appropriate solution for the treatment of vari-
ous types of wastewater [3]. This technology, in fact, acts as a natural-based solution
for handling different types of wastewaters [4, 5, 6].

By comparing CWs with conventional wastewater treatment processes, the for-
mer have a higher rate of biological performance that enables the conversion of
several pollutants into non-toxic by-products or plant nutrients that can be an advan-
tage for water reuse in irrigation [7, 8]. CWs rely upon biological, physical, and
chemical processes to remove the contaminants from all types of domestic, sewage
and certain industrial wastewaters [9-13]. CWs are capable of removing hazardous
pollutants such organic xenobiotics including pesticides, phenolic compounds,
dyes, petroleum hydrocarbons, explosives, hormones, and pharmaceuticals [10,
12, 14-18].

CW can be planted with emergent and/or submergent vegetation and may be
classified into four types according to their dominant plant species and characteris-
tics [19]: (i) submerged macrophytes (e.g. Potamogeton crispus, Littorella uniflora),
(i1) floating macrophytes (e.g. Lemna minor, Eichhornia crassipes,), (iii) emerged
rooted macrophytes (e.g. Typha latifolia, Phragmites australis,), and (iv) floating-
leaf macrophytes (e.g. Nymphea alba, Potamogeton gramineus). Another classifica-
tion in based on their hydrology: (i) horizontal sub-surface flow (HSSF), (ii) vertical
subsurface flow (VSSF), (iii) free water-surface (FWS) or surface flow (SF), and
(iv) hybrid systems (combination of different designed wetlands) [2, 4, 20-22]. In
addition, hydroponic wetlands are designed as isolated declined channels with
1-2% slope, where the inlet flows from the top [23]. For achieving a better removal
of nitrogen compounds from wastewater, different designs and types of CW’s could
be combined as hybrid systems [3, 24].

CWs are receiving an increasing attention as a promising phytotechnology for
handling agricultural wastewaters. Studies have shown the efficiency of these
system for the treatment of the olive mill wastewater (OMW), fruit processing
wastewater, water contaminated with the organic herbicide MCPA (2-methyl-
4-chlorophenoxyacetic acid), swine wastewaters (SWW) contaminated with
oxytetracycline, winery and distillery wastewater [18, 25-28], among others. In
particular, CWs have been successfully employed for the treatment of different
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sources of wastewaters over the past decades in developing countries under hot
and dry or tropical climates [29]. Wastewaters in these countries are character-
ized by conductivity, productivity, and higher biological activity resulting in
higher treatment achievement compared to other countries in the cold cli-
mates [30].

5.1.1 Plants in Constructed Wetlands

Vegetation in CWs is an important factor for the efficiency of wastewater treatment.
Generally, the common vascular plants in natural wetlands have been used in the
CW’s, although several ornamental flowering plants found in natural wetlands have
also been used. Figure 5.1 illustrates the most common plants used in CWs such as
floating aquatic plants, e.g., duckweed (Lemna) and water hyacinth (Eichhornia
crassipes) and vascular plants e.g., common reeds (Phragmites spp.) and cattail
(Typha spp.) These emergent plants grow well in both SF and SSF CWs, where they
play an important and vital role in the removal of nutrients. A recent review on 87
CWs in 21 different countries around the world showed that the most common
employed ornamental flowering plants are Iris, Canna, Zantedeschian and
Heliconia [31].

Typha domingensis

Schoenoplectus lacustris

15 \
Typha angustifolia Zantedeschian

Typha latifolia Canna flaccida

Fig. 5.1 The most common plants that are used in CWs
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5.2 Domestic Wastewater in Egypt

5.2.1 Wastewater Production

The annual average collected wastewater during the last 5 years amounts to 6.5 bil-
lion m* (BCM) [32], corresponding to about 81% of the total annual produced
domestic wastewater. It also reported that about 44% of the nationally produced
wastewater is not treated, which is equivalent to 2.85 BCM/yr. This huge amount is
about 5.1% of Egypt’s annual share from the Nile River. There are 358 municipal
wastewater treatment plants in Egypt producing 3.65 BCM/yr. treated water. About
0.73 BCM/yr. are primary treated wastewater and the rest of about 2.92 BCM/yr.
are secondary treated wastewater [33]. Therefore, the primary and the secondary
treated wastewater represent 20% and 80% of the total treated wastewater, respec-
tively. It is worth mentioning that the sewage network has a total length of about
39,000 km. Figure 5.2 presents the future projected collected wastewater capacity
through 2030. Moreover, there are three large tertiary treatment plants in Egypt
where the sludge is anaerobically digested to produce biogas to compensate for the
consumed energy by these treatment plants [33]. The indicator of sanitation access
in Egypt is measured by the connectivity of wastewater to the sewerage systems. It
complies with the Egyptian Law Number 48/1982 that regulates the protection of
the Nile and waterways from any wastewater discharge. As a result, the average
sanitation coverage in Egypt is about 50%; 90% in urban areas and only 12% in
rural areas.
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Fig. 5.2 Future projected wastewater collection capacity (BCM) [33]



5 Constructed Wetlands for Wastewater Management in Egypt: An Overview... 75
5.2.2 Wastewater Reuse in Egypt

The reuse of treated wastewater is an important strategy to increase the water budget
in Egypt as a nonconventional water that should meet the stringent limits and the
increasing water demand for non-potable purposes. Guidelines concerning treated
wastewater reuse have been developed and issued as Egyptian Code concerning the
“Reuse of Treated Wastewater for Agriculture purposes”. Treated wastewater can be
reused directly in agriculture and/or indirectly for groundwater recharge. An amount
of 300 MCM/yr. of treated wastewater is used for agriculture irrigation in Egypt [32,
35-37]. Itis very costly to irrigate each hectare of agriculture land. The costs include
the networks, seeding, and adjusting land levels, in addition to the cost of the pump
stations and generators. Therefore, the average cost for cultivating 1 Feddan (equal
to 4200 m?) is about 10,000 Egyptian pounds (i.e., about $625).

Presently, a reasonable amount of the primary treated wastewater is reused for
irrigating of forests trees in the desert of Egypt [32]. Table 5.1 shows a total of
24,000 feddans (about 10,032 hectares) are already cultivated by irrigation with
primary treated wastewater, while Table 5.2 presents the types of cultivated plants.
However, the total current and potential areas for irrigation with primary treated
wastewater in Egypt are 82,000 feddans (34,439 hectares).

Nationally, there are two main essential options for handling the treated waste-
water: either direct reuse for agricultural purposes or discharge into the main
national agriculture drainage network. Figure 5.2a presents the amount of treated

Table 5.1 Forest areas irrigated by primary treated wastewater in different governorates in
Egypt [32]

No Governorate Forest Area (Feddan) Area (Hectare)

1 Aswan Elalafy 3000 1260
Blana 1000 420

2 Sohag Tahta 1000 420
Elblyana 1000 420
Grga 1000 420
Tma 500 210

3 Bany Swaif Bandil 265 111.3
Bayad El-Arab 720 302.4
East Beny Swaif 900 378

4 Red Sea Ras Gharib 1000 420
Safaga 500 210
El-Qasir 500 210

5 Qena Naga Hammadi 2000 840
Farshot 1500 630
Qena 3000 1260

6 Menya Menya El-Gededa 5000 2100
Samalot 1000 420

Total 23,885 10,031.5
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Table 5.2 Types of cultivated plants irrigated with primary treated wastewater in different
governorates in Egypt [32]

Governorate Cultivated plants

Aswan Jatrova, Kaya, J ujoba

Luxur Sysaban, Jatrova, Kaya, Jujoba
Qena Sysaban, Jatrova, Kaya, Jujoba
Sohag Sysaban, Jatrova, Kaya, Jujoba
Asuitt Casuarina, camphor

Beny Swait Casuarina, camphor

Red Sea Casuarina,

Matroh Casuarina, camphor, Jatrova
North Sinai Ornamental palm, casuarina, camphor
South Sinai Kaya, casuarina

Monofia Kaya, casuarina

Lsmaliia Casuarina, camphor

wastewater discharged to the main drainage network and Fig. 5.2b the amount
reused directly for agricultural purposes in different Egyptian governorates in 2011
[38] (Fig. 5.3).

5.3 Constructed Wetlands in Egypt

5.3.1 Lake Manzala CW Project

In Egypt, there are two major concerns: environmental and economic problems
related to the poor quality of north flowing agriculture drainage waters mossed wit
sewage water. In January 2001, the construction of the CW facility began on a
100-hectare area South-West of Port Said City, Egypt, one of the most poorly served
areas in Egypt where local residents have no access to clean potable water, electric-
ity, sanitation, as well as any other basic services.

The project was a cooperative effort between the Global Environmental Facility
(GEF), the United Nations Development Program (UNDP), and the Egyptian
Environmental Affairs Agency (EEAA). The CW was designed to treat
25,000-50,000 m*/day of polluted drainage water from the Bahr-El-Bagar drain to
improve the water quality in Lake Manzala that is connected to the Mediterranean
Sea. Lake Manzala is located in the North-Eastern edge of the Nile Delta (Fig. 5.4).
The Egyptian authorities were concerned over the discharged drainage water to
Manzala Lake as a major environmental and economic problem. Such drainage
waters are heavily polluted wastewater crossing the Nile Delta and enter large
coastal lakes before discharging into the Mediterranean Sea. The resulting environ-
mental contamination of the Mediterranean Sea coastal area violates the interna-
tional agreements, signed by Egypt, including Barcelona Convention.
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Fig. 5.3 (a) Discharge (MCM/Year) to the main drainage network, and (b) direct reuse (MCM/
Year) of treated wastewater in Egyptian Governorates [32]

The facility includes intake screw pumps, surface treatment cells, sedimentation
basins, subsurface reciprocating cells, fish rearing facility, pilot test cells, and the
treated effluent reuse area. The 5 years demonstration project included 3 years for
design and construction followed by 2 years of operation to demonstrate the perfor-
mance, and optimize the implemented CW systems in Egypt. Within the CW facili-
ties, the project includes a commercial scale of 60 feddans (25 hectares) for a fish
farm, using the treated water for the purpose of compensating the plant operational
costs. The long-term aim is to implement the innovative, and low-cost wastewater
treatment technologies in the area and the region.

The total area of the lake is 250,000 feddans (104,207 hectares) and the inflow to
the lake is 4 BCM/year of polluted water. Bahr El-Baker drain contributes with
about 25% to the total lake inflow, which is mainly agriculture drainage water mixed
with sewage water. The area of the CW is 200 f (83 hectares) (Fig. 5.5), i.e., about
1% of the total Lake area (Fig. 5.4). It receives the highly polluted water from many
drains especially Bahr El-Baqr drain. Therefore, low dissolved oxygen was detected,
aquatic bio-diversity declined, fish, produced by the lake or fish farms in the area
were not suitable for human consumption. The pollution load of Lake namely BOD,
TSS, total nitrogen, and total phosphates were 40, 160, 12, and 4 mg/L, respectively.
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Fig. 5.5 The 83 hectares CW at the Lake Manzala
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This CW project has proved that adequate treatment can be attained and safe
reuse at a wide range for non-potable purposes particularly for fish farming. It also
helped to make Egypt a regional leader in CWs and self-sufficient in the reuse of
innovative wastewater treatment technologies. The key advantages of the
project are:

* It examined various technological processes onsite for the purpose of optimising
the treatment efficiency, including various CW designs and different wastewater
strengths.

e Further study will be carried out to determine the optimum treatment efficiency
of the CW for handling higher flow rates, with stronger wastewater of higher
pollutant loadings from the fish farm effluent. More work is considered to deter-
mine the most convenient wetland plant species that can be used effectively in
the highly saline water.

e It will support the local community through education, training, and marketing
of their bio-products.

Although successful, the CW project is unable to achieve broader environmental as
well as economic goals. Achievement of these goals has not been reached due to a
number of constraints related to project design and implementation. Overall, this
CW offers a very useful model to investigate and to learn from for any future proj-
ects concerning the construction of an efficient, innovative, and low-cost wastewa-
ter treatment technology.

5.3.2 Gravel Bed Hydroponic Wetland for Municipal
Wastewater Treatment in Ismailia

This system treats sewage water through a field-scale gravel bed hydroponic wet-
land (GBHW) in a remote area under the sub-tropical climate of Egypt at Abu-
Attwa village [23]. In the previous times, the wastewater of this village and its
surroundings was discharged to the nearby Temsah Lake. As a result, the lake
became contaminated, aquatic plants were flourished, unpleasant smell existed, and
nutrients and water of the sewage were lost. The GBHW has been implemented as
secondary treatment process at this area. The treatment system consisted of two
GBHW stages in series (Fig. 5.6a). Each stage consisted of six parallel channels.
Each of the first stage channels was 120 m long, 2 m wide, and 0.5 m deep at 1%
slope. They were planted with Phragmites australis (elephant grass). Each of the
second stage channels was 50 m long, 2 m wide, 0.5 m deep at 1% slope, and were
planted with Cyperus papyrus (Cyperaceae family) (Fig. 5.6b). The later plant is
very common in Egypt and other countries [53]; it was used by the ancient Egyptians
for manufacturing of papyrus paper.

The raw municipal wastewater was primary treated in sedimentation-settling
basins followed by a trickling filter. The effluent was directed to the GBH wetland
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Fig. 5.6 (a) The second stage of the GBH treatment system in Ismailia, Egypt [23] and (b)
Cyperus papyrus of the Cyperaceae family

system where the flow rate was 20 L/min to each channel through the first stage, and
the effluents were directed simultaneously to the second stage by gravity. The total
daily treated wastewater volume was 100 m*/d. The GBHW channels have been
operated intermittently throughout the study period; the flow of wastewater was
only 18 hr./day. The purpose was to provide sufficient period of time for the chan-
nels to dry and to allow atmospheric air to diffuse into the plant root zone. The
physical, chemical and bacteriological characteristics of the sewage influent and
effluent were studied for a period of 12 months. The removal rate of BODs, Total
Suspended Solids (TSS) and Ammonium-Nitrogen (NH,-N) ranged from 70.3% to
93.2%. Effective removal was also achieved for pathogenic bacteria and microor-
ganisms. The overall results indicated that the GBH as a CW is capable of handling
the municipal wastewater in Egypt up to the acceptable environmental level suitable
for recycling in agriculture as an important process in arid and semi-arid areas [23].

5.3.3 Decentralized Wastewater Treatment in Sinai via Gravel
Bed Hydroponics Wetlands

This GBHW was designed and implemented for municipal wastewater in Sinai
Peninsula, Egypt, to serve a large village and the surrounding areas [39]. These
areas have no industrial activities; therefore, the concerned municipal wastewaters
(1270 m?*/d) were not mixed with any industrial discharge. The treatment system
consisted of the main piping systems to transfer the wastewater to the treatment site.
The inlet is subjected to three screening, followed by grit chambers (3x1.5%2.5 m
each), followed by sedimentation basins. Each screening system dimensions are
1.5%2.0 m. The outlets of theses chambers are subjected to the distribution system
through 6 valves. Each valve distributes the wastewater into two GBH channels.
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The wastewater flows by gravity to 6 receiving small shallow basins controlled by
giant valves. Each of these basins was split into two GBHW channels. Therefore,
there is a total of 12 GBH channels. The dimension of each channel is 2.0 m width,
100 m length and 0.45 m depth. The slope of each channel is 2% to allow the flow
of wastewater by gravity up to the end of the treatment channels. All channels were
filled with gravel as a media for treatment and filtration (Fig. 5.7a) and planted with
vascular plants, namely Phragmittes australis (Elephant grass). These plants grow
in the Egyptian climate up to 3—4 m height. The treated effluents were allowed to
flow further to a maturation pond (dimension of 50*20 m) at the depth of 2.0 m
(Fig. 5.7b). The final treated effluent is reused for irrigating eucalyptus trees on the
sandy soil of Sinai. However, other plants were also examined.

The results of this investigation (Table 5.3) indicated that the GBHW is very
efficient in the removal of COD, BOD, TSS, TKN and the total phosphates (TP)
with respective removal rates of 68.3%, 74.7%, 76.9%, 42.9% and 47.5% [39].
Further improvement was reached by the maturation pond where the removal of
COD and BOD were 66.3% and 69.8%, respectively (Table 5.3). The overall
removal of COD, BOD, TSS, TKN and TP was 89.4%, 93.2%, 98.0%, 71.4% and
62.5% respectively (Table 5.3).

Fig. 5.7 (a) The 12 GBHW channels; each channel is 100 m long, 2.0 wide and 0.5 m deep, filled
with flint of radius size from 2 to 2.7 mm, (b) maturation pond after construction

Table 5.3 Treatment of sewage water by GBHW followed by maturation pond in Sinai [39]

GBHW Effluent | Maturation pond Effluent | Overall (%)

Parameter | Unit Raw Sewage* | Conc % Conc %

TDS pmhos | 1377 1197 13.1 | 860 28.2 37.5
EC mg/L  |2311 2088 9.6 1644 21.3 28.9
COD mg/L | 857 271 68.4 |91 66.4 89.4
BOD mg/L | 672 162 75.9 |45.7 71.8 93.2
TSS mg/L  |390 90 769 |75 16.7 98.0
TKN mg/L |70 40 429 |35 12.5 71.4
TP mg/L | 8.0 4.2 475 |3.8 9.5 62.5

2 After sedimentation



82 H. I. Abdel-Shafy et al.

By correlating these results with the permissible Egyptian regulations [40], it
was concluded that the final treated effluent can be safely reused for irrigation with
regards to Class 2 (secondary treated water), in this case for irrigation of woody
trees as an economical value. The latter is an environmentally friendly option, par-
ticularly in an area like Sinai Peninsula. In addition, the results indicated that there
are no hygienic risks. This is mainly due to the long HRT in the CWs as well the
maturation pond as passively affected by the sunlight that are very effective in the
removal of fecal coliforms from the studied wastewater.

5.3.4 Cilioprotists as Biological and Pollution Indicators
of GBHW Efficiency

A GBHW was constructed and implemented for sewage treatment in several
Egyptian villages, where they provided an excellent environment for a very wide
range of the ciliates species “Cilioprotists” (23 species). These organisms were very
useful to study the biological system of the GBHW. They can be employed as good
indicators for various saprobic conditions. In addition, these ciliates provided an
excellent means to estimate the efficiency of the GBHW system for sewage treat-
ment. The obtained results confirmed the ability of the GBHW in producing a high-
quality treated effluent with excellent microbial reduction that meets the quality
standards for reuse in irrigation according the local and the international regula-
tions [41].

5.3.5 Hydroponic Rooftop Gardens in Informally Developed
Areas in Egypt

This work investigated the development of the rooftop farming through a hydro-
ponic system for the purpose of improving the quality of life for the majority of resi-
dents. The study aimed to explore the advantages and the potentials of green
vegetative rooftops [42]. Rooftop gardens are presented mainly as a podium for
urban farming [6]. The general main aim is solving social, environmental, as well as
the economic problems in large cities like Cairo with a hot arid climate as well as in
different developing countries. The investigation was based on extensive local stud-
ies that address such green-roof hydroponic in an arid climate. A long-term strategy
of adopting roof farming could certainly support the sustainability for food security,
as well as the addition of social, environmental and aesthetical advantages to culti-
vated areas.

Appropriate knowledge is required for implementing the hydroponic roof gar-
dens in Egypt. The study showed that they are cost-effective, simple to design and
to implement. Nevertheless, the important factors are: the construction restrictions
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and the climatic conditions, beside the social factors. The present application had
great success as well as environmental and social benefits. However, a number of
challenges that hinder the spreading of such hydroponic technology in Egypt includ-
ing legal encouraging support to private sector in participating in these valuable
projects. By overcoming such challenges, a reasonable ratio of environmentally
friendly green areas can be reached in the near future at ratio of 4 m*/pe [43].

5.3.6 Constructed Wetland in a Remote Area
Jor Greywater Treatment

The study area is east of Sharquiya Governorate, 55 km NE of Cairo. Fifty years
ago, this area was a desert without any agriculture activity. It is now a well-known
organic farm that depends on groundwater and rain for irrigating the purely organic
and pharmaceutical plants. The overall purpose was to reuse the treated wastewater,
recycling the nutrients, and protecting the environment and the public health. The
work was designed to implement integrated models of wastewater treatment and
reuse [44].

A full-scale CW was established in this farm for greywater treatment and reuse
of treated effluent to irrigate lumber trees. The greywater originated from children
and boarding school, training workshops, offices, laundry, kitchen and few houses.
The raw greywater characteristics were within the average strength in Egypt. The
CW was designed for the treatment of 20 m*/d. The greywater was primary treated
in a three-chamber sedimentation/septic tank of 56 m? capacity (Fig. 5.8a) followed
by a SSFCW of 200 m? area (Fig. 5.8b). The HRT for the septic tanks and the CW
were 6, and 7 days, respectively.

The results showed that COD and BOD were eliminated by 87% and 89%,
respectively. The fecal coliform count was also reduced by 5 log units. The physico-
chemical characteristics of the treated wastewater were within the permissible lim-
its of the Egyptian standards for irrigation [40] Meanwhile, no odor problems or

Fig. 5.8 (a) Construction of the septic tank, (b) Constructed wetlands before planting in Sharquiya
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insects existed due to employing the SSFCW. Employing the proper engineering
design of a CW and efficient primary treatment process has improved the quality of
the treated effluent. The treated water was reused onsite for irrigating the lumber
forest trees on the local sandy soil. The advantages are soil quality improvement,
recycling nutrients, higher agricultural production and groundwater protection.
Treated water reuse could save about 10 m*/d of fresh water that were consumed for
irrigating the lumber trees [44]. The CW system can achieve good performance all
year around due to the sunny and moderate climate in Egypt. It was, therefore, con-
cluded that CWs are simple, low-cost, and efficient treatment systems particularly
appropriate for decentralized and remote areas in Egypt [44].

5.3.7 Greywater Treatment Using Different Designs of Gravel
or Sand Bed Hydroponic Filters

Different designs of sand bed hydroponic filter as a secondary treatment for a pri-
mary treated greywater effluent were studied in order to optimize the treatment
efficiency. The following hydroponic filters were examined: (1) Gravel bed filter
down flow (GFDF), (2) gravel bed filter up flow (GFUF), (3) sand bed filter down
flow (SFDF), (4) gravel bed filter followed by sand bed filter (GFSF), and (5) a hori-
zontal flow sand bed filter (HFSF). The pilot plants were designed and implemented
at the National Research Center of Egypt.

During the period of this study, the GFDF, GFUF, and SFDF were examined with
a wastewater influent flow rate of 173 m?*/m%d, while the GFSF and HFSF were
examined at a flow rate of 86.5 m*m?/d [45]. The operation and dimensions of the
designed hydroponic filters are given in Table 5.4. The raw greywater characteristics
varied greatly from 319.6-491 mg/L for COD, 120-307 mg/L for BODs, and
26-201 mg/L for TSS. The biodegradability (BODs/COD) was 0.54, slightly lower
than the average domestic wastewater. This confirms that the greywater contains
non-biodegradable organic contents, particularly in dissolved forms. This greywater

Table 5.4 Design and operating parameters for the different GBHF and SBHF systems [45]

Area | Depth | Type and size (mm) | HLR** (m¥/ | OLR** (g
System (m?) | (m) of media m?%day) BOD/m?*day)
Gravel bed hydroponic 1.0 1 Gravel of 24 mm 173 18.3
filter down flow (GFDF)
Gravel bed hydroponic 1.0 1 Gravel of 24 mm 173 18.3
filter up flow (GFUF)
Sand bed hydroponic 1.0 1 Sand of 1-2 mm 173 339
filter down flow (SFDF)
Gravel filter followed by |2 03 Sand of 1-2 mm and | 86.5 9.3
sand filter (GFSF) gravel of 24 mm
Rough filter (HFSF) 2 03 Gravel of 2-4 mm 86.5 23.8

“"OLR = Organic Loading Rate
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was treated first by sedimentation as primary treatment followed by the different
hydroponic filter systems. The only difference between downflow and upflow
GBHF is the direction of wastewater feeding. Table 5.4 shows the design and opera-
tion parameters of these filters.

The COD of GFSF and HFSF effluent was lower than that the GFDF, GFUF, and
SFDF systems. This may be attributed to the lower HRT applied to the GFSF and
HFSF compared to the other systems (namely, GFDF, GFUF and SFDF). BOD:s
removal in the GFSF and HFSF systems was 82% and 81.2%, respectively. The
level of detergents was also reduced in the effluent. The hydraulic loading rate
(HLR) was controlled at 86 L/m?/d and the organic loading rate (OLR) was 23.7 g
BODs/m?/d.

For the treated effluent of the GFSF, the residual concentration of BOD5, COD,
and TSS was 16 mg/L, 43 mg/L, and 7.5 mg/L, respectively. The corresponding
concentration in the HFSF effluent was 17, 40, and 9 mg/L. It was, therefore, found
that the physico-chemical characteristics of the treated effluent of both GFSF and
HFSF complied with the National Regulatory Standards of the treated wastewater
reuse in agriculture irrigation [40].

From these results, it was concluded that the designed gravel or sand bed hydro-
ponic filter, such as the GFSF or HFSF, for greywater treatment is a promising
system providing a treated effluent that can be reused for agriculture irrigation.
Sand and/or gravel filters can be used for a broad range of applications, including
single-family residences, small communities, and large commercial establishments
due to the fact that these are low-cost and simple techniques.

5.3.8 Integration of UASB and Two Different CWs

The enhancement of treated effluent quality via CW systems is increasingly
employed in different countries throughout the world. For this purpose, a pilot plant
study focused on two treatment schemes for sewage water [46]: an Up-flow
Anaerobic Sludge Blanket (UASB) reactor followed by SSF and/or SF CWs
(Fig. 5.9). The common vascular macrophytes in Egypt, namely Typha latifolia
(cattail), was used at a planting density of a three rhizomes/m?. To evaluate the role
of such vascular plants in the pilot CW, two unplanted gravel beds were used; one
identical to the SSF unit and the other identical to FWF unit operated as the con-
trol ones.

During the 12 months study period, all wetlands were fed with the UASB efflu-
ent at an OLR ranging from 17.3-46.8 kg BODs/ha/d (55.1-134.6 kg COD/ha/d).
The obtained results revealed that the level of COD and TSS in the treated effluent
of the SSF was lower than that of the FWS. The overall performance of the SSFCW
demonstrated much higher removal rates of the studied pollutants than the unplanted
CWs. The FC elimination reached 4 log units [46].
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Fig. 5.9 UASB reactor followed by SSF and FWS CWs

5.3.9 Sewage Water Treatment by UASB Followed by CWs

A further study was carried out on the feasibility of employing the up-flow anaero-
bic sludge blanket (UASB) reactor followed by SSFCWs in a pilot plant for the
treatment of sewage. The obtained results showed that the UASB reactor (as a pri-
mary treatment step) removed 67.7, 71.4 and 65.5% of COD, BOD and TSS, respec-
tively, with corresponding residual concentration of 197, 120 and 79.3 mg/L. The
count of Fecal Coliform was reduced by 1-2 log units in all cases. The residual
count reached 1.6x10° MPN/100 mL.

This anaerobically treated wastewater effluent was subjected to the SSFCW. The
later was highly efficient in the removal of COD, BOD and TSS with residual con-
centrations of 56.7 mg/L, 20.6 mg/L and 5 mg/L, respectively. Fecal coliforms were
greatly reduced to 1.1x10° MPN/100 mL. The quality of the obtained treated efflu-
ent complied with the National Regulatory Standards for agriculture irrigation [40].
Therefore, it was concluded that the combination of anaerobic UASB with the
SSFCW is an effective treatment system for handling the sewage [47].

5.3.10 Blackwater and Greywater Treatment in UASB
Followed by CW

Municipal sewage water separation into greywater and blackwater proved to be very
effective strategy preventing the contamination of greywater by eliminating the
fecal source, thus reducing the cost of wastewater treatment. The UASB reactor is
known as a cost-effective system for organic wastewater, while CWs offer a
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Fig. 5.10 Schematic diagram of the pilot system: UASB followed by HSSFCW [48]

low-cost treatment solution in developed and developing countries, particularly in
semi-arid and arid areas. In this study, two separate UASB reactors were used as
primary treatment step followed by CWs for the separate treatment of greywater
and blackwater separately (Fig. 5.10). The HRT in the UASB was 24 and 6 h for the
two reactors, while the OLR were 1.16 and 1.88 kg/m*/day for the treatment of
greywater and blackwater, respectively. The COD removal rate of in the UASB was
60% for greywater and 68% for blackwater. Further quality improvement was
reached after the application of the HSSFCW. The overall removal rates for COD,
BODs and TSS was 87.7%, 89.5% and 94% for greywater and 94.2%, 95.6% and
94.9% for blackwater, respectively. Therefore, it was concluded that the integration
of UASB and CWs is a promising technology for the treatment and reuse of black-
water and greywater, particularly in the arid and semi-arid areas [48].

5.3.11 Investigation of the CW Inlet Area Shape

The purpose of this study was to investigate the effect of two different shapes of the
CW inlet. Four pilot-scale units were constructed and operated under a 2-days HRT
in parallel in continuous feeding experiments. The treatment system consisted of a
filtration unit followed by two CW units: one FWS and one SSF (Fig. 5.11). Two
different shapes of the inlet works were tested per design: rectangle and triangle.
The results indicated that the triangle-shaped inlet showed a higher removal of COD
(73%), BODs (83%), TSS (81%), fecal coliform (effluent: 104 MPN/100 ml), fecal
streptococci (effluent: 103 MPN/100 ml), pseudomonas aeruginosa (effluent: 102
MPN/100 ml) and Salmonellae (100%). The removal rates in the FWS unit were
slightly higher than the SSFCW unit in terms of COD and BOD. It was concluded
that the inlet design has a slight effect on the CW efficiency (Kamel et al. 2010)
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[40]. Therefore, the authors suggested that the well-designed inlet shape has a con-
siderable effect on the efficiency of CW [49].

5.3.12 Agriculture Drainage Water Treatment in FWS CW
Followed by Floating Aquatic Plant CW

The treatment of agriculture drainage water by two CW types has been studied in
Egypt for the purpose of enhancing the treated water quality. The treatment scheme
consisted of FWS CWs followed by floating aquatic plant (FAP) CWs (Fig. 5.12).
In the FWSCW, Typha latifolia (cattail) was used as the macrophyte and water hya-
cinths in the FAP. The results showed that this combined treatment system was
efficient in the removal of TSS, COD, BOD, ammonia and phosphates. The concen-
tration of COD, BOD, TSS, ammonium compounds and phosphates was reduced
from 115.2, 71.4, 79.4, 4.7 and 1.4 mg/L to 41.8, 13.9, 13.5, 1.8 and 0.5 mg/L,
respectively. In all cases, the treated effluent complied with the National regulatory
standards for reuse of wastewater treated effluent [50], demonstrating that the CW
system is an efficient treatment system for agriculture drainage water [51].

Fig. 5.11 CW pilot units with different inlet shape designs [49]

Fig.5.12 Combined system of FWS and FAP CWs for drainage water treatment; (a) FWS and (b)
FAP units [51]
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5.3.13 Combination of Sedimentation Process and CWs

The efficiency of two field-scale HSSF CWs was studied for the treatment of agri-
culture drainage water. One system was planted with three different plants (Canna,
Phragmites australis and Cyperus papyrus) and the other was unplanted as a con-
trol (Fig. 5.13). The surface area of each CW was 654 m?, the flow rate 20 m*/d
and the OLR ranged between 1.7-3.4 kg BODs/m%*d, while the HRT was
11 days [52].

The results indicated that the planted HSSFCW had better removal rates for
COD (88%), BODs (91%), TSS (92%), and phosphates (60%). Furthermore, 4 logs
of total coliform were eliminated from the wastewater in the planted CW compared
to 3 logs in the unplanted. In the planted unit, the nutrient uptake by the plant spe-
cies reached 29, 30.9 and 38.9 g P/m? and 63.1, 49.46 and 82.33 g N/m? for Canna,
Phragmites and Cyperus, respectively. This indicated that Cyperus papyrus plant is
capable for a higher phosphate and nitrogen uptake than the other studied plants.
Moreover, a higher removal of microbiological parameters was reached in the
planted CW compared to the unplanted one. Most plants in the CWs survived over
the 12-month experimental period. These findings indicated the positive role of the
vascular plants in bacterial removal from wastewater [53, 54]. The overall perfor-
mance by the different vascular plants indicated that Cyperus species is suitable for
CW due to its high ability for nutrients uptake and pathogens elimination. The
unplanted CW exhibited a reasonable removal of COD, BODs and TSS, but the
removal of pathogens and nutrient elements was low. After disinfection, the
reclaimed water could be recycled for the purpose of non-restricted irrigation
according to the Egyptian Holding Code Standards for wastewater reuse in agricul-
ture [39]. It was concluded that the use of HFCW planted with Canna, Phragmites

Phragmites Cyprus

Fig. 5.13 Field-scale CW units planted with different plant species agriculture drainage treat-
ment [52]
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australis and/or Cyperus plants proved to be efficient in the treatment of this pol-
luted water [52].

5.3.14 Combination of UASB and Hybrid CW
for Sewage Treatment

The integration of an up-flow anaerobic sludge blanket (UASB) reactor followed by
a hybrid CW system (FWS and SSF) has been investigated for the treatment of sew-
age in a pilot study (Fig. 5.14). Both CWs were planted with Typha latifolia, a com-
mon macrophyte in Egypt, at a planting density of three rhizomes/m?. The CWs
were continuously fed with the treated UASB effluent. During the study period, the
OLR ranged between 41.4-74.5 kg BODs/ha/day and 84.5-152 kg COD/ha/day.
The efficiency of this integrated system was high, resulting in effluent concentra-
tions of 2.6, 6.4, and 21.4 mg/L for TSS, BOD, and COD, respectively. In addition,
significant removal of the microbiological contaminants (total coliform, fecal coli-
form, fecal streptococci, P. aeruginosa, Salmonellae, total Staphylococci, and
Listeria monocytogenes) was found [55].

5.3.15 Combination of Sedimentation Process and a Hybrid
CWs for Blackwater Treatment

A further investigation was carried out on the efficiency of hybrid CWs for concen-
trated blackwater treatment [24] at pilot-scale. A pilot system was tested comprising
a screening/sedimentation process as primary treatment, followed by a hybrid CW
(HSSF and VFCW) (Fig. 5.15).

UASB
Effluent

v
o

primary
treated /
influent FWS as

secondary
treatment step

i SSF
tertiary
treated

Influent Raw Sewage

S5F as tertiary
treatment step eHluant

Fig. 5.14 A pilot UASB reactor followed by a hybrid CW system (FWS and HSSF) [55]
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Fig. 5.15 Schematic diagram of the hybrid HSSF and VFCW for blackwater treatment [24]

The results showed that the sedimentation process was able to remove about
64.8%, 58.0%, and 56.8% of BODs, COD, and TSS, respectively. After the HSSF
CW, the removal rates of BODs, COD, and TSS increased to 88.0%, 87.1%, and
82.9%, respectively. The overall removal (after the last VFCW stage) reached
98.0%, 98.5%, and 97.4%, for BODs, COD, and TSS, respectively. This, the final
effluent complied with the National Regulatory Standards for unrestricted water
reuse. This study showed that the hybrid CW represents a cost-effective technology
for wastewater treatment that can be highly efficient in the climate of Middle East,
Africa, i.e., in arid, and semi-arid areas. The hybrid CW enhanced the effluent qual-
ity, mainly due to the relatively low flow rate and the larger surface area. Such CWs
act as gravel filters, thus, providing further sedimentation of the suspended solids as
well as adsorption on the biofilm adhered to both the gravel and the plant roots. The
combination of HSSF CW followed by VFCW proved to be a promising integrated
system for the treatment of such strong blackwater. Such hybrid CWs can handle
high hydraulic and organic wastewater loads [8, 24], as it has been proved in other
cases under arid climates [56, 57].

5.3.16 Enhancement of Degreasing/Settling Tank Followed by
CW for Greywater Treatment

Treated greywater can be reused for non-potable purposes such as landscape irriga-
tion and toilet flushing. In this study, greywater was collected from five flats and
connected to a pilot plant to examine different treatment processes for treatment and
safe reuse of the treated water. The treatment system consisted of sedimentation/
settling tank followed by a HSSF and VFCW (Fig. 5.16) [58]. To enhance the sedi-
mentation tank, the “Effective Micro-organism (EM)” was added. The effect was
examined firstly in “jar test” batch experiments to determine the optimum operating
conditions. The experimental work involved monitoring of physico-chemical
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Fig. 5.16 A pilot plant comprising of a sedimentation tank followed by a hybrid CW (HSSF and
VECW) for greywater treatment [58]

Table 5.5 Design and operation parameters of the hybrid CW treating greywater [58]

Dimensions and materials

No. of units 2

Length 1.2m

Width 1.0 m

Water depth 0.50 m

Plant Phragmittes austeralis

No. of rhizomes/m? 3

Substrate Sand (0.20 ~ 0.45) mm, Rice straw (15 kg/m?), and small
gravel (0.50 ~ 1.00) mm

Metal piping inlet and outlet PVC

Release and retain greywater Valve

Operating conditions

Hydraulic retention time (HRT) 2.2d

Organic loading rate (OLR) 270.91 kg BOD/ha/d
356.36 kg COD ha/d

characteristics of greywater under varying operating conditions at different sedi-
mentation periods. The design and operating conditions of this treatment system
using the hybrid CW are given in Table 5.5.

The overall results showed that the addition of 1.5 ml/L of EM to the raw grey-
water in the settling tanks followed by 3.0 hr. retention resulted in remarkable
removal of TSS, COD, BODs and oil & grease at corresponding rates of 78%, 70%,
83%, and 89%. When this primary treated greywater was subjected to the hybrid
CW, the removal rates reached 73%, 65%, 63%, and 84% for TSS, COD, BOD;s and
oil & grease, respectively. Overall, the combined system reached 94%, 90%, 94 %,
and 98% removal of TSS, COD, BOD; and oil & grease, respectively [58]. E. Coli
count and the number of cells or eggs of Nimatoda reached 100/mL and “1 Count/L”,
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respectively in the outflow. The characteristics of the treated effluent were within
the limits for unrestricted reuse according to the “Egyptian regulation, 2005” [50].

5.4 Role of CWs in Heavy Metals Removal

5.4.1 Gravel Bed Hydroponic Wetland

An experimental study was conducted for a period of 9 months on a gravel bed
hydroponic wetland (GBHW) using artificially contaminated municipal wastewater
by 5 different heavy metals. The metals were Cd, Cu, Ni, Pb, and Zn at a concentra-
tion of 5.0 mg/L each [59]. The dimensions of the GBHW were 30.5 m length,
0.6 m width, 1.2 m depth, and slope 2% (Fig. 5.17). The GBHW was planted with
Phragmites australis. The study revealed that metals were greatly eliminated
between 72% for Cd to 89% for Cu and Zn. Metals were mostly adhered to the
solids that were precipitated between the gravel media of the GBHW. The reeds also
contributed to such an elimination. The plant roots were the highest and the stems
were the lowest in accumulating the studied metals. The distribution of metals in the
plant was: roots > leaves > stems [59]. These results were also confirmed by other
investigators, who studied similar GBHW with the same dimensions [60].

5.4.2 Fate of Heavy Metals in CWs for Greywater Treatment

A similar study was conducted to evaluate the fate of heavy metals in SSFCWs
treating real greywater [61] (Fig. 5.18). The CW was planted with two different
vascular aquatic plants; Phragmites australis and Schoeneplectus lacustris.
Greywater was first applied to an Imhoff tank to remove the suspended solids, and

Fig.5.17 A pilot gravel bed hydroponic wetland at 2% slope tested for heavy metals removal from
wastewater [58]
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Fig. 5.18 Pilot SSFCWs for the treatment of greywater [61]

the effluent was directed to a CW. The CW effluent was then directed to a polish-
ing pond.

The studied metals were Cr, Cu, Fe, Cd, Ni, Zn, and Pb. The translocation of
these metals in the two plant roots, stems and leaves was also measured. The results
showed that P. australis had a higher tendency to uptake metals than S. Lacustris.
The level of metals was much higher in the roots, followed by leaves and stems.
However, metals were concentrated mostly in the sludge than in the plants. Metals
concentration was in the following order: Fe > Zn > Cu > Ni > Pb > Cd > Cr. The
presence of such metals was attributed to the household greywater, therefore, iron
and zinc both were enriched to a higher extent than the other ones. It was also con-
firmed that the level of studied metals in vascular plants grown in the CW were
higher than in those grown in the “controlled” plant area.

Metal removal rates in CWs depend also on the type of element (Hg > Mn > Fe
Y4 Cd >Pb V4 Cr>7Zn Y4 Cu > Al > Ni > As), as well as substrate conditions, metal
ionic forms, season, and plant species [62]. It was found that the accumulation of
metals in the greywater sludge was the factor controlling their elimination. In addi-
tion, that the vascular aquatic plants in the CW can be potential scavengers of metals
accumulation. This study demonstrated that metal enrichment varies with metal
type as well as the plant species.
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5.5 Conclusions

CW system present several advantages. When the wetland system is constructed,
there is no direct contact with the wastewater influent, no noise and odor generation,
as compared with many other established treatment systems. CW systems can be
implemented at any scale, enabling the onsite solution as a decentralized approach
for wastewater treatment. CWs have also been proved efficient in reducing the
pathogenic bacteria due to the HRT applied in these systems [3, 54], an issue of
great importance for developing countries like Egypt. Generally, the pathogenic
bacteria that are excreted in the sewage water live only for a short time depending
on several factors including the surrounding environment and the bacteria own
nature and characteristics [41]. It is found from the various experimental systems
that pathogen removal in CWs is achieved via several mechanisms such as sedimen-
tation, adsorption, filtration predation as well as inactivation due to the environmen-
tal stresses [23, 54].

Furthermore, CWs are a low-cost system in terms of construction, labor, mainte-
nance and operation, since the labor needed to run the system are less than for other
conventional technologies [1, 2, 39]. Typically, only one 1-2 hours weekly visit is
required to control the site. Moreover, CW consume low amounts of energy or even
no energy at all [29], since they use much less equipment than other systems. It is
also worth mentioning that the CWs use no chemicals, therefore it is considered a
green system.

A proper design of CW systems is crucial to obtain an acceptable effluent qual-
ity. The treated effluent has often a good quality suitable for land irrigation and safe
reuse. This is mainly due to the removal of key pollutants such as ammonia, nitrates,
phosphates, BODS, COD, and TSS. Furthermore, the treated effluent can be safely
reused for irrigation as the nutrient elements are recycled. In all cases, the treated
effluent contains valuable nutrients (phosphates and nitrates) that give a high poten-
tial for agriculture irrigation. Moreover, reduction of sludge production can also be
achieved through CWs [9, 62].

For these reasons, CWs have been efficiently used in Egypt for many years for
treating various wastewaters, as a cost-effective, eco-friendly technology that
could replace the conventional secondary biological treatment systems in many
cases. The only drawback of these systems is the required land area for construc-
tion. However, usually this is not a problem in the arid and semi-arid areas where
land is available and the water is highly needed. In Egypt, Middle Easter, North
Africa, and generally in arid and semi-arid areas, and in many developing coun-
tries, the land area is often not a significant problem for the construction of a CW
systems as a promising and attractive technique for decentralized wastewater
management.
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Chapter 6 )
Constructed Wetland as an Efficient s
Technology for the Treatment of Urban/
Industrial Wastewater in the Arid Regions:
Morocco as a Model

Ayoub El Ghadraoui, Mounir El Achaby, Laila Mandi, Naaila Ouazzani,
Fouad Zouhir, Abdeljalil El Ghadraoui, and Faissal Aziz

Abstract Human activities have caused holistic changes in earth climatic condi-
tions, translated by decreased rainfall in many regions. Sadly, these changes are
more expressed in poor and developing countries, especially in the African conti-
nent. Many regions suffer from long periods of drought and form water quality
degradation, leading to waterborne diseases that spread dangerous diseases such as
cholera and typhoid fever. To overcome these issues, many countries have adopted
water management strategies based mainly on wastewater treatment and its reuse in
agriculture to lower the pressure applied to freshwater resources. However, this
could be a relevant issue in developing countries when using intensive systems such
as activated sludge, membrane bioreactor, and sequencing batch reactors, due to
their high costs in all steps of the wastewater treatment plant, from the construction
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(e.g., huge facilities, intensive technologies) to the exploitation (e.g., energy con-
sumption, maintenance, qualified staff). On the other hand, extensive systems or
low-cost technologies (e.g., infiltration-percolation, constructed wetland (CW), and
algal pond) are more adapted to the developing countries’ context due to their low
cost in construction, easy operation and zero energy and chemicals’ consumption.
Among these systems, CW was distinguished from other systems not only by being
a low cost and easy to implement technology but also by exhibiting great results in
terms of wastewater treatment from both domestic and industrial activities (e.g.,
olive mill wastewater, tannery), achieving in some cases a high quality of water
reusable in agriculture. Therefore, the CW technology has experienced a remark-
able spread in developing countries, especially those under arid climates such as
Morocco, one of the African leaders in water management. The aim of this chapter
is to make a comparative analysis of wastewater treatment systems used in Morocco
as an arid area and highlight the effectiveness of CW regarding its adaptation to the
limited resources in this arid context and their treatment capacity for the different
types of wastewater, including the tentative strategies for optimizing urban and
industrial effluent treatment.

Keywords Constructed wetland - Urban wastewater - Industrial wastewater -
Decentralized wastewater treatment plant - Morocco

6.1 Introduction

In arid and semi-arid areas where water is a limiting factor in crop production and
the needs are often associated with population growth and increased levels of life,
the volume of wastewater produced increases significantly. It will continue to
increase steadily, especially the urban wastewater due to the cities broadening.
Wastewater represents, in these conditions, an inexhaustible source. It is also the
only water resource that will be more available in the future. Therefore, it is manda-
tory to take it into account and its wise management must be integrated into the
sustainable development objectives, provided that they are refined. However, waste-
water treatment (WWT) is almost absent in developing countries due to the high
cost of investment and maintenance. It is, consequently, necessary to find reliable
low cost techniques, capable of effectively treating wastewater.

For this purpose, CW (phyto-purification or filter planted with macrophytes) is
an adequate alternative. CW is a water treatment system using aquatic plants, func-
tioning as biological assimilators by eliminating both biodegradable and non-
biodegradable compounds as well as nutrients, metals and pathogenic
microorganisms [1]. Although of moderate cost, this system is not well established
in the southern countries and its development has been observed mainly in rich
countries because of its good treatment performance.
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Morocco, characterized by an arid to semi-arid climate, is among the countries
where water is scarce. The situation of its water resources is already critical and the
risk of it becoming a problem hindering any further development is real. Average
precipitation in Morocco is 27.18 mm annually from 1901 until 2015. Current per
capita availability is 760,000 L/year, but that availability is expected to fall to
560,000 L/year by 2030 [2].

This critical situation of water resources has increased the interest in the reuse of
treated wastewater in agriculture as an alternative solution and the integration of
non-conventional water in a planning and mobilization strategy. Indeed, the water
deficit can be filled mainly by treated wastewater; this resource is abundantly and
continuously available. Moreover, it has many advantages, notably a reasonable
cost compared to desalinating seawater or digging wells.

The direct benefits for the inhabitants of the cities and centers that this program
will rehabilitate are estimated at 1.7 million euros per medium-sized center for
access to an efficient service. Indirect benefits to the population’s health and the
Moroccan economy will be converted into improving the quality of surface water
and groundwater, impacting economic activities, particularly tourism, agriculture,
and the production of drinking water or water-using industries. A brief economic
evaluation made it possible to calculate an Economic Internal Profitability Rate of
9%. In addition to these benefits, treatment and reuse of wastewater contribute to
protecting the receiving environment [3]. For this reason, the Moroccan government
launched a National Liquid Sanitation and Wastewater Treatment Program (PNA
2005-2030). The PNA is a very ambitious program that adopts a real action strategy
to control and manage wastewater in Morocco. In addition, the PNA is targeting
public access to the sanitation and WWT network.

This chapter reports the potential situation of alternative WW'T in Morocco high-
lighting low-cost technologies, especially in the arid areas. A comparative approach
to those treatment systems is envisaged. On the other hand, this work focuses on the
experience of Morocco on the application of CW on industrial wastewater treatment.

6.2 The Current Status of Wastewater Treatment in Morocco

Morocco is a kingdom located in the northwest of Africa; it has 710,850 m?, and
3500 km of coastline (500 km of Mediterranean and 3000 km of Atlantic Ocean).
With insufficient rain and droughts and a population of approximately 34 million
people, the mean volume of water available per inhabitant per year is about 1000 m?/
capita/year. However, in dry areas of Morocco, only 180 m* of water is available per
inhabitant per year. The alarming evolution of drought and the complications linked
to climate change have prompted the Moroccan government to set up the National
Liquid Sanitation Plan (PNA) in 2005. The specific objectives for 2020 and 2030
were to achieve 80% overall connection to the urban sanitation network in 2020 and
reach a volume of 60% of treated wastewater in 2020 [4].
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Since the implementation of the PNA, several projects have been completed or
are in the process of being completed. Therefore, the current situation is character-
ized as follows: increase in the rate of connection to the wastewater network to 75%
(compared to 70% in 2005); Increase in the rate of WWT to 340.47 million m*/year,
i.e., 45% of the total volume against 8% in 2005, including 23% of the total volume
treated at tertiary level; Construction of 140 WWTPs (compared to 21 in 2005)
including 55 with tertiary treatment; 84 WWTP are in progress. The PNA aims to
achieve a connection rate to the sanitation network in urban areas of 100% by 2030.

In Morocco, more than 750 million m?® of wastewater is produced yearly. The
ratio of treated wastewater to produced wastewater is equal to 24%. This ratio is
considered among the lowest compared to other countries in the Mediterranean
region, such as Egypt (57%) or Tunisia (79%) [4, 5].

Different technologies are used in Morocco to treat urban wastewater. Intensive
systems (WWTP consuming high energy) such as activated sludge, membrane bio-
reactor, and sequencing batch reactor are implemented in major cities. Also, exten-
sive systems (systems working with energy from natural resources es no energy)
such as CW, stabilization pond and algal channel, are implemented in small villages
(Fig. 6.1).

According to Aziz and Farissi [3], WWT processes require a consistent set of
processes performed after pre-treatment, such as screening and degreasing. Both
intensive processes, including activated sludge, biological drives and trickling fil-
ters, and extensive processes such as lagoons and infiltration-percolation beds.
Since 1958, 60 WWTPs were built in Morocco. Yet, in 1994 the vast majority were
down or not connected to the network for various reasons: inadequacy of the treat-
ment system to meet local conditions, faulty design of structures, lack of mainte-
nance, management problems (e.g., lack of budget, lack of competent technical
staff), lack of planning in the short and long term. In 2004, only 8% of wastewater
was treated; the rest was discharged directly into the sea (52%), the surface

™ Natural Lagoons M Aerated Lagoons = Activated Slugde  m Trickling filters ~ ® Other techniques

Fig. 6.1 Distribution of different kinds of WWT technologies in Morocco [3]
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freshwater system (32%) and septic systems, causing serious pollution of the coast-
line, rivers and groundwater. This WWT rate was increased in 2012 to 28% [6]. By
2009, over 100 WWTPs are installed, mainly in small and medium-sized towns in
the interior of the Moroccan country. They used various technologies such as acti-
vated sludge, ponds, drainage and stabilization ponds and infiltration filters. But the
lagoon technology remains the most used in the country due to its low cost, simple
maintenance and adaptation to climate conditions of the area [7]. For these 100
WWTPs, more than half are not functional for many reasons: technical, financial
and human [7]. This situation demonstrates a delay that the country has experienced
in successful wastewater technology deployment and contamination risks for the
environment in general and water resources in particular. Therefore, to protect water
resources and reduce pollution, a PNA has been developed to improve sewerage
collection, treating both industrial and domestic wastewater and increasing waste-
water reuse.

About 75-90% of treated wastewater in Morocco passes through secondary
treatment to remove organic matter. Twenty-six WWTPs are equipped with tertiary
WWT (disinfection step using chloride and UV irradiation), allowing the reuse of
treated water. The largest WWTP in Morocco, which was built within the frame-
work of the PNA, is that of Fez, which can treat 130,000 m*/day and has a tertiary
treatment process similar to that of the WWTP Marrakech (120,000 m*/day). The
latter, inaugurated at the end of 2011, makes it possible to meet the needs of 7 golf
courses and the various green spaces. In addition, the WWTP manager (Autonomous
Agency of Distribution of Water and Electricity of Marrakech, RADEEMA) has
been able to conclude very specific commercial agreements with existing and future
golf courses (for house garden’s and the golf grass), i.e., 18 golf courses in total. To
provide them with a perennial water supply of around 39 million m*/year [8].

In terms of treated wastewater valorization, only 0.3% of wastewater is treated
and reused in irrigation in Morocco [4]. The fraction of the irrigation area equipped
for irrigation with treated wastewater varies between 1% and 2%. While, the frac-
tion equipped for irrigation by direct use of untreated wastewater is 0.5%. The con-
straints leading to these poor levels of wastewater reuse is lack of social acceptance
due to inadequate information on the benefits of this practice and to the poor moni-
toring of treated wastewater, incomplete economic analysis of WW reuse options, a
mismatch between water pricing and water scarcity, and lack of economic incen-
tives for treated wastewater reuse [9-11].

In Morocco, WWTP suffers from different issues such as substantial delays and
high costs for the purchase of components for repairing equipment; insufficient
aeration in the secondary treatment, due to power outages or high cost of energy;
WWTPs operating above their capacity due to rapid population growth; failures of
the secondary process due to the presence of toxic compounds carried by untreated
industrial wastewater and insufficient monitoring of treated wastewater quality due
to legal or technical constraints.
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6.3 Comparative Approach for Wastewater Treatment

According to the World Bank, 21% of transmissive diseases (e.g., Bilharzia,
Trachoma, Hookworm, Diarrhea, Ascariasis) are water-related due to the presence
of microbial populations such as protozoan fungi, viruses, bacteria, helminths and
algae [12] (Fig. 6.2). About 6939 annual deaths were documented for 13 diseases
caused by pathogens transmitted by water. In addition, 91% were associated with
three environmental pathogens that can grow in water system biofilms: Legionella
(Legionnaires’ disease) (250 deaths), Nontuberculous mycobacteria (NTM, 1216
deaths), and Pseudomonas-related pneumonia (1618 deaths) or septicemia (3217
deaths). Furthermore, 7% were associated with seven pathogens transmitted by the
fecal-oral route: Campylobacter, Cryptosporidium, E. coli, Giardia, Hepatitis A,
Salmonella non-typhoidal and Shigella [13, 14].

Wastewater could also be harmful to humans and the environment by the pres-
ence of some major chemical pollutants such as heavy metals, pesticides, nitrogen,
phosphors and detergents [12]. In order to eliminate or reduce the concentration of
these pollutants in wastewater, WWTP has been used since ancient times [15, 16].
Generally, from about 1900 to the early 1970s, treatment was used in order to
remove suspended and floatable material from wastewater, organic matter and
pathogenic microorganisms. However, from the early 1970s to about the 1990s,
WWT focused more on aesthetic and environmental concerns by removing sus-
pended solids, organic matter and pathogenic microorganisms and targeting more
pollutants such as nitrogen and phosphorus been the cause for lake eutrophication.
Since 1990, increased scientific knowledge has targeted more toxic pollutants in the
treatment process, such as heavy metals, pesticides and pharmaceuticals [17].

WWTP could be classified as centralized or decentralized systems. Centralized
systems, also known as conventional treatment, are usually publicly owned and
used to treat wastewater collected from cities of larges communities via a complex

1000 -
__ 900+
S 800
E 7004
o 600
2
< 500
T
E 400 4
= 3004
=
£ 200
=y
100 .
0 T : : .
Ascariasis Diarrhea Hookworm Trachoma Bilharzis
Diseases

Fig. 6.2 Diseases due to lack of sanitation services around the world
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sanitation network, major excavations and manholes for access. Thus, centralized
systems require less public contribution and responsiveness [18]. However, in order
to collect and treat wastewater, centralized systems require materials (pumps and
piping materials) and energy, consequently increasing the implementation and oper-
ation costs [19-21].

A centralized wastewater treatment system is more complex, combining screen-
ing, primary treatment, secondary treatment, tertiary treatment (disinfection). It
treats wastewater in a central location and then redistributes or discharges treated
wastewater via dedicated distribution networks. The system commonly used in this
centralized approach is activated sludge (Fig. 6.3).

A centralized wastewater treatment system can treat large volumes of water at
high rates to accommodate all residential, business, and industrial uses. However,
the capital cost and operating and maintenance costs for a centralized system can be
significant. It consists of water source development, construction of significant
infrastructures (e.g., the treatment facility, reservoir, and water distribution main),
implementation of automated monitor and control systems, and onsite operators.
Furthermore, the cost is considerable during the operation as multiple fees are
needed (e.g., water discharge fee, electric fee, chemical fee, sludge transport and
disposal fee, staff cost, administration cost) [19-21].

On the other hand, decentralized systems are often implemented for the treat-
ment of individual homes or buildings. They are designed to operate on a small
scale and are generally implemented in rural or peri rural communities in low-
income countries (Table 6.1). Decentralized systems play a role in environmental
preservation and also in decreasing freshwater use by reusing treated wastewater.
Moreover, decentralized systems can be implemented on an as-needed basis, evad-
ing the costly implementation of centralized treatment systems.

The most commonly used decentralized treatment techniques are i) primary
treatment ii) secondary treatment. Primary treatment is generally used for the
removal of settleable solids in order to prevent damages of material in the following
treatment step; the removal of settleable solids will also participate in the decreasing
of sludge production. Septic tank is the most common system used as primary treat-
ment. Besides removing settleable solid’s function, the septic tank can also be used
as an anaerobic bioreactor to enhance organic matter removal. Furthermore, by
injecting air bubbles, the septic tank can also remove oils and hydrocarbons by

Taking the . Primary Secondary Final Sludge Back to
wastewater away Screening Treatment  Treatment  Treatment Treatment the river

Fig. 6.3 Typical layout of centralized wastewater treatment systems
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Table 6.1 Summary of hypothetical EPA rural community technology costs (1995 US$) [22]

Total capital cost | Annual operation and Total annual
Technology (US$) maintenance cost (US$) cost (US$)
Centralized system 2,321,840- 29,740-40,260 216,850-

3,750,530 342,500
Alternative small-diameter | 598,100 7290 55,500
gravity sewers
Collection and small 510,000 13,400 54,500
cluster systems
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Fig. 6.4 Schematic representation of (a) septic tank and (b) Imhoff tank (available at https://www.
epa.gov/septic/types-septic-systems)

flotation. Imhoff tank is also used as primary treatment; its design allows a higher
flow rate than the septic tank; nevertheless, it is less common. (Fig. 6.4).

Many secondary treatment systems such as (i) filters (e.g., sand filter) (ii) lagoon
(e.g., facultative lagoons, aerated lagoons, anaerobic lagoons, aerobic lagoons) (iii)
aerobic systems (e.g., suspended growth, sequencing batch reactor, attached growth,
CW) are used as decentralized WWTP (Table 6.2).

Other treatments or disposal technics used in decentralized WWT are evapora-
tion, surface discharge and reuse. Subsurface wastewater infiltration, land applica-
tion and CWs could also be counted as treatment and disposable methods. The
particularity of treatment and disposal technics is to provide a further polishing
treatment before final disposal of reuse [30]. Decentralized systems can be engi-
neered for a specific location, thus overcoming the problems associated with site
conditions such as impervious soils, high groundwater tables, limestone formations
and shallow bedrock. Moreover, decentralized systems allow for flexibility, consid-
erable modification in the process to meet treatment goals and address environmen-
tal and public health protection requirements. The objectives of wastewater
management in relation to the characteristics of decentralized treatment systems are
represented in Fig. 6.5.

A decentralized treatment system can demonstrate some problems, such as the
overflowing of wastewater into the surrounding areas in case of improper manage-
ment of a septic tank, which can cause detrimental health impacts [31, 32]. Currently,
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Table 6.2 Removal rates (%) of various decentralized WWT technologies

Type COD TSS |N P | FC |Reference
Media filters | Intermittent sand filter | 94 94 87 97 |- [23]
Recirculating sand filter | 99.3 100 |44.4-90.9 |43 - [24]
[25]
Lagoons Aerobic lagoons 25.0-65.2 |- - - |- [26]
Aerated lagoons 68 63 50 54 |- [27]
Anaerobic lagoons 70-80 - - - |- 28]
CWs 96.1 97 199.6 91 168.3 |[29]

COD chemical oxygen demand, 7SS total suspended solids, P phosphorus, N nitrogen, F'C fecal
coliform

Decentralized system characteristics
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Fig. 6.5 General objectives of wastewater management versus decentralized systems
characteristics

sustainability has become a core issue of wastewater management. Yet, the systems
offered for sustainable management (centralized) are expensive enough that a devel-
oping country cannot adopt them [33]. Therefore, numerous secondary treatment
systems exist for decentralized wastewater treatment, each having advantages and
disadvantages (Table 6.3). Considering that sand is the most common and available
substrate for filters, the media filter is occasionally equal to the sand filter.
Commonly, in areas with deep, permeable soils, septic tank—soil absorption systems
can be used. On the other hand, more complicated onsite systems will be required
in zones with shallow, very slowly permeable or highly permeable soils.

In Morocco, especially in arid areas, as the Tensift El Haouz region, the climate
reigning over the entire basin is arid to semi-arid with oceanic influence near the
coasts. Due to its size and relief, the region is characterized by a very different cli-
mate from an area to another. The climate is semi-arid, influenced by the cold
Canary current in the coastal zone, hot semi-arid Jbilet, arid continental current in
Haouz and Mejjat.
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Table 6.3 Advantages and disadvantages of the most common secondary treatment methods [14,

31, 34-37]

Unit

Main advantages

Main disadvantages

Media filters: Intermittent sand filter (ISF) and recirculating sand filter (RSF)

Filters Minimum and easy operation and Cost may increase if the media is
maintenance not available locally
High quality effluent especially for Regular maintenance required
BOD and TSS. Clogging is possible
Nitrogen can be completely Electric power is needed
transformed to nitrate if aerobic The land area required may be a
conditions are present limiting factor
No chemicals required

Lagoons

Facultative lagoons
(FL) and aerated
lagoons (AL)

Effective in the removal of settleable
solids, BOD, pathogens, and
ammonia

Effective at removing disease-causing
organisms

High-nutrient and low pathogen
content effluent

Cost-effective in areas where land is
inexpensive

Require less energy than most other
WWT systems

Can handle periods of heavy and light
usage

The effluent can be used for irrigation
because of its high nutrient and low
pathogen content

Easy to operate and maintain

Not very effective in removing
heavy metals

Do not meet effluent criteria
consistently throughout the year
Often require additional treatment
or disinfection to meet state and
local discharge standards

Sludge accumulation is higher in
cold climates

Mosquitoes and insects can be a
problem if vegetation is not
controlled

Odor may be a problem

Require more land area than other
WWT systems

Less efficient in cold areas and thus
may require a longer retention time

Anaerobic lagoons
(AnL)

Effective at removing disease-causing
organisms

More effective for strong organic
waste

Produce methane and less biomass
per unit of organic loading
Cost-effective (not aerated or heated)
Effluent can be used for irrigation
because of the high nutrient content
Generally low sludge production
Simple to operate and maintain

Not very effective in removing
heavy metals

Often require additional treatment
or disinfection to meet discharge
standards

Require a relatively large area of
land

Odor production

Not suitable for domestic
wastewater with low BOD. Levels

Aerobic lagoons
(AoL)

Effective at removing disease-causing
organisms (5e)

Simple to operate and maintain
Effluent can be used for irrigation
because of the high nutrient and low
pathogen content

Not very effective in removing
heavy metals from the wastewater
Often require additional treatment
or disinfection to meet discharge
standards

Require large land areas

(continued)
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Table 6.3 (continued)
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Unit

‘ Main advantages

Main disadvantages

Aerobic treatment

Suspended growth
(8G)

Extended aeration plants produce a
high degree of nitrification since
hydraulic and solid retention times
are high

Extended aeration package plants are
available on the market

Some odor and noise may be issued
Require electricity

Require regular operation and
maintenance

Sequencing batch

Suitable for site conditions for which

Relatively high initial capital costs

reactor (SBR) enhanced treatment, including Operational control and routine
nitrogen removal, is necessary for periodic maintenance is necessary
protecting local ground and/or surface | to ensure the proper functioning of
water this type of treatment system
The lower organic and suspended Maybe most applicable to cluster
solids content of the effluent may systems
allow a reduction of land area
requirements for subsurface disposal
systems

Attached growth | Better capturing of suspended solids | Nitrification can occur at low

(AG) than the suspended growth loading rates in warm climates
Less complex than extended aeration | Very few commercially produced
systems fixed films systems are currently
Very minimal operation is needed available for onsite application

Require electricity
Constructed The lower organic and suspended Some maintenance of wetland units

wetlands (CWs)

solids content of the effluent may
allow a reduction of land area
requirements for subsurface disposal
systems

Inexpensive to operate and construct
Reduced odors

Able to handle variable wastewater
loadings

Reduces land area needed for
wastewater treatment

Provide wildlife habitat

will be required periodically

The area of a site occupied by the
wetland would have very limited
use

Require a continuous supply of
water

Affected by seasonal variations in
weather conditions

Can be destroyed by overloads of
ammonia and solids levels
Remove nutrients for use of crops

According to the 2014 Regional Planning Directorate of the Marrakech-Safi

Region (RGPH) statistics, the population of the Tensift basin is 3,307,586 inhabit-
ants, compared to the populations established according to the previous RGPH
(1994 and 2004), respectively 2,575,742 inhabitants and 2,909,029 inhabitants.
Thus, the rates of the population increase in the Tensift basin stand at 1.2% for
1994-2004 and 1.3% for 2004-2014.

For a quantity of 140,000 m*/day of wastewater discharged by the region, the
prefecture of Marrakech discharges the largest volume; this represents 66% of the
total volume. The other provinces had relatively insignificant releases; they pre-
sented between 1% and 10% of the total volume of the region. Therefore, the
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Table 6.4 Treatment performance of all ecological WWTP in the Tensift Al Haouz arid region
(Data not published)

Removal rate (%)

Site System TSS COD BOD;
Aghouatim Multi soil layers 80.92 55.72 67.07
Tidili Mesfioua Infiltration percolation 89.53 84.66 87.24

CW 97.30 88.59 87.41
Asni 93.66 88.56 96.40
Tamsloht Natural lagoon 77.37 76.16 83.62
Saada 52.13 66.87 48.64
Chichaoua 63.69 64.58 63.92
Sidi Mokhtar 38.56 58.10 66.73
Essaouira 42.06 56.49 70.28

prefecture of Marrakech is the one that exerts the most pressure in terms of waste-
water discharges; it should, however, it should be noted that it is the most urbanized
prefecture, and therefore the best connected to sanitation and drinkable water
network.

Table 6.4 shows the performance of the WWT by the different ecological pro-
cesses in the region. High yields were recorded for BODs and COD at planted fil-
ters, compared to all region systems, with removal yields of 93 and 96% of BODs,
respectively, for Tidili and Asni, and a yield of 89% for COD for both systems. The
physical and microbial mechanisms played an important role in removing BODs
and COD by planted filters. Due to the physical filtration mechanisms and the low
porosity of the gravel medium, organic solids can be percolated and captured in the
marsh bed for a long time, resulting in greater biodegradation. Sedimentation of
suspended solids and rapid decomposition processes also result in high removal
rates for COD and BOD;s [38]. The results of the present study are in agreement with
the literature regarding the rate of reduction of organic matter [39]. Thanks to the
efficiency of CWs in this region, the quality of the treated wastewater allow their
reuse in agriculture according to the Moroccan irrigation standards.

6.4 Constructed Wetlands for Domestic Wastewater
Treatment under Different Operation Conditions
in Morocco

Several full-scale CWs are implemented in Morocco, especially in rural areas and
small communities, and are dedicated to domestic wastewater treatment.
Unfortunately, very few case studies are published in the form of scientific papers
and reports. In Morocco, a hybrid CW (horizontal + vertical) implemented in the
arid region of Marrakech was monitored and the results show high removal efficien-
cies [7]. The implementation consisted of three parallel lines planted with different
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Fig. 6.6 Removal efficiency of CWs with different plant species

species (Eichornia, Lemna, Phragmites). The results of the monitoring are demon-
strated in Fig. 6.6.

In the suburban area of Casablanca (Douar Ouled Ahmed), a full-scale CW was
implemented for the treatment of Hammam (Municipal bath) effluent and its reuse
for agricultural irrigation [40] (Fig. 6.7).

The implemented CW (Vertical flow) was planted with Phragmites australis and
was designed to treat 6-10 m?/day to irrigate a surface area of 1000 m2. In terms of
treatment, no specific data was reported regarding the inlet and outlet of several pol-
lutants. However, the author has reported that the implemented system has shown
significant removal efficiency towards removing organic matter in forms of COD
and BOD since the final effluent complies with the Moroccan regulation for the
reuse of treated wastewater in irrigation [41].

El Hamouri et al. [42] have monitored the removal efficiency of a full-scale CW
in the city of Rabat (latitude 30°03" N, longitude 6°46” W) 73 m above the Atlantic
Ocean level. Average temperatures are 14 °C and 27 °C, respectively, in the cold and
the hot season. The treatment plant consisted of the combination of TSUAR (two-
step up anaerobic flow reactor) pre-treatment system, high-rate algae pond and
subsurface-horizontal flow CW (SSF-h) system. Three parallel SSF-h beds receiv-
ing around 9.5 m?*/day; two were planted with Arundo and Phragmites and the third
remained unplanted. The removal efficiencies (Table 6.5) were significantly high in
the planted systems; the system planted with Arundo demonstrated a removal of
82%, 82%, 19%, 19%, 11%, 8%, 15%, 33% and Phragmites 78%, 79%, 80%, 78%,
8%, 9%, 15%, 17%, respectively, for COD, BODs, TSS, VSS, TKN, NH,*, TP and
PO~ In the unplanted system, the removal efficiencies were lower as it has showed
removals of 66%, 68%, 60%, 56%, 8%, 5%, 15%, 17%, respectively, for COD,
BOD;, TSS, VSS, TKN, NH,*, TP and PO,*~.
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Fig. 6.7 Pictures of the implemented constructed wetland in Casablanca

Table 6.5 Removal efficiency of the full-scale CW in Rabat for beds with different plant
species and the unplanted bed

Removal efficiency (%)

Parameters Arundo Phragmites Unplanted
COD 82 78 66

BOD;s 82 79 68

TSS 79 80 60

VSS 79 78 56

TKN 11 8

NH,* 8 9

TP 15 15 15

PO~ 33 17 17

In another study conducted in the region of Marrakech, Elfanssi [39] has evalu-
ated the efficiency of a hybrid CW. The full scale is implemented in the rural moun-
tainous area of Tidili (Fig. 6.8).

The treatment system was designed to treat domestic effluent. It consisted of
three vertical flow CWs working in parallel, followed by two horizontal-subsurface
flow CWs with a hydraulic load of 0.5 m*m?*d and 0.7 m*/m?d, respectively
(Fig. 6.9).

In terms of performance, the treatment plant studied by Elfanssi [39] has demon-
strated significant removal efficiencies of several pollutants. As reported, the system
managed to remove 95%, 93%, 91%, 67% and 62%, respectively, for TSS, BODS,
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Fig. 6.8 Images of the implemented CW in a rural area of Marrakech
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Fig. 6.9 Schematic representation of the hybrid CW for the treatment of domestic wastewater in

a rural area of Marrakech

COD, TN and TP. In addition, the system demonstrated high performance in terms
of total coliforms, fecal coliforms and fecal streptococci removal (4.46, 4.31 and
4.10 Log units, respectively).
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6.5 A Pilot CW for Urban and Industrial Wastewater
Treatment in an Arid Area of Morocco

In Morocco, CW is mostly used for the treatment of domestic wastewater in small
villages and small communities. However, the economic state and the amount of
produced wastewater do not allow the implementation of an intensive WWTP. In the
region of Meknes, Taouraout et al. [43] studied the performance and the sustain-
ability of a pilot vertical flow CW designed to treat domestic wastewater. The pilot
CW was implemented in a school and had the following dimensions of
L:W:H = 0.4 x 0.6 x 0.78 m. The CW was planted with Chrosopogon zizanioides
L. at a density of 4 plants/m? (Fig. 6.10).

The pilot was filled from the top with fine gravel (infiltration layer), medium
gravel (transition layer), iron sawdust (iron layer) and drainage layer (crushed con-
crete). This system was fed with three hydraulic loading rates: 250 L/m?/day, 350 L/
m?*/day and 500 L/m*day. As for the performances, the removal efficiencies were
74-92%, 68%, and 47%, respectively, for COD, orthophosphates and ammonium.
The final effluent complied with the Moroccan regulation for the reuse of treated
wastewater in irrigation and, therefore, could be used for the irrigation of certain
crops varieties.

In the case of industrial wastewater, CW are not used. However, few published
studies present the CW as a promising technology that can achieve a high removal
rate while resisting a high toxic effluent. For example, in Morocco, a recent study
on the feasibility of CW for the treatment of olive mill wastewater was conducted
[44]. In the study, a pilot vertical flow CW was used planted by Phragmites australis
(Fig. 6.11). The pilot CW received highly toxic olive mill wastewater from a tradi-
tional extraction unit; olive mill wastewater had a high concentration of organic
matter expressed (264 g COD/L), high conductivity (28 mS/cm), high suspended
solids (2066 mg/L) and high phenolic content (8.73 g/L) (Table 6.6). Due to the
high toxicity of the effluent, the latter was diluted using urban wastewater to increase

Aeration pipe
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Iron Sawdust Effluent
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Perforated pipe

Fig. 6.10 Schematic representation of the pilot CW for the treatment of wastewater from a school
in Meknes
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Fig. 6.11 Schematic representation of the pilot CW for olive mill wastewater treatment

the ratio of microorganisms that participate in the biodegradation processes
inside the CW.

The dilution using urban wastewater also allows the treatment of two effluents at
the same time. Results obtained after one year monitoring showed that the CW had
high removal rates regarding the major pollutants present in olive mill wastewater,
i.e., 91%, 89%, 95%, 94%, 58%, 92% and 96%, respectively, for COD, polyphe-
nols, PO, P, SO,>~, NO,~ and NH,* [45, 46]. The phytotoxicity and antimicrobial
effect of olive mill wastewater are due to their polyphenol content. The removal of
specific toxic polyphenol compounds was also investigated (e.g., hydroxytyrosol,
tyrosol) using the liquid chromatography technique. The study showed that the CW
completely removed these phenolic compounds. The same system was also used to
study the removal of polychlorobiphenyl (PCB) [46], showing that certain classes of
PCB were removed at a removal rate between 14% and 100%. The treated wastewa-
ter produced in this study complied with the Moroccan regulation for treated
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Table 6.6 Characterization of the olive mill wastewater treated in a CW

Parameters Unit Olive mill wastewater
pH - 5.01
Dissolved oxygen Mg/L 0.70
Electrical conductivity (EC) mS/cm 28.23

Total dissolved salts g/L 22.10

Total suspended solids Mg/L 2066 = 11.27
Total polyphenol g/L 8.73+0.43
Chemical oxygen demand (COD) g/L 264 +11.49
Orthophosphate PO~ Mg/L 31.14 £ 0.65
Sulfate SO4%— Mg/L 1320 + 0.05
Ammonium NH,+ Mg/L 6.33 +0.30
Nitrate NO;— Mg/L 1.32 +0.05
Nitrite NO,— Mg/L 96.23 +9.41
Phosphorus P Mg/L 41.61 +4.37
Total coliform UFC/100 ml 0

Fecal coliform UFC/100 ml 0

Fecal streptococcus UFC/100 ml 0

wastewater reuse in agriculture. It was used to irrigate olive trees in another study
[47]. Collected data have shown that olive trees demonstrated an increase in bio-
mass, leaves number, height, and diameter of the plant [47].

In another work regarding the treatment of industrial wastewater in a CW, the
removal of chromium from tannery wastewater in Marrakech was studied [48]. The
objective of this study was to test the performance of the rooted aquatic plant
Phragmites australis in purifying the tanning effluent with high chromium concen-
trations in a vertical flow CW. The interest is particularly focused on comparing a
pilot planted by Phragmites Australis with an unplanted pilot. The pilot consists of
pots with a capacity of 120 L, filled to a thickness of 15 cm with gravel and 60 cm
of soil. Three pots are planted with young stems of Phragmites australis (Cav.)
Steudel (36 stems/m?). Three other unplanted pots were taken as control. The two
pilots were irrigated with tanning water at increasing levels of total Chromium: 10%
(March), 20% (April), 30% (May), 40% (June), 50% July). Dilutions were made
with well water to allow Phragmites australis to adapt and grow at the start of the
experiment. The systems were fed with 10 L/day for three successive days followed
by a 4-day rest period. This chosen feeding mode helps maintain aerobic conditions
and prevent clogging.

Physiological symptoms at the plants were observed at the 40%
(Cr=720 £ 35 mg/L) and 50% (Cr =780 + 196 mg/L) dilution: i) drying out of the
ends of some leaves, ii) new young shoots of Phragmites australis have appeared.
To test the plant, the experiment was carried out with 50% dilution
(Cr = 780 £ 196 mg/L), which corresponds to the full chromium content that
Phragmites australis can withstand.



6 Constructed Wetland as an Efficient Technology for the Treatment... 119

Table 6.7 Characterization of tannery wastewater fed to a pilot CW

Parameters Unit Concentration
pH 3.08
Electrical conductivity mS/cm 118

Total suspended solids Mg/L 233
Biological oxygen demand 45

Chemical oxygen demand 2500
Ammonium

Chromium 5

Chloride g/L 20.6

Table 6.7 shows that the tannery used in this study is characterized by high COD
(2500 mg/L), high ammonium (520 mg/L), high electrical conductivity (118 mS/
Cm), chromium concentration (1230 mg/L) and considerable concentration of chlo-
rine (20.6 g/L). Obtained results have shown a negative removal effect for some
parameters, such as the electrical conductivity that increased from 54 mS/cm to 75
and 68 mS/cm. CW has shown a removal efficiency of 60% in terms of COD. Total
chromium mean removal was at 99%.

Despite the shorter residence time in the Phragmites bed, a reduction in total
chromium (= 99%) comparable to that of the unplanted soil bed (where the resi-
dence time is three times greater) was found. The results of this study confirmed the
overall performance of macrophyte systems in treating chromium tanning effluent
in an arid climate and under the experimental conditions adopted [49]. The intermit-
tent supply adopted to the two systems ensures better aeration of the soil.
Consequently, using a substrate of a coarse nature (88% sand) in the presence of the
helophytes reduces the risk of clogging. Phragmites australis could be used to
reduce heavy metals, particularly chromium, to treat industrial wastewater [48].
Collected data showed that the treatment of tannery wastewater by CW is a green,
ecological approach that could constitute a viable alternative compared to mechani-
cal/advanced technologies for tannery WWT [48].

6.6 Conclusion

This chapter reports the status of wastewater treatment in Morocco as an alternative
approach towards water scarcity, highlighting low-cost technologies, especially in
arid areas. A comparative approach to those treatment systems has been envisaged,
which shows that wastewater treatment by the different ecological processes pres-
ents high yields for BODs (96%) and COD (89%) in planted beds compared to all
systems. Furthermore, this work highlights the treatment efficiency of a hybrid CW
(horizontal + vertical) implemented at full-scale for a rural population in an arid
region. This showed the best removal capacity of the hybrid CW than typical single
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stage systems under different operation conditions. Other successful experiences of
CW application for urban wastewater treatment are also presented around the big-
gest cities in Morocco (Casablanca and Rabat) with 82% removing of COD and
BODs. Moreover, this chapter showed experiences in Morocco using CWs for
industrial/urban wastewater treatment. The first experience demonstrated the CW's
capacity in the treatment of olive mill wastewater (mixed with domestic wastewater)
in removing toxic elements (89% of polyphenols). Another full-scale system treated
tannery effluent with high chromium concentrations under a vertical flow regime,
showing good chromium removal performance (99%). Those successful examples
in Morocco present the CW as a promising and appropriate technology that can
achieve high removal rates while resisting a high toxic effluent.
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Chapter 7

Vertical Flow Constructed Wetlands
for Horticulture Wastewater Treatment
Under a Hot Climate in Ethiopia

Frank van Dien

Abstract One of the largest rose nurseries in the world has been constructed in
Ethiopia under a hot climate with several dry months annually. In that facility, all
generated wastewater is solely treated with constructed wetlands. The effluent is not
being discharged into the environment but mixed with the irrigation water of the
farm, leading to Zero Liquid Discharge. The process of coming to this state of
development started with a series of pilot constructed wetlands and research was
carried out on the influent and effluent quality by accredited laboratories. The final
report of this research was only published after a review by the Dutch National
Institute for Public Health and Environment (RIVM). Many different parties were
involved in this project such as a.o. DLG, Alterra (WUR), ECOFYT, the Embassy
of the Kingdom of the Netherlands, and HOAREC&N. After the pilot implementa-
tion and study, the concept was upscaled and applied to the entire farm. In total, 69
constructed wetlands were built for the entire 550 ha of farm greenhouses. The
removal of nutrients, metals, and the chemical residues was high, not only in terms
of concentration levels, but also in the total number of residues.

Keywords Constructed wetlands - Sustainable farming - Zero liquid discharge -
Ethiopian roses - Horticulture wastewater - Water reuse - Ethiopia - Hot climate

7.1 Introduction

In the past, the commercial cultivation of roses was carried out in moderate climates
but in the last decades, the majority of the production has moved to the tropics.
Especially in South America and Africa, there are several locations where roses are
grown, mostly for the European market. The most important parameters for the
development of this type of horticulture are: climate, light intensity, and the low cost
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of labor. Growing roses is a very labor-intensive agricultural activity due to harvest-
ing, selecting at length, bunching, but also crop control for plant condition, check-
ing for bugs, moths, and of course trimming and weeding. Growers in the North of
Europe faced really hard times when both costs of labor, as well as the cost of
energy, became higher. Roses are not productive in forming flowers when the tem-
peratures are too low. Hence, they are grown in greenhouses that need to be heated
when temperatures drop below a certain level.

In the middle of Ethiopia, the company Sher Ethiopia PLC (‘Sher’) runs the
world’s largest rose nursery. The climate at this location is fairly hot but not really
arid; daily temperatures of 25 °C or more are typical, and the annual rainfall is
around 775 mm [1]. The precipitation, however, does not come equally divided over
the year, hence there are a few months in which it is just hot and dry. The nursery
was built in the vicinity of a large freshwater lake, the Lake of Ziway (with a diago-
nal of ca. 30 km). The east side of the lake is not productive, because it is too moun-
tainous. But on the west side of this lake a lot of horticulture is being practiced,
tomatoes, beans, unions, leak, corn, and teff (the common Ethiopian cereal), all
using water from this lake for irrigation.

Also, the growing of roses depends on this water source, for irrigation. But it is
not only a matter of water intake: at a company the size of Sher, on a scale of 550
hectares of greenhouses and with around 10,000 employees, there is also wastewa-
ter production. Around 2011, Ethiopia did not really have any active form of legisla-
tion concerning wastewater, but Sher started looking at this water flow [2]. And
thinking about ways to make sure that the environmental impact would — at least —
be small [3]. Prior to that, the Wageningen University & Research (WUR) in the
Netherlands had indicated that Constructed Wetlands (CWs) could be a viable
option, but not much knowledge was yet available for this specific sort of wastewa-
ter under these tropical conditions. WUR was working together with UNESCO-IHE
on this matter, and the Dutch government showed interest and gave support through
its department DLG and the first ideas were developed. Around this time, the Dutch
company ECOFYT was introduced through IHE, because of its practical experi-
ences with CWs for several sorts of wastewater, and the first designs were made.
This chapter presents the CW development at this large rose nursery in Ethiopia, the
performance of CW systems tested and applied and the lesson learnt from the
unique application.

7.2 Materials and Methods

7.2.1 Wastewater Treatment Pilot

When these first plans were approved by Sher’s board of directors, the decision was
made to have a pilot, in the form of four constructed wetlands (CWs), 180 m? in
total. After the first meetings in April 2011, it became clear that there was not much
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data on water quantity and water quality. The specifics of that wastewater are,
besides the common parameters of domestic wastewater (due to the number of peo-
ple working on the farms: toilet usage, hand washing, showering for those involved
in spraying), related to these crop protection agencies and fertilizers. Then there is
a certain amount of ‘bucket water’: the harvested roses must be kept in water and to
that sometimes a small amount of chlorine is added. And most of that water is
refreshed when the roses go on the transport, after being kept in cold stores in the
‘pack houses’. As expected, much of the water used for the plants (both for fertilizer
and for crop protection) will go to the soil, so it will not be seen or treated as waste-
water. But the tools used for spraying, the ‘spraying carts’, and the tanks in which
these materials were dissolved or mixed with the spraying and irrigation water need
to be cleaned after usage. This process takes place in the farms of Sher, resulting in
wastewater hot spots, called ‘vocoms’. A vocom consists of toilets, washing basins,
showers, mixing rooms, and water storage tanks. Each vocom may serve one to
three lines of greenhouses, usually stretching from 6 to 20 hectares of roses.

So, mostly based on estimations, a series of CWs was designed. The general
layout of this design was: in two lines (which were one behind another, in total
2.5 km long) there were two vocoms. Each of them would get a horizontal flow CW
(HFCW), called CW1 in Fig. 7.1 [4]. The substrate would be coarse sand and the
system would be almost saturated in order to get an optimal Hydraulic Retention
Time (HRT). Between all greenhouse lines there are ditches, needed to evacuate the
storm water during the turbulent rain periods of Ethiopia’s climate. These ditches
were also used to let the wastewater return to the lake from which the rose farm gets
its irrigation water. In the design we continued to use this ditch to transport the
water from the two vocoms, only this time: after treatment in the Horizontal Flow
Constructed Wetlands (HFCW). Then, together with the bucket water from the pack
house at the very end of the ditch, it was collected and pumped up to treat it once
more, in two parallel Vertical Flow Constructed Wetlands (VFCW). The objective
was to get as much water treated as possible and to have it discharged in the lake, as
clean as possible.

7.2.2 Experimental Duration and Sampling

Part of the concept of the pilot was of course a period of research. Together with the
Ethiopian partner, Horn of Africa Regional Environment Centre and Network
(HoA-REC&N, usually referred to as HOAREC), Alterra (a WUR related research
center) and ECOFYT, research was carried out for a period of several months in
2014. For this research, the water was analyzed, both influent and effluent at several
locations in the systems, throughout the farm. The nearby lab Horticoop Ethiopia
did the analyses on nutrients. Their analytical standards are shown in Table 7.1.
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Fig. 7.1 Schematic representation of the CW pilot system

Whereas the Dutch lab Altic/Laboratorium Zeeuws-Vlaanderen did the sampling
of residues of crop protecting agencies. This was done with a multi sampler, capable
of detecting some 600 different residues. The analytical methods are shown in
Table 7.2.
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Table 7.1 Tests and examination standards used by Horticoop Ethiopia

Examination
Parameter standards
Acidity pH-H20 1SO 10523
Conductivity EC ISO 7888
Nitrate NO;~ 1SO 7890-1
Ammonium NH,* ISO 7150-1
Chloride cl~ ISO 9297
Bicarbonate HCO;~ ISO 9963-2
Boron (B), calcium (ca), copper (cu), iron (Fe), potassium (K), magnesium ISO 11885
(mg), manganese (Mn), molybdenum (Mo), sodium (Na), phosphorus (P),
Sulphur (S), silicon (Si) and zinc (Zn).

Table 7.2 Tests and examination standards Altic/ Laboratorium Zeeuw-Vlaanderen

Sample pre-treatment: In house Extraction with dichloromethane and petroleum ether
method (WVS-062)

GC-MSMS in-house method Gas chromatography — mass spectrometry (WVS-063)
LC-MSMS in-house method Liquid chromatography — mass spectrometry (WVS-064)
GC-ECD in-house method Gas chromatography — electron capture detection

7.2.3 Starting Up the Wastewater Treatment Process

The research related to the pilot systems would not only result in achieved effluent
data but would also reveal the influent values. And perhaps it would also lead to
more insight into the daily flows of wastewater. There are no water meters at the
farm, surface water is just pumped when needed. But first, these four CWs would
have to be built. Being retrofitted in existing greenhouses, there was a challenge: the
site was not accessible for an excavator, nor for trucks with the needed sand, so
everything was brought in with donkey carts (Fig. 7.2). And all the digging (and
filling) was done by hand.

A minimal impact on the environment was the intention. And next: if this was to
be a successful method, the technical staff would have to be trained to expand this
system throughout the company. In the beginning, the board of Sher was rather
skeptical about a low-tech, natural treatment system being a possible solution for
their wastewater problems. They expected that far more advanced, technical equip-
ment was what they would need. The financial proposition for the pilot project setup
was: engineering and research funded by the Dutch government, materials, and
labor financed by Sher. This stimulated the board of directors of Sher and thus, in
October 2012, DLG and ECOFYT ended up in Ethiopia working shoulder to shoul-
der with Sher’s technical staff and laborers, so building and educating went hand
in hand.
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Fig. 7.2 Building of the first wetland, donkeys at the vocom. (Photo: ECOFYT ©)

The groundworks of the four pilot systems were prepared by Sher, according to
the design drawings and in 1 week, the four systems were built, filled, and set
to work.

Working with the local people was a true pleasure, though of course, they had no
idea where the construction would lead to. The entire nearby city has no communal
wastewater treatment plant and the concept of actually treating wastewater instead
of discharging it out of sight (e.g., in soak-away pits) was an unknown concept
to them.

Next, it took a period for the systems to stabilize, and to solve some minor start-
up hiccups such as ensuring that the timers that regulate the pumps were resistant to
the varying electrical current, the frequent electrical surges, and fallouts. Because of
this, the initial digital timers were replaced with more robust analog timers. Then,
in November 2012 water samples were taken periodically and sent to a lab in
Ethiopia. This lab, however, had limited possibilities in the variety of parameters. It
was not until August 2014 that the research took a serious form. HOAREC, an
autonomous unit within the Addis Ababa University, was commissioned by the
Embassy of the Kingdom of the Netherlands (EKN) to supervise the research. From
week 29 to 41, 2014, water samples were taken at various fixed spots in the system,
which were then analyzed in the mentioned accredited laboratories, partly in
Ethiopia and partly in the Netherlands. Samples were also taken from a reference
drainage ditch to make a comparison with water that is not treated by constructed
wetlands. The results of these water samples have been processed by ECOFYT to
calculate the efficiency of the system. Before publishing the final report, the report
concept and findings were assessed by the RIVM (National Institute for Public
Health and Environment in the Netherlands) who took up the role of an indepen-
dent expert.
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7.3 Results

From the analysis of Horticoop not all parameters are equally important from a
water purification point of view. In particular, calcium, magnesium, sodium, silica,
and bicarbonate do not play arole as a parameter in wastewater treatment. Potassium,
boron and sulphate only play a role when they appear in high concentrations (there
are, e.g., no discharge standards), but the nutrients (nitrogen and phosphorus) and
metals from this set are of importance.

The parameters studied have been divided into several groups and the average
final results, (percentage removal from the treated water), when comparing the most
polluted influent (Vocoms) with final effluent, are as shown in Tables 7.3, 7.4, 7.5,
and 7.6 [4].

Table 7.3 Pollutant reduction of various pollutants groups in the pilot CWs

Parameter Removal performance

Nutrients 99.4% (ammonium and nitrate nitrogen, phosphorous)

Metals 94% (Magn., iron, manganese, zinc, boron, copper,
molybdenum)

Heavy metals 93% (manganese, zinc, boron, copper, molybdenum)

Residues (weight) 99.96% (total weight, pg/l found in influent [5929] and
effluent [9.58]).

Residues (numbers) 64% (total no. of substances found in influent [77] & effluent
[28])

Table 7.4 N, P influent and effluent values and removal rates by Horticoop Lab (n = 10)

Parameter pH NH,-N NO;s-N P
Influent vocom CW (mg/L) 6.7 20.5 348 17.2
Effluent vocom CW (mg/L) 7.5 2.7 597 2.78
Influent end CW (mg/L) 8.8 0.3 7.3 < 0.03
Effluent end CW (mg/L) 7.9 0.2 3.0 < 0.01
Total removal % 99% 99% 99.9%

Table 7.5 Residues throughout the system by Altic Lab, n = 4 (2 for infl. end), voc = vocom
wetland, end = end wetlands

Parameter Infl. vocom | Effl. vocom | Infl. end Effl. end
Total residues found per location 77 71 32 28
Removal (%) in number of substances 8% 54.9% 63.64%
Total (pg/L) of residue per location 26,198 4467 33 10

Total removal (%) in weight in pilot 83% 99.3% 99.96%
Total removal % (pg/L) 93.6% 97.0% 100.0%
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Table 7.6 Fate of some of the residues throughout the system (Altic Lab)

Reference
Parameter Infl. vocom | Effl. vocom | Infl. end Effl. end ditch
Fluopyram 3150 92.3 15 0.16 16
Pyrimethanil 7850 43.5 0 0.03 0
Thiamethoxam 68 570 6 1.14 2.6

When comparing the reference ditch with the final effluent of the CW, there is a
significant reduction in the total residual weight (from 47.55 pg/L to 9.58 pg/L,
respectively), which amounts to a removal of 79% of residual weight in the waste-
water. This final calculation is, however, of a more hypothetical nature because the
flows in the drainage ditches are approximated. The value would be only accurate if
both ditches provide equal flow and pollution rates.

Not all residues give completely logical results like is to be seen in Table 7.3,
sometimes the effluent data are higher than in the influent, related of course to the
moment of usage and sampling. Some disappear in the first treatment step to reap-
pear in the end result, for the same reason. However, the mentioned Fluopyram is a
reasonable example of the fate of residues found.

The significant difference between effluent vocom and influent end wetland lies
in the fact that the two CWs are up to two kilometers apart. This water is transported
through the shallow ditch where the effect of UV certainly has its influence on the
water composition.

7.4 Discussion

These pilots were built in order to see if CWs could provide a cost-friendly method
in order to come to a minimal impact on the environment.

When the first samples were taken and the effluent as clear as in Fig. 7.3 was
shown to the executive director of Sher, all initial skepticism was dropped and on
the spot, he decided that the entire farm would be equipped with this system. And
that the effluent should not be discharged but re-entered in the irrigation system of
the farm. What was decided in that split second was consequently executed over the
next years resulting in 69 CWs for the entire 550 ha of greenhouses.

From the pilot CWs we learned that:

1. Where 7 m*/day of wastewater was expected for the pilot CWs, we now estimate
it to be around 31 m*/day, at that location. In order to keep an effective HRT, the
volume of the CWs needed to be significantly bigger.

2. Solids in any wastewater are a serious threat for clogging of any purification
system. Clogging may lead to many kinds of mishaps, like shortcuts in the water
flow pattern to complete malfunctioning [5, 6]. Clogging does not lead to a sus-
tainable situation. Where the initial vocom wetlands were HFCWs, the clogging
occurred throughout the entire depth of the inlet zone. Restoring that was both
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Fig. 7.3 CW effluent and Canna lilies. (Photo: ECOFYT ©)

time-consuming and destructive to the wetland, it meant a lot of digging. Since
it was not easily possible to get more solids out of the influent water (already
sedimentation tanks were installed and functional), it became clear that main-
taining them became an important issue. The idea of the HFCW was dropped, in
favour of the VFCW, like it was built at the end of the ditch. These wetlands,
being filled with fine sand as the substrate, would not receive less suspended
solids but they would accumulate over the entire surface, not in the substrate.
And maintaining that surface appeared to be very feasible: the vegetation has to
be harvested regularly, at least two times per year. And for doing so, a bed is
taken out of commission for a day or two, in which the top layer dries out, giving
a crust that crumbles like clay soil does when drying out. Then the plants are cut,
while the crust is scooped out simultaneously.

3. Having pumps to bring all water into the wetlands and usually having parallel
beds, timers regulate to which bed the water will be pumped. While we started
with electronic precision timers, we learned that they are way too delicate for the
electrical system of the greenhouses. The surge peaks were found to happen
straight after an outage; they were produced by the diesel generators as they
‘jumped in’. And these surges often ‘roasted’ the timers (Fig. 7.4). The timers
were replaced by more robust analog ones, but they work in lump blocks of
15 minutes. That is tricky when they lose synchronicity, but they will keep on
working and that matters more.

4. There was no need to experiment with a non-saturated, more aerobic substrate,
the nearly saturated beds performed well, and this project was not for research-
ing optimization of CW knowledge but for preserving the water quality and it
looked like we had our bets on a winning horse, as it was. It is a bit the same with
the knowledge about the water guantity; Installing water meters throughout the
systems would be a costly adaptation, we would continue with estimates, only
now supported by pulse counters and time counters per pump, per wetland. It is
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Fig. 7.4 Delicate electronics, fried when the generator jumps in after an electrical fallout. (Photo:
ECOFYT ©)

a rough approach but good enough. Water meters on influent water would be
adding risk to the durability and stability of the system, too.

5. Of course, we set out with looking for local vegetation; introducing exotic plant
species is a ‘no go’ and there is no need for it, either. While we are very happy
with using reed (Phragmites australis) in the majority of our projects, we were
equally happy to find that plant in the Ziway lake. Not that abundant, but enough
to harvest rhizomes (a continuously growing horizontal underground stem
that puts out lateral shoots and adventitious roots at intervals.), without endan-
gering the appearance of the plant species in any way. But it turned out that they
had a meager development in the beds and that they also attracted lice some-
times, which is not appreciated in a rose greenhouse, of course. The plants that
thrived best were:

Cattails (Typha sp.): the local species grow really tall, 3 m easily,

Napier grass (Pennisetum purpureum): initially the easiest plant to use: a
piece of stem with one or two leave nodes put in the soil will do.

Canna lilies (Canna sp.): the colorful and ever attractive species here grow
2 m tall and the orange/yellow flowers are bigger than a fist.

6. The first set of end wetlands (the second treatment of the combined wastewater)
was set at the border ditch; “The greenhouses are for roses” was the mindset. But
later, room was made inside the greenhouses for the CWs, as it was clear that the
wetlands didn’t conflict with the roses and the occasional weaver bird that took
a wetland to build its nest was not harmful either (something no bird had or has
done in the roses). And since the companies’ surface was used optimally with
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Fig. 7.5 View of an ‘end wetland system’ among the roses, at Sher Ethiopia PLC. (Photo:
ECOFYT ©)

greenhouses, there was not much room for wetlands outside, like the first set,
anyway. So, since the pilot, all wastewater treatment expansion is done inside the
greenhouses (Fig. 7.5).

7. Where wastewater treatment was rather unknown in the region, as explained in
the construction phase, there were however several institutions that showed a
keen interest in the pilot and its results. Officials from the local township and
drinking water company came to see the system with their own eyes. But the
Ethiopian government was no less interested. They stimulated the entire horti-
culture branch to take an example from this project. Later even a course was
initiated to introduce wetland design knowledge into the community through
EHPEA’s training center (the Ethiopian Horticulture Producer Exporters
Association, based in Addis Abeba).

8. Maintenance of the 69 wetlands is of course mandatory. There are an equal num-
ber of pumps involved, many precipitation sumps, and almost 6500 m? of wet-
land treats more than 700 m?* of wastewater daily. Occasional harvesting takes
place (Fig. 7.6) after which the surface of the CWs can also be cleaned from the
finer solids that may come with the wastewater, by scooping off a tiny top layer.

All pumps are equipped with counters both for pulses and working time and these
counters are read on a weekly basis. This data is processed by ECOFYT in order to
see if there are any anomalies. The three wetland managers that do the weekly
check-up were trained to be proactive on the state of the systems, so they check for
silt in the pump sumps and have an open eye for the functioning of the pumps. So,
also if dirt blocks any pump, it is discovered promptly.
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Fig. 7.6 Workmen maintain the CWs. (Photo: ECOFYT ©)

7.4.1 Opportunities and Challenges

The system is not able to treat all water in the drainage ditches year-round. There are
occasionally local downpours that are so severe that it is impossible to retain that
rainwater. In that case, the discharged wastewater will be very highly diluted.

In such a tropical storm event, the amount of runoff from the greenhouses is truly
massive. That water has to escape freely, unhampered. The system to direct the
usual daily water (including a minor rain event) to the end wetlands is simple and
efficient. But once the water table in the ditches swells above a certain level, the
pumps switch off and all water runs to the outer buffer canal and when that is full,
to the Ziway lake and/or Awash river.

It should also be noted that the treatment system itself is a completely natural
system that has been built with local materials, as well as with local plants. This
provides labor and opportunities for local people whilst the result is optimal respect
for the local environment and trend-setting to local environmental awareness.

Also, after the pilots, lessons have been learned. For example: in order to obtain
a maximum water quality, we had ponds built, following the final wetlands. Those
were meant to have submerged and semi-submerged water plants, like the all-over
occurring water hyacinth (Eichhornia crassipes), to polish the effluent of the wet-
land beds. But it appeared that the water was too clean for them, already (water
hyacinth thrives in nutritious waters), and the plants even died, lacking what they
needed. Nowadays the ponds are home to Tilapia fish, who get fed a bit (Fig. 7.7).

The fish are not meant for consumption (though lab tests proved that they are of
good quality and fit for consumption). Sher is into roses, not into food farming.
However, from time to time the fish need to be harvested too. And Sher has donated
tens of thousands of fingerlings (as young fish are called) to the Ziway lake, where
fishermen have made a living on catching Tilapia for generations on end.
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Fig. 7.7 The end wetlands with ponds. (Photo: ECOFYT ©)

7.5 Conclusions

Based on the evaluation report mentioned earlier, some 10 years of experience with
these constructed wetlands, the close involvement of both the creators of the pilot
system and the owners of the Sher wetlands, one can undoubtedly speak of a suc-
cessful water treatment system under a hot climate.

The purification efficiency is high and the costs of investment, management, and
maintenance are low. It goes without saying that maintenance is necessary, the sys-
tem is complex enough to need constant surveying, yet it is simple enough that the
essentials can be explained and transmitted to the local workers without the neces-
sity of advanced education. A clear mind and willingness may suffice, whereas of
course, a heart for the environment is a welcome bonus.

When the project started, the concept of doing anything with the used water was
new. But over the years there was an entire team that had helped build the 69 wet-
lands, managers were appointed to keep them up and running, but more than that: it
became a topic of discussion and education. Sher trained their PR staff for it as well:
they would have to understand what the wetlands produced and how to communi-
cate it to anyone interested. Many officials from government, ministries, communi-
ties, and water companies wanted to see for themselves what was going on at the
Sher farm. And it changed the mindset: this would be followed up, throughout the
country. The pilots finally led to raising awareness and changing legislation.

And a lot cleaner water! More than 250,000 m? per year are treated.

The good results of the water quality are not only due to the wetlands: Sher has,
over the years, also improved on the emissions by changing from chemical crop
protection to biological crop protection. It will not be possible to do so for the full
100% but Sher is striving towards the maximum possible on that front too. Hence
the influent gets cleaner and it can only help maintain optimal water quality for the
recycling part.
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Chapter 8
Constructed Wetlands in a Community
Setting in Mombasa, Kenya

Sarah den Haring

Abstract Constructed wetlands (CW) in the East African Region have primarily
been implemented in private institutions such as hotels/lodges, individual homes,
schools, flower farms and tea/coffee estates. The systems have proved to be robust,
effective, and low-cost, consistently achieving the Kenyan National Environment
Management Authority (NEMA) “discharge to environment” water quality stan-
dards. A CW built for a private developer serving a housing estate of 2650 people in
Mombasa has also performed consistently since its construction in 2007 but has
encountered a number of issues due to the unique socio-environmental context of
the system in terms of management, population growth and sustainability: (1) man-
agement; the CW serves a community but no service fee is levied on the users for
its operation and maintenance, (2) population growth; the area surrounding the CW
has become increasingly populous since its construction causing conflict with the
outside community, and (3) sustainability; illegal construction over a seasonal water
course restricts all outflow from the system, including natural drainage (storm flow).
This chapter aims to demonstrate that privately operated CWs can be a valuable and
effective means of decentralised wastewater treatment in rapidly urbanizing areas in
the tropics, but that socio-environmental factors in a community setting must be
prioritized to ensure CW longevity.

Keywords Constructed wetlands - Private sector - Wastewater treatment -
Decentralized wastewater treatment DEWATS - Community sewerage - Urban
planning - NIMBY - Kenya - Nature-based solutions
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8.1 Historical Context and Site Development

Sewer systems serve only 9% [1] of the Mombasa population (approximately
100,000 people), the majority of whom are located within 5 km of the Central
Business District (CBD). High costs of infrastructure development and the limited
financial capacity of the local water utility, Mombasa Water Supply and Sanitation
Company (MOWASSCO), make centralized sewerage and wastewater treatment
plant provision hard to achieve for the remaining population.

Decentralized systems therefore play an essential role in the collection and treat-
ment of wastewater [2], especially considering an un-served population of approxi-
mately 1,100,000. Traditionally in the region, wastewater is managed using pit
latrines or septic tanks followed by direct discharge to the environment, usually via
a hand dug soak pit [3], a combination that achieves primary treatment but poses a
risk to underlying aquifers due to discharge of only partially treated water. This is
particularly serious in high-density areas where multiple soak pits result in irrevers-
ible contamination of the groundwater [4]. This may render the groundwater com-
pletely unusable for human consumption or that boreholes must be sunk to extreme
depths to locate clean water [5]. Additionally, where areas are underlain by low
infiltration soils such as heavy clay, these structures are ineffective and alternative
treatment/disposal options are essential. The practice of constructing soak pits is not
encouraged by the National Environmental Management Authority (NEMA) but
many landowners are often not aware of alternative options so continue to build
them [3].

A number of decentralised (onsite) wastewater treatment systems have entered
the market in Kenya over the last 20 years and the compilation and subsequent
enforcement of the Environmental Management and Co-ordination Act 1999
(requiring sites to comply with wastewater discharge criteria) has resulted in many
sites utilising these. The systems range in technical complexity, installation cost and
operational and maintenance requirements and may be broadly grouped into “under-
ground” or “‘surface” installations. Underground systems are containerized (off-the-
shelf) or masonry (custom built) structures, which usually incorporate a settling
chamber and an active (aeration pump) or passive (high surface area media) cham-
ber. They are often used in urban areas where space is a premium and other activi-
ties may occur very close to, or even on top of them.

Surface installations include Nature-based Solutions (NBS) such as constructed
wetlands (CW) [6, 7]. The systems utilize natural processes to create different envi-
ronments conducive for the removal of pollutants including biochemical degrada-
tion by microbes, adsorption and absorption to the gravel matrix, plant uptake and
physical filtration [8, 9]. As nature-based systems, CWs provide a sustainable and
also cost-effective solution [2], even when applied under hot or arid environments
[10, 11]. A growing number of sites are now utilising CW since their value was
initially identified in a system treating domestic effluent at the Carnivore Restaurant
and Splash Water Park in Nairobi in 1994 [12]. CW are designed on a site by site
basis and have been used successfully to treat not only domestic but also industrial,
commercial and agricultural effluent in Kenya [13-17].
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Despite good results achieved from CW in Kenya, there are still barriers prevent-
ing their uptake on a larger scale. GreenWater (GW), one of only two companies in
Kenya with sufficient capacity to design and construct CW, reported over 15 years
of operation they experienced lack of awareness of CW within water utilities as a
viable option and reluctance by NEMA to approve the systems. These barriers
appear to be associated with lack of information about CW.

The value of CW has, however, been recognized by private companies/individu-
als who collectively have built approximately 40 CW in Kenya, one of which is
located in the Mombasa area. Located more than 10 km from the nearest sewer
network, a housing estate to the north of Mombasa town in Kenya has three decen-
tralized on-site wastewater treatment systems that serve a total population of more
than 10,000 people. Despite the lack of wastewater regulations or municipal ser-
vices during construction in the 1980s, the developer recognized the importance of
making provision for the conveyance, treatment and disposal of wastewater gener-
ated by their housing. As such, areas of land at the lower end of the estate were left
for the purpose of on-site wastewater treatment. The systems comprise waste stabi-
lization ponds, oxidation ponds and a CW; each serving a distinct part of the estate.

Despite the forward thinking of the developer in respect to wastewater treatment,
the social environment has significantly changed since project inception. Annual
population growth in Mombasa between the years 2007-2020 was 3-3.5%, repre-
senting a population increase from 854,000 to 1.25 million. This is a little higher
than the national population growth rate of 2.5% due to the enhanced movement of
the population towards urban centres. This is particularly noticeable in the housing
estate area, the population density of which was 2029 people/km? in 2009 and is
projected to be 10,000 people/km? in 2040, almost a 500% increase [18].

Mombasa is a typical example of many cities in Less Developed Countries (LDCs)
with high urbanization rates. Infrastructure services, such as sewer systems and
wastewater treatment plants, are often inadequate or missing for the existing popula-
tion, let alone the new arrivals. Decentralised wastewater treatment plants such as
CW can therefore play a vital role in bridging the gap between private developers and
public water and sanitation service providers [7], though for this arrangement to be
successful in the long-term a certain enabling environment must be in place. The
Mombasa housing estate that is presented in this chapter is a unique example of a
CW in such a setting and over the last 14 years has highlighted a number of valuable
insights, pitfalls and lessons that may be applied to comparable settings.

8.2 Materials and Methods

8.2.1 Geographical and Climatic Setting

Mombasa lies at 4.04°S 39.66°E on the south eastern Kenyan coast. It experiences
a tropical monsoon climate with south westerly trade winds blowing up the coast
from April to September and a north easterly wind blowing the opposite direction
from October to March. The rain is distributed between two rainy seasons, the “long
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rains” in April to June and the “short rains” from October to November with an
annual total of 997 mm. Average annual temperature is 26.1 °C with a range of
24.3-28.0 °C. A maximum temperature of 31.9 °C is experienced in February and
minimum of 22.4 °C in August. Humidity is high throughout the year at an average
of 77% with a variation of +/—4% [19].

8.2.2 Constructed Wetland Design and Operation

The project location is indicated in Fig. 8.1. The Mombasa CW serves the oldest
part of a housing estate where quality affordable houses constructed between 2040
years ago have now been sold to individuals or managed on a letting basis. Current
house value is approximately 50,000-75,000 USD and rental value between
200-400 USD per month. The developers constructed a sewer system and septic
tank for the estate, but the underlying heavy clay prevented the use of soak pits for
final disposal. The result was the utilization of a series of informally operated shal-
low infiltration ponds to absorb and evaporate the septic tank effluent. In 2007, the
ponds were failing to adequately manage (absorb) this water so GreenWater (GW),
a Kenyan based CW design and construction company, was engaged to rehabilitate
the system to operate correctly as a CW and improve the effluent quality to meet
NEMA discharge to environment and irrigation standards.

Wastewater generated from 638 households (approximately 2338 people) in the
southern part of the estate is directed to the CW system via a sewer network as
shown on Fig. 8.2. A further input of water was discovered illegally connecting an
additional plot comprising approximately 300 people in 73 households.

No data was available regarding volumes of wastewater entering the existing
system so estimates were generated using water bills and industry average figures.

CW location

Fig. 8.1 Location of constructed wetland (CW) in Mombasa, Kenya. (Google maps 2021)
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Water supply (consumption) data per capita was collected by GW through enquiries
to a number of families about their water bill costs and equated to a volume based
on the progressive pricing scale of the municipal water company. This gave a vol-
ume of 100 L/person/day, in line with available literature regarding peri-urban hous-
ing in developing countries [20-22]. The contributing population of 2633 people
therefore consume an estimated total of 263,000 L/day (263 m?) of which about
80% is expected enter the wastewater drainage system, a total of 210 m*day. This
is equivalent to 1400 PE based on hydraulic loading [23].

The CW was constructed utilising the available area of approximately 10,000 m?
and indicated on Fig. 8.2. Sewage arrives at the treatment area and enters a septic
tank (volume of 350 m?) with internal baffle walls. Settled effluent is then passed to
a holding tank from where it is pumped up into the first stage of the CW. After this
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Fig. 8.2 Constructed wetland layout
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point the system operates entirely by gravity. The first stage beds have been divided
into two parallel sections so that water may be directed along both lines, one, or
neither, depending on flow rates and maintenance requirements. The two lines join
for the second stage ponds. All water passes through the following system cells:

Surface flow biofilter: rows of Vetiver grass (Chrysopogon zizanioides) entrap fats,
oils and greases (FOG) and scum.

Sub-surface horizontal flow CW: 40 cm deep, 1-2” washed gravel planted with
Typha grass (Typha latifolia).

Open water ponds: 60 cm deep ponds with floating plants and Vetiver grass along
margins, followed by 30 cm deep ponds to enhance UV action with planted hya-
cinth along margins.

The theoretical hydraulic retention time (HRT) of the system is 6.8 days. The waste-
water sampling point is the outlet from the final pond prior to discharge into the
seasonal watercourse as indicated on Fig. 8.2. The treated effluent has been sampled
since rehabilitation in 2007 on a quarterly basis in line with NEMA requirements
representing a total of 34 samples. Sampling parameters and their corresponding
limits are specified by NEMA Environmental Management and Coordination,
(Water Quality) Regulations 2006 as per Table 8.1. The samples were collected
under ISO 5667-16:2017 and tested under the methodology detailed in Table 8.1 by
this NEMA approved laboratory. The developer is responsible for all costs relating
to sampling.

Intermittent municipal water supply in the estate occasionally causes water
shortages, resulting in low volumes of wastewater, reduced water levels in the ponds
and zero flow at the outlet. In this instance, sampling is delayed until the outlet is
discharging.

Table 8.1 Water sampling parameters, limits and testing methodology

Parameter Unit NEMA limit Test method

pH pH scale 6.5-8.5 APHA 4500-H*B
Biological oxygen demand (BOD) mg/L 30 AOAC 973.44
Chemical oxygen demand (COD) mg/L 50 APHA 5220B
Total suspended solids (TSS) mg/L 30 APHA 2540D
Total dissolved solids (TDS) mg/L 1200 APHA 2540C
Total coliforms CFU/100 mL 1000 KS 05459
Escherichia coli CFU/100 mL Nil APHA 9221G
Colour Hazen units 15 APHA 2120B
Ammonia mg/L 100 APHA 4500 NH;
Oil & grease mg/L Nil APHA 5520C
Total phosphorus mg/L 2 APHA 4500 PE
Copper as Cu mg/L 1.0 APHA 3111B




8 Constructed Wetlands in a Community Setting in Mombasa, Kenya 143

8.3 Results

8.3.1 Performance Results

Effluent results for the last 5 years (a total of 13 samples) are summarised in
Table 8.2 for the indicator parameters pH, BOD, COD and TSS.

The results show the CW is achieving removal efficiencies for BOD of 86%),
COD of 96% and TSS of 94%. The average values of the treated effluent at the out-
let are mostly within the NEMA discharge to environment levels (Environmental
Management and Coordination, Water Quality Regulations 2006), the only excep-
tion to this is COD with an average outlet concentration of 54 mg/L, marginally
higher than the NEMA limit of 50 mg/L. The elevated average value is due to a
single sample on 14th November 2018 that had a COD of 224 mg/L and BOD of
75 mg/L, the only instance out of 13 samples where any parameters failed. A field
inspection in December 2018 by GW suggested these elevated results could be as a
result of surface water entering the CW from drainage failure due to solid waste
blockages at a time when maintenance staff had been reduced.

The single sample failure over the five-year period indicates the CW is perform-
ing to a satisfactory level in terms of design and operation, but that continual main-
tenance of the CW and neighbouring area is necessary to avoid failure.

8.3.2 Operation and Maintenance of the CW

A team comprising 3—6 men is responsible for the daily management and operation
of the system, maintaining the pump and plants and clearing blockages along the
sewer system. This team is paid directly by the developer. A local Non-Governmental
Organisation (NGO) lends support on an occasional basis with 2 or 3 people for
large jobs such as clearing surface channels of solid waste or removing large areas
of biomass from the treatment systems. Activities for the regular maintenance team
include:

* Monthly plant trimming (wetland plants around pond margins)
* Quarterly plant removal (floating plants in ponds)

Table 8.2 Water sampling results (average values)

NEMA Inlet Outlet Standard deviation | Min- Removal
Parameter | Unit | limit (aver.) (aver.) (n=13) Max %
pH - 6.5-8.5 7.67 7.5 0.6 6.8-8.1 |n/a
BOD mg/L | 30 146 20 13 6-75 |86
COD mg/L | 50 1500 54 25 16-224 | 96
TSS mg/L | 30 225 13.2 4.5 6-21.6 |94

Note: n/a not applicable
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e Bi-annual trimming of plants in gravel bed

e Ensuring unrestricted flow of wastewater through network into treatment sys-
tems (fixing blockages and broken pipes)

* Ensuring unrestricted flow of storm water along surface drains into water courses
(clearing channels and fixing pipes) and repairing inspection chambers
when damaged

* Managing the pump to control inflow of settled effluent into the CW

Other costs associated with operation of the CW are the annual NEMA license fee,
quarterly sampling fees, consultant advisory costs and emptying of sludge from the
septic tank as detailed on Table 8.3.

In addition to running costs, the construction cost of the system must also be
considered in terms of developer investment. This includes the relative value of the
land (900,000 USD) and cost of rehabilitating the CW in 2007 (50,000 USD). The
original construction cost was not available for inclusion in the calculation. The
total investment of the developer in this CW since 2007 (land, system rehabilitation
and running costs) is therefore approximately 1,160,000 USD. None of this is
recovered from the residents served by the CW.

8.3.3 Management and Regulation of the CW

Societal factors governing the operation of this CW influence the long-term sustain-
ability of the system. Whilst the CW has achieved adequate wastewater treatment
since it’s rehabilitation in 2007, a number of socio-environmental issues are now
impacting the acceptability and viability of the system. These are underpinned by
the responsibilities and relationships between the developer, the community, regula-
tory organisations and the County Government. The roles of these groups are con-
sidered below with respect to concerns and solutions raised regarding the CW.

Table 8.3 Monthly operation and maintenance costs for the CW in USD

Item Details Cost (USD)/month
Labour Clearing drains/CW upkeep 450
Consultancy GW oversight 75
Power Electricity for pump 300
Effluent discharge license | NEMA 85
Water analyses Laboratory analyses for NEMA 130
Materials Plumbing items, maintenance equipment 200
etc.
Sludge removal Septic tank volume 350 m?, every 5 years | 98
Total monthly cost = 1338
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8.3.3.1 Role of the Developer

The Developer’s role is not clearly defined as they have informally assumed the role
of service provider of the estate by default. There have been no agreements made
with the home-owners regarding the provision of drainage services (for sewage and
storm water) or payments requested for these services. Should there be an issue in
the system (such as a blockage), residents lodge the complaint at the developer’s
public office after which the maintenance team respond. There is no fee charged for
this service.

The developer has no jurisdiction regarding illegal connections to their sewer
line. The extent of these connections is not known but was estimated at an additional
13% of the estate load in 2007. Ongoing construction in the proximity of the sewer
line since that time may have increased this figure as pressure on land is intense and
space for septic tanks and soak pits limited, combined with the impermeable nature
of the soil resulting in limited absorption capacity of soak pits. Building regulations
are not always enforced by the City Council allowing unlicensed contractors to take
a short cut by connecting to the neighbours sewer and save themselves the cost of
septic tank and soak pit construction. For a 3 bedroomed home this would be
approximately 1500-4000 USD [24].

8.3.3.2 Role of Authorities

The National Environment Management Authority (NEMA), the Water Resource
Authority (WRA), the County Government of Mombasa and MOWASSCO are
involved with the operation of any sewer and wastewater treatment plant. Their
roles are detailed below.

NEMA is the regulator for all issues relating to wastewater management. NEMA
issue Effluent Discharge Licenses (EDLs) to sites discharging wastewater once they
have submitted an application and paid an annual fee of 1000 USD. Quarterly moni-
toring results must be provided and should these fall out with the Discharge to
Environment standards (as stipulated in the Environmental Management and
Coordination, Water Quality Regulations 2006), NEMA may issue an Improvement
Order (I0). Should the IO not be adequately addressed, NEMA may then take
action to close down site activities, sometimes enforced with the aid of the armed
Administration Police. NEMA are also responsible for the approval of an
Environmental and Social Impact Assessment (ESIA), due at project inception. The
ESIA includes a review of the surrounding land use at the time and requires inter-
views with local residents. This CW was constructed in advance of the regulations
being enacted and therefore an ESIA was not completed. To date, NEMA have been
involved with the site only during issues of conflict resolution with neighbours and
provide no advisory service.
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WRA have the responsibility to oversee all issues in relation to water supply as
provided under Sections 12 and 13 of the Water Act, 2016. These are to:

1. Formulate and enforce standards, procedures and regulations for the manage-
ment and use of water resources and flood mitigation.
2. Regulate the management and use of water resources.

WRA are involved in the site from the point of view of the seasonal watercourse.
This passes through the centre of the plot and is dry for approximately 6 months of
the year. During the rainy season, surface water from the upstream catchment area
naturally fills this channel and is directed towards the south east to the sea. A num-
ber of constructions now block this channel and prevent the free flow of water caus-
ing flooding. No solution has been achieved with this issue to date.

MOWASSCO are responsible for the provision of water and sanitation services.
At this location no sanitation/sewerage services have yet been provided by them.
The development of future sewerage services in the Mombasa area has been
included in the MOWASSCO Master Plan [18] but this only allows for the construc-
tion of public and community toilets and septic tanks by 2030 that will not affect
this location’s sewer system. Drinking water is supplied via the fresh water distribu-
tion network, originating from either Mzima Springs 240 km to the north west, Tui
borehole to the south, Malele Spring 50 km to the south and or Baricho Dam 105 km
to the north.

The County Government of Mombasa is responsible for all aspects of land use,
planning and infrastructure (roads, street lights, storm drainage and solid waste
management). Urban planning is defined as: a technical and political process con-
cerned with the development and design of land use and the built environment,
including air, water, and the infrastructure passing into and out of urban areas, such
as transportation, communications, and distribution networks [25]. Urban planning
was not widespread in the 1980s when the estate was constructed and even now is
not always fully integrated into project planning and infrastructure development in
Kenya, despite advances in legislation and enforcement.

The County Government collect annual Land Rates from all home owners in the
order of 10-20 USD for a typical house in the estate, irrespective of actual services
provided. Some of these services such as drainage, sewerage and wastewater treat-
ment are being provided by the developer. Whilst the developer has made requests
to the Council to take responsibility for the maintenance of the sewage and waste-
water treatment system, this has not occurred as the system was privately con-
structed and the mechanisms for handing over are not in place.

8.3.4 Barriers

A number of issues were identified by GW as impacting on the efficacy of the CW
since their involvement commenced in 2007.
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8.3.4.1 Operational Issues

CW operation may be compromised by irregular flow into the system. This is expe-
rienced during times of excessively high or low flows in the sewer system and power
and labour availability restricting operating hours of the CW system. Faecal sludge
management is also problematic for a number of reasons detailed below.

Operational issues are encountered during heavy rains. Despite the provision of
surface water drainage to direct stormwater safely away from the estate, some areas
inevitably experience flooding, often due to solid waste blocking drainage channels.
Residents in these areas occasionally endeavor to drain the flood water from their
plots by breaking open the sewer lines at nearby inspection chambers. This results
in surges of flow into the CW with a reduction of HRT. Reduced HRT may result in
reduced treatment despite the issue of dilution [26-28]. The maintenance team
monitor the occurrence of flooding and bypassing into the sewer network and aim
to discuss this with residents when fixing these areas.

Water scarcity is also often experienced at the site during the long dry season of
December to March when the supply is interrupted due to reduced water levels at
source. Interruptions with the municipal water supply in the estate result in very low
or no flow of wastewater passing through the CW, causing the final stage shallow
ponds to dry out completely and outflow to reduce to zero. This causes plants to die
and impacts on the microbial population that comprise an essential component
of the CW.

Issues regarding power supply have been experienced since project rehabilitation
in 2007. The system is reliant on power to pump water into the first ponds. The
electricity supply in this area was erratic until 2019, with users experiencing periods
between a few hours and a few days without power. In addition, the pump is manu-
ally operated and the absence of a night time operator means the pump may only run
from 7 am till 6 pm. Lack of power results in the water level of the holding tank
rising as wastewater is no longer lifted into the CW. Once at a certain height, waste-
water reaches an overflow pipe and is directed around the CW to a soak pit on the
site where water slowly infiltrates, providing the flow is not of an extended duration.
In 2012-14, power cuts lasting more than 3 days were experienced on a regular
basis, oversaturating the soak pit and leading to a number of sewage overflows into
the watercourse. Complaints were lodged with NEMA by the downstream neigh-
bours who observed the deterioration of water quality in the surface water channel
passing their properties. To address these periods of no power, the developers con-
sidered in 2014 the addition of a solar system to maintain operations. The approxi-
mate purchase and installation cost of this was 13,000 USD. Existing annual power
costs to run the pump are 3600 USD meaning the system would cover its investment
cost after 4 years. Retaining the existing pump and engaging a night-time operator
would allow for continual operation of the pump and inflow to the CW be distrib-
uted equally across 24 hours. The developers have not had sufficient capital to invest
in this initiative.

There is no provision for faecal sludge management (FSM) at the site. Sludge is
generated within the septic tank and must be removed on a periodic basis,
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representing a high cost to the developer (approximately 6000 USD). Due to lack of
revenue collected by the developer, sludge removal is not performed regularly,
resulting in reduced quality effluent emanating from the septic tank as operational
volume, residence time and retention of particles are reduced. Poor final effluent
quality was associated with this excessive sludge build up (observed by GW) and
rectified in 2014, after which the final effluent improved to within Discharge to
Environment levels.

8.3.4.2 Societal Issues

A number of issues have developed from lack of successful community engagement
over the last two decades, resulting in suspicion and resentment directed towards the
developers. The “not in my back yard” (NIMBY) attitude has grown as the land use
surrounding the CW has changed from agricultural to residential as shown in
Fig. 8.3. Specifically, five complaints have been lodged with NEMA in the last
10 years by nearby residents regarding the CW, in particular to the south where resi-
dents object to treated effluent and storm water flowing through this area. These
houses are downstream of the CW and outside the estate, so do not benefit from the
sewer system. Some of these houses have been constructed over the seasonal water-
way without the consent of the County Council and WRA, resulting in flooding
during the rainy season. Many of the houses are for rent, so landlords often lodge
complaints when they feel their environment has been disturbed or their house value
compromised. Complaints are also lodged due to suspicion of the treated effluent as
residents do not have access to the sampling results and fear an impact to their
health. Other residents bordering the northern site boundary have built houses on
former agricultural land adjacent to the CW and are located as close as 5 m from the
ponds. These residents have raised concerns about odours and pests emanating from
the CW, also submitting their complaints to NEMA.

Fig. 8.3 Comparison of the project site in 2008 (left) and 2021(right). (Google Earth Images 2008
and 2021)
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8.4 Discussion

The operational and societal concerns have highlighted a number issues regarding
operating a CW in a rapidly urbanizing location. In the case of the Mombasa hous-
ing estate, urban planning in the 1980s was primarily completed by the individual
(the developer) and there was no mechanism to include community consultation. At
this time, they received no support or input into the proposed development from
other planners such as NEMA and WRA as these bodies had not yet been formed.
The water utility MOWASSCO (formerly Mombasa Water and Sewerage Company)
had limited legislation on sewerage, no operations in the vicinity and no capacity for
supporting private wastewater treatment systems. Mombasa City Council approved
engineering designs of the septic tank but did not incorporate or endorse any treat-
ment system following the tank.

Whilst a public utility would have a procedure for citizens to lodge and resolve
complaints, no such structure exists for the private developer. When environmental
issues relating to the CW arise, these are all directed at the developer as they are
identified as the primary service provider. The developer is not an infrastructure
provider, recognized in any way by law, but has retained the responsibility of pro-
viding this service for the houses they have built. Additionally, having provided
drainage for storm water and wastewater, residents usually expect the developer to
also assume the roles of the municipality (currently lacking) and provide solid waste
collection and other services.

In the current light of increased pressure on land from the surrounding popula-
tion, the developers are currently under pressure to close the CW. The local water
utility, MOWASSCO, have not indicated a main line sewer will be provided in this
area within their Master Plan [18] so a decentralized system will still be required.
An alternative system acceptable in a densely population area could be a contained
treatment system with all treated effluent being utilized for irrigation within the site
boundaries. This would result in reduced odours and zero discharge off site of
treated effluent, but storm water runoff would still need access to pass along its
original route.

A rotating biological contactor (RBC) system was considered in 2007 in com-
parison with the CW, at an installation cost of 200,000 USD with estimated electric-
ity costs of 675 USD/month. This system comprised a settling chamber, two RBCs
and a final clarifier. Due to high operational costs and specialist personnel required
by the RBC, the developer decided that a CW was a more appropriate solution at
this time. Despite the RBC becoming increasingly appropriate in the current envi-
ronment, it is unlikely that the developer would implement an investment of this
scale without financial support and a mechanism to allow revenue collection. The
most viable long-term solution for the site is to continue CW operations with
improved relations with the community, potentially with zero discharge of treated
effluent (re-use within the site). This would be of benefit to the agricultural activities
practiced within the site where a number of banana plants, flowers and fruit trees are
grown. Water quality parameters in addition to those for the Discharge to
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Environment guidelines must be measured to comply with NEMA Eighth Schedule
(Microbiological Quality Guidelines for wastewater use in Irrigation) and Ninth
Schedule (Standards for Irrigation Water).

Conflict with the community also occurs due to security and vandalism. Concrete
manhole covers are often removed to retrieve and sell the internal reinforcing bar,
causing danger to other residents and blockages due to disposal of solid waste into
the system. In a separate part of the estate, the surrounding wall of the oxidation
ponds has consistently been destroyed due to theft of the materials (blocks removed
from the wall for building houses). A cast iron trunk sewer pipe crossing a small
watercourse was also stolen resulting in raw sewage discharging directly into the
environment. These issues have mostly been resolved with improved access and
maintenance of the whole sewer system by the on-site team and a number of
watchmen.

8.5 Conclusions

The CW serving the Mombasa housing estate has performed well since its construc-
tion in 2007 due to appropriate design and regular maintenance. However, a number
of social, environmental and operational factors identified at this location should be
considered in future CW to make the implementation of CW more sustainable and
appealing to private developers.

A significant increase in the number of decentralised wastewater treatment sys-
tems in Kenya is critical to ensure “sanitation for all” as part of the Vision for Kenya
2030 and the targets of Sustainable Development Goal 6. Capital investment and
operational costs for large centralized systems are often untenable for most Water
Service Providers (WSPs) due to lack of funds, so smaller, decentralized systems
such as CW (often for the private sector) are required. In order to achieve this, the
enabling environment must be conducive to promote these systems and support the
operators. Enabling factors should include all of the following points:

1. Involvement from the outset of all stakeholders, especially the surrounding com-
munity, in the planning process

2. Verification of qualified firms to build CW

Increased awareness and acceptance by environmental regulators of CW

4. Mechanisms to allow operators to charge fees to users or be given financial sup-
port from the Government for their service (in lieu of sewerage rates from water
utility) to cover construction, operation and maintenance costs of sewerage and
wastewater treatment systems.

5. Development of urban plans in low income areas

6. Adherence to urban plans (where available) including restrictions on land
use change

7. Assessment of life span of CW as part of the urban plan, and replacement with
containerized systems or connected to sewer line when necessary and/or possible.

(O8]
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Chapter 9 )
Performance of Constructed Wetlands L
in a Hot Tropical Climate: The Case

of Tanzania

Jamidu H. Y. Katima, Rwaichi Minja, Anne H. Outwater, Agnes Nyomora,
Wajihu Ahmada, Abdallah Zacharia, Aness S. Mahenge, and Rob Van Deun

Abstract Since 1999, the University of Dar es Salaam and partner institutions have
been conducting research, mainly in Tanzania, East Africa on various topics with
the main objective of developing constructed wetlands (CW) technology as a waste-
water treatment system that is effective in costs, sustainability and performance.
The research involved both pilot and full-scale CW and the following topics have
been covered: design based on mass transfer processes and pathogen removal, sub-
strate and macrophyte selection, coupling of CW with other treatment systems,
agricultural reuse of wastewater, and wildlife habitat services. This chapter presents
a summary of the results obtained from some of these studies. The results show that
improved design and configuration by increasing flow velocity improves mass
transfer coefficients. Novel substrates such pumice and use of indigenous macro-
phytes greatly improve the performance and sustainability of the treatment system.
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Coupling with other treatment systems such as waste stabilization ponds can
improve the overall performance. CW have the potential to remove pathogens,
including helminth eggs or larvae and protozoa cysts or oocysts. Inclusion of patho-
gen removal in the design equation greatly improves the accuracy of the design
procedure to predict the hygienic quality of the effluent. Treated effluent has accept-
able quality for reuse in, for example, paddy farming. CW improve general aesthet-
ics and support biodiversity such as birds. For this technology to continue performing
sustainably, more robust operations and management programs must be in place.

Keywords Constructed wetland - Mass transfer - Pathogens removal - Helminths -

Biodiversity - Wastewater treatment - Tanzania

Abbreviations and Acronyms

BOD Biological oxygen demand
COD Chemical oxygen demand
CSTR Completely stirred tank reactors
Cw Constructed wetland

E East

FC Faecal coliform

FWSF Free water surface flow

HLR Hydraulic loading rate

HRT Hydraulic retention time
HSSF Horizontal subsurface flow

L Length of constructed wetland
N Nitrogen

NH;*-N Ammonium nitrogen

NO; N Nitrite nitrogen
MORUWASA  Morogoro Water Supply and Sanitation Authority
SS Suspended solids

SSF Subsurface flow

TDS Total dissolved solids

TKN Total Kjeldahl nitrogen

TSS Total suspended solids

uv Ultraviolet radiation

VSSF Vertical subsurface flow

WSP Waste stabilisation ponds

S South

Sh Sherwood number

Sc Schmidt number

Re Reynolds number

Pe Peclet number
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Symbols

A Surface area of wetland (m?)

Co Inlet concentrations (mg/L)

C. Outlet concentrations (mg/L)

d Gravel diameter (m)

d. Diameter of aggregates (collector)

d, Diameter of particle (pathogen), pm

D,,  Diffusion coefficient (m%d)

g Gravitation force (N/m?kg)

h Water column (m)

Ky Boltzmann’s constant (J/K)

k,, Mass transfer coefficient (m/d)

k, Biochemical reaction rate constant (m/d)
K;  First-order reaction rate constant (d=")

Q Volumetric flow rate (m*/d)

T Absolute temperature of wastewater (K)

u Velocity (m/s)

u, Terminal falling velocity

W Width, m

Greek Letters

o Sticking coefficient

§ Slope of a straight line

eorn  Wetland porosity

n Single media collector efficiency

Nep Collection efficiency of the wetland bottom surface
B Dynamic viscosity of wastewater (kg/ms)
p Density (kg/m?)

Pp Pathogen density (kg/m?)

Pu Water density (kg/m?)

Vg Ratio of relative velocity (u,) to horizontal velocity (u;,)
9.1 Suitability of Constructed Wetlands in Hot

Tropical Climates

155

In Tanzania, a tropical country located at —6° 22" 22.17” S and 34° 53" 32.94” E,
constructed wetlands (CW) are more appropriate than mechanical systems such as
trickling filters, oxidation ditches, extended aeration, membrane bioreactors and
sequencing batch reactors which are relatively difficult and expensive to run and
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maintain [1]. CW depend on natural sources of energy, have no moving parts, and
require fewer operation and maintenance costs. CW are simple, inexpensive to con-
struct and are very efficient and sustainable. CW can be used by small communities
and may be located close to the users. CW can also be used to treat difficult waste-
waters such as acid mine drainage, textile wastes and to remove heavy metals and a
variety of toxic compounds [2—-6, 7]. Compared to most conventional technologies,
CW are capable of removing a higher percentage of pathogenic organisms. CW
seem to be relatively simple in engineering terms, but they are complex ecological
systems capable of removing organic matter, suspended solids (SS), nitrogen com-
pounds, phosphorus compounds, heavy metals, and pathogenic organisms.
Designing high performance CW requires specific engineering skills. Combined
with other treatment systems such as waste stabilization ponds (WSP), roughing
filters, and septic tanks they have been shown to improve the performance of those
systems [8]. However, the major limitation of CW is the requirement of large
land areas.

The biological reactions involved in wastewater treatment in the CW are photo-
synthesis, respiration, fermentation, nitrification, denitrification and microbial
phosphorus removal [9]. Photosynthesis is done by plants and algae, with the pro-
cess adding carbon and oxygen to the wetland. Plants transfer oxygen to their roots,
where it passes to the root zones (rhizosphere). Respiration is the oxidation of
organic carbon, and is performed by all living organisms, leading to the formation
of carbon dioxide and water. The microorganisms involved are bacteria, fungi, algae
and protozoa. Microorganisms are responsible for the decomposition of organic
carbon in the absence of oxygen, producing energy-rich compounds such as meth-
ane, alcohol and volatile fatty acids. Specialized micro-organisms are responsible
for nitrogen removal through the coupling of nitrification and denitrification reac-
tions [10]. Maintaining optimal environmental conditions in the CW is necessary
for the proper functioning of wetland organisms. These environmental conditions
will differ based on the specific characteristics of the wetland: flow regime, sub-
strate used and vegetation used.

CWs can either be of surface (free) flow (FWSF) or subsurface flow (SSF)
(Figs. 9.1, 9.2, and 9.3). The type of CW chosen is influenced by such factors as
treatment objectives, costs, environmental conditions, and land availability.
Additionally, in tropical countries a major driving factor is the control of waterborne
diseases vectors such as malaria [9]. Because of this, the majority of CWs in
Tanzania are SSF CW systems.

The configuration of CW in the tropical countries with hot climates is not differ-
ent from those found in temperate countries. They have a combination of different
zones, namely: inlet zone, macrophyte zone, deep water zone, littoral zone and out-
let zones, which perform different functions. These zones are composed of sub-
strates with various rates of hydraulic conductivity, vegetation, a water column,
invertebrate and vertebrates, as well as aerobic and anaerobic microbial population.

The inlet zone consists of an inlet structure and splitter box. These structures
should guarantee a flow distribution across the full width of the wetland. The mac-
rophyte zone can take different forms depending on the choice and combination of
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Fig. 9.1 Schematic layout of (a) free water surface flow (FWSF CW), (b) horizontal subsurface
flow (HSSF CW), and (¢) vertical subsurface flow (VSSF CW) [11-13]

Fig. 9.2 (a) L-shaped CW at Mahe, Seychelles. (Photo by Karoli Njau), (b) sloping terrain CW at
Seeta Primary School in Uganda. (Photo by Karoli Njau)
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Fig. 9.3 Typical baffled HSSF CW in Tanzania. (Photo by J. Katima)

substrates, vegetation, islands, baffles and flow diversions. A substrate provides sur-
face for the growth of a biofilm and will aid in the removal of fine particles by sedi-
mentation or filtration. The substrate provides a suitable support for the development
of extensive root and rhizome system for emergent plants.

Depending on the flow regime different types of macrophytes can be used in
CW: emergent macrophytes, submerged macrophytes or free floating macrophytes.
Macrophytic plants use nutrients in the water for their growth. The sub-surface zone
is saturated and generally anaerobic, although excess conveyed through the plant
root system supports aerobic microsites adjacent to the root and rhizomes [13, 14].
Aquatic plants have the ability to generate adventitious roots, which have the poten-
tial to extract dissolved oxygen and plant nutrients from water where gases and
nutrients may be more available than in anoxic soil zones [15]. The roots aid in the
removal of particulate pollutants including pathogenic organisms through physical
contacts, filtration and excreted biocides [14, 16]. The stems and roots of the plants
provide the surface area for the attachment of microorganisms, which are responsi-
ble for treating wastewater. These activities stimulate both decomposition of organic
matter and growth of nitrifying bacteria. Plants also provide the shade, detritus for
carbon and energy. Elements like baffles, islands and flow diversions are incorpo-
rated to improve the hydraulic efficiency of the CW. A non-vegetated deep-water
zone will reduce short circuiting by re-orienting the flow path.

Open water can be used as sedimentation zone and can offer better oxygen trans-
fer as well as pathogen die off through UV radiation. Moreover, these zones will
provide habitat for waterfowl. In the littoral zone the vegetation protects embank-
ments from erosion. The outlet zone consists of collection devices, spillway, weir
and outlet structures. These elements collect the effluent without creating dead
zones in the wetland. Special structures control the depth of the water column in the
wetland and provide access for sampling and flow monitoring [10].
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The available land and terrain may dictate the layout of the CW as depicted in
Fig. 9.2. Such configurations require due consideration of the hydraulic efficiency
and the application of the Darcy equation in the calculation of the maximum
flow rate.

9.2 The Tanzanian Experience

9.2.1 Mass Transfer, Velocity-Based Design

The breakdown of pollutants in an HSSF CW is a combination of two processes.
First, the pollutants must be transported from the wastewater to the biofilm that has
formed on the substrate and rhizomes. Subsequently, these pollutants are broken
down in the biofilm through biochemical processes. Generally, the reaction rate of
these biochemical processes is measured by calculating the temperature-dependent
first-order reaction rate constant (Kr). The transport is governed by molecular diffu-
sion as a result of a concentration gradient present, whereby the diffusing compo-
nent moves from a place of high concentration to one of low concentration. The
efficiency of this process is measured by the mass transfer coefficient (k,), which is
influenced by the flow velocity. Higher velocities giving more turbulence, which
reduces the possibility of forming a boundary film of standing water that causes a
lesser concentration gradient and thus complicates the diffusion process. The flow
velocity within a HSSF CW depends on the flow rate, water depth, length to width
ratio and porosity of the substrate used. Njau et al. [17] tested the use of baffled
systems (Fig. 9.3) and controlling the hydraulic loading rate to attain higher veloci-
ties. They found that velocity improves mass transfer coefficients. Their conclusion
was that incorporation of mass transfer into CW design procedures improves the
performance of CW systems and reduces the land requirements.

Most design equations are developed in temperate climates, using site-specific or
regional-specific data. Such equations when applied in tropical climates, without
modification, either oversize or undersize the system, due to differences in hydrol-
ogy and climate. The following modified design equations were found suitable for
designing HSSF CW in Tanzania. A modification of the design equation used the
dimensionless groups, Sherwood number (Sh) (Eq. 9.1), Schmidt number (Sc)
(Eq. 9.2) and Reynolds number (Re) (Eq. 9.3) to correlate mass transfer coefficients
with velocity.

k d
Sh = m 9.1
D, 9.1
Se=—H_ 9.2)
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Re=2 9.3)

Where k,, = mass transfer coefficient (m/d), d = gravel diameter (m), p = viscosity
of wastewater (kg/ms), D,, = diffusion coefficient (m%*d), p = density (kg/m?),
u = superficial velocity (m/d).

The Sherwood number is the function of Schmidt number and the Reynolds
number [18] as expressed in Eq. (9.4).

a B
k d
wd _ o[ _H | pdu (9.4)
D, pD, H
From Eq. (9.4), the values of p, p, C, d and D,,, are constant at a fixed temperature
thus, Eq. (9.4) can be expressed as:

k,=Cu’ 9.5)

The mass transfer coefficient, k,, in Eq. (9.5) is related to the temperature-dependent
volumetric first-order reaction rate constant (Kr) obtained in the design equation of
HSSF CW that assumes plug flow characteristics (Eq. 9.6). K; is obtained directly
by plugging in the values of inlet and outlet concentrations for BODs, NH;*-N,
NO;™-N and TKN to Eq. (9.6).

(InC,-InC,)
A =0———= (9.6)
K, he

Where A, = surface area of wetland (m?), C, and C. are inlet and outlet concentra-
tions (mg/L), h = water depth (m), Q = volumetric flow rate (m*/d) and € = wetland
porosity (fraction).

The observed values of Ky can be partitioned into the mass transfer coefficient k,,
and the biochemical reaction rate constant k, as follows:

1 1.1 9.7)
K. k Kk
If k,, = k,, the system will be mass transfer controlled [19, 20]. Therefore, the veloc-
ity will determine the overall reaction rate. From Eq. (9.5), the In — In plots of veloc-
ity and mass transfer coefficients can be produced, and the linear regression analysis
gives a slope p and intercept In(C’). Table 9.1 summarizes the research results.
There is a significant relationship between velocity and removal rate constants
for BODs, NO;-N, NH;3*-N and TKN for domestic wastewater. Higher velocities of
wastewater moving through the HSSF CW have been observed to bring about higher
pollutant removal rates. Thus, the performance of HSSF CW depends on the mass
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Table 9.1 C’ and f calculated from In — In plots of velocity and mass transfer coefficients for
different types of pollutants. (R?> = determination coefficient of linear regression, n = number of
samples)

C B R n
BOD? 0.12 0.87 0.904 24
NH;*N (In(u) < 2.4 m/d) 0.004 1 1 4
NH,*N (In(u) > 2.4 m/d) 0.051 0.81 0.583 18
NO,-N 0.170 1.20 0.918 22
TKN 0.048 0.94 0.9022 19

transfer processes and the rate constant for different wastewater parameters depends
on velocity according to the equation of the form k,, = C'uP.

Increasing the flow velocity to obtain a better mass transfer coefficient can be
achieved by increasing the length to width ratio, for example by the introduction of
baffles. However, this can lead to two problems. First, the smaller cross-sectional
area can lead to overland flow for a given flow rate (Darcy equation). Second, the
supply of contaminants at a smaller cross-sectional area will place a high load on
the HSSF CW in the inlet zone, which can cause clogging. An important possible
application of HSSF CW in tropical regions is the polishing of effluent from waste
stabilization ponds. These effluents are characterized by high flow rates, but low
concentrations of pollutants. In such conditions, the removal processes in HSSF
CW are likely to be governed by mass transfer limitation as a result of the low con-
centration gradient. In another study, the removal rates in HSSF CW treating WSP
effluent were optimized by increasing the interstitial velocity in the system [21]. A
pilot installation of various HSSF CW that work as completely stirred tank reactors
(CSTR) was set up to test the effect of different interstitial velocities in a controlled
environment.

The interstitial velocity can be calculated using Eq. (9.8) and the removal rate
constants are calculated from Eq. (9.9).

u = Q
' Whe

(9.8)

Where u; is interstitial velocity (m/d), Q is the flow rate (m3/d), W is the width of the
HSSF (m), h is the water depth in the HSSF (m), € is the porosity (decimal fraction).

C
C =—"2 _ 9.9
* L+ kHRT) O

Where C, is the outlet concentration (mg/L), C, is the inlet concentration (mg/L), k
is the overall removal rate constant (d="), HRT is the hydraulic retention time (d).
The research results showed that, at low flow velocities, the diffusion process is
the limiting process. Increasing the interstitial velocity up to a value of 36 m/d,
significantly improved the removal rate constants for COD removal. Above this
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value, the reaction rate of the biochemical processes in the biofilm becomes the
limiting factor. It was concluded that optimizing the configuration of HSSF based
on the ideal interstitial velocity, avoiding overland flow through application of the
Darcy formula, would result in a reduction of the necessary surface area with
approximately 40% [21].

9.2.2 Modified Design Equation for the Pathogen Removal
in a HSSF CW

Nutrient removal is always a key driving factor in temperate countries, while in the
tropics, removal of pathogenic organisms has a high priority. The majority of exist-
ing design equations do not include pathogen removal. The processes involved in
pathogen removal include filtration, adsorption and sedimentation. On the design
aspect, the processes are affected by the design geometry (length to width ratio,
total substrate surface area) and operational factors like hydraulic retention time as
shown in Fig. 9.4 [22].
The design equation which was developed is derived from Eq. (9.10).

ln(gj:{éaw(l_n)+a"‘;”"’ L 9.10)

C, 2 nd, h
Where C, and C are inlet and outlet concentrations of pathogens in wastewater
stream, o is the sticking coefficient, n is the bed porosity, ng, is the collection effi-
ciency of the wetland bottom surface, y is the ratio of relative to horizontal veloc-
ity(—=), n is the single media collector efficiency, d. is the diameter of
aggrbgates(collector), L is the length of the CW and / is the water column in the CW.
From Eq. (9.11) the following symbols are given as [21].

2 2
pole o | Pu | ]| P (M ©.11)
uh pw+pp pw+pp uh

Where p, and p,, are densities of pathogens and water respectively and u, is the ter-
minal falling velocity of pathogen.

n="n,+tn,+ng 9.12)

Np, M and g are theoretical values for single collector when the transport mecha-
nisms are by diffusion, interception and settling respectively. They are given as,
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Fig. 9.4 Conceptual diagram of pathogens removal [22]. The arrow direction shows from where
the factor is enhanced (HRT = Hydraulic Retention Time)

n, = 4.04pe > =09 —Kel (9.13)

D

/’tdchuh
3(d,Y
n, = 5(7?} 9.14)
Py —p,) &dy’
Ne = (%J 9.15)
h

Where Pe is the Peclet number, p, is the pathogens diameter, p is the dynamic vis-
cosity of wastewater, g is the gravitation force, Ky is the Boltzmann’s constant and
T is the absolute temperature of wastewater.

To correct the discrepancies that exist between model and observation, the addi-
tion of porosity term is required [23, 24]. Therefore;

%
ﬁ] ©.16)

1, = 4.04B"Pe 5 =0.98"
pd dyu,

Factor B is related to the bed porosity with the following expression
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_ (-7
T 2-3y43y°-2y°

9.17)

Where,y =(1— n)% and n is the bed porosity.
Substituting Eqgs. (9.15), (9.16) and (9.17) into Eq. (9.10) then the total collector
efficiency become:

% 2 2

—p.)gd

n=0.93%(—5§ J %(—Z"] {—(p"wpw)g P ] 9.18)
:u c Puh c /"luh

The value of ng, in Eq. (9.19) is given as (Table 9.2):

Ng, =—>=— 9.19)
ur l//uh

After insertion of the data above the model in Eq. (9.10) yields Eq. (9.20).
C — C0e70A23644L (9'20)

The equation was validated by correlating with the regression model (Eq. 9.21) gen-
erated from experimental data.

Table 9.2 Parameters used in the CW design equation

Coefficient Range unit Source
Boltzman constant (Kp) 1.38 x 107 | J/K [23]
Diameter of faecal coliform (d,) 1 pm [25]
Density of water (p,,) at 28 °C 996.2 Kg/m? [26]
Viscosity of water (p) at 28 °C 8.324 x 10* | Pa.s [26]
Density of faecal coliform (p,) 1050 Kg/m? [23]
Porosity of aggregates (1) 0.40 - From field
study
Pore velocity (u;) 1.8 m/day From field
study
Average diameter of collector (d.) 0.02 m From field
study
Sticking coefficient (o) for parasites and bacteria | 1 - [27]
Wetland depth, (h) 0.6 m From field
study
Influent concentration of faecal coliform (Cy) for | 1 x 107 CFU/100 ml | [10]
domestic wastewater
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9.21)

FCO)
i

FCzln(
Fi

Whereby FC = transformed log unit of faecal coliform (CFU/100 ml), L = length
(m). Both coefficients for intercept and length were significant (p = 0.000 and
R?=0.91). Substituting the length of HSSF in Egs. (9.20) and (9.21) can be deduce
to [22]:

1n( Fc ) =-0.23644L (9.22)
FCo

9.2.3 Choice of Macrophytes

CW vegetation (macrophytes) plays a vital role in the remediation of water by sup-
porting and participating in the physical, chemical and microbiological processes
that occur [28]. Choice of suitable plants is a critical step.

There is a variety of macrophytes in the tropical climate, as such the choice of the
plants should be based on the diversity of physical and chemical niches present in
wetlands. Plants indigenous to the same ecological zone as the CW should be used.

Mangroves have been found to be suitable for specific applications because of
their unique characteristics including (1) tolerance of extreme environmental condi-
tions such as high salinity, extreme tides, high temperatures and muddy, shifting
anaerobic/aerobic soils substrate [29]; (2) high potential as a biomass sink for nutri-
ents; (3) tolerance of periodically inundated water conditions; (4) aerial roots and
oxygen translocation systems that make them highly adapted to growth in anoxic
muds. Two mangrove species Rhizophora and Avicenia marina, have been used to
treat wastewater from beach hotels near Dar es Salaam (Fig. 9.5). Avicenia marina
performed better in reduction of all pollutants from domestic wastewater than
Rhizophora [30].

The plants which are commonly used for CW include Cyperus papyrus, C. dubis,
Kyllinga erectus, Phragmites mauritianus, Typha domingensis and T. capensis. In
one study, K. erectus was found to perform better than the rest in most pollutant
removal. However, P. mauritianus establishes well and has a long growing period
(Fig. 9.6). As such, the majority of CW constructed in Tanzania have used P. mau-
ritianus that is abundant in eastern and southern Africa [31].

9.2.4 Wetland Substrates and Soils

The substrate is one of the most important components of the wastewater treatment
in the wetland. There is abundant literature on the role of soils in CW [10, 32, 33].
The microbiological (e.g., bacteria and fungi), chemical (e.g., iron oxides) and
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Fig. 9.5 Mangroves planted in a free water surface flow CW in Dar es Salaam, Tanzania. (Photo
by Mahenge)

Fig. 9.6 Phragmites mauritianus in a 3-home CW in Dar es Salaam, 3 years after planting. (Photo
by A. H. Outwater)

physical (e.g., high silt and clay content) nature of substrate make many systems
function as efficient ‘sinks, filters, or transformers’ of nutrients, particularly phos-
phorus, nitrogen and carbon [34]. Heavy metals are efficiently trapped by processes
of direct adsorption, complexing with organic matter and the formation of insoluble
sulphides in the sediments, and through the formation of iron-plaques on the roots
of trees [35].

In Tanzania, clogging has been found to be a common phenomenon that can
occur in SSF CW, thus reducing the efficiency of the system. Gravel is often favored
in Tanzania because of the greater ease and uniformity with which the effluent can
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flow through, and its availability. However removal of pollutants by a substrate also
depends on its porosity, surface area, surface physical chemical properties and pH
[36]. Other indigenous substrates including pumice, limestone, granite [37, 38], are
abundantly available in Tanzania.

Pumice has been especially studied. Pumice has about 3.5 times pore surface
area and about 4.5 times pore volume compared to granite [37]; due to its porosity,
it has a large surface. Its physicochemical properties, give it good potential as sub-
strate and catalyst support [39]. Minja and Ebina [40] studied removal of arsenic
from water using pumice and Masatsuchi soil (weathered granite soil) of which
pumice had more surface area but Masatsuchi sand performed better at various
pH. Removal of arsenic by pumice was pH and arsenic speciation (As(V) or As(III))
dependent [41]. The performance of pumice on removal of phosphate may be attrib-
uted to the availability of elements Al, Ca, Fe and Mg which are good for phosphate
adsorption [36, 37]. Pumice was found suitable to treat pollutants in wastewater and
landfill leachate [37, 39, 41].

9.2.5 Coupling the CW with Other Treatment Systems

CW systems can be used as a single standing wastewater treatment system or cou-
pled into a larger treatment system. The latter is the most widely used option in
Tanzania. In such an integrated system, CW may be used for secondary treatment of
wastewater or for polishing (tertiary treatment) [8]. In Tanzania, integration of CW
to other wastewater treatment systems was observed to improve the wastewater
effluent quality. Table 9.3 shows typical improvements in wastewater treatment for
different configurations.

Table 9.3 Improved parameters of coupled wastewater treatment systems in Tanzania

Primary and/or Percentage
secondary system Type of Parameter improvement Reference
Up-flow anaerobic Horizontal BOD (mg/L) 45% [42]

sludge blanket reactor | subsurface flow | COD (mg/L) 62%
TSS (mg/L) 76.7%

Full-scale waste Free water Helminths NA (helminths were [42, 43]
stabilization pond surface flow (eggs/L) removed completely)

Protozoa (00) NA (protozoa were

cysts/L completely removed

FC (log 16%

unit/100 ml)
Full-scale waste Horizontal FC 31.9% [43, 44]

stabilization pond subsurface flow | (CFU/100 ml)
TDS (mg/L) 1.8%
Anaerobic and Horizontal Helminths 61.5% [45]
facultative ponds subsurface flow | (eggs)
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9.2.6 Volarisation of Treated Wastewater

It is well recognized that compared to rain-fed agriculture, irrigation boosts crop
production 3—4 times [45]. Water for irrigation can either be sourced from bodies of
fresh water or from reuse of effluent from aquaculture or aquaponics, and wastewa-
ter treatment systems.

Effluents from CW contain essential elements, like carbon, nitrogen and phos-
phorus and trace elements vital for plant growth such as zinc, copper and boron
which, if not used, are lost in a futile process that causes over-fertilization (eutrophi-
cation) of water bodies and the oceans. Integrating CW effluent with agriculture can
cheaply recover these nutrients (as fertilizer) for usage in agricultural production
systems. For example, in aquaculture, fish excrete nitrogenous waste products dis-
solved in their urine and faeces. These together with feed derived waste undergoing
decomposition dissolved in aquaculture are appropriate for reuse in plants as well as
sequestration to avoid ammonia and nitrite toxicity in the environments.

Irrigation using effluent provides double benefit; water and fertilizer. In Tanzania,
typically ammonia nitrogen in raw domestic/municipal wastewater range from
26.3-35.3 mg/L, while nitrate concentration in effluents (treated wastewater) ranges
from 11.30-11.44 mg/L. The influent and effluent of CW averages have been esti-
mated at 30.8 + 4.5 mg/L and 11.37 + 0.07 mg/L, respectively. Phosphorus concen-
tration in raw domestic/municipal wastewater ranges from 18.1-56.5 mg/L, whereas
phosphorus concentration in effluents ranges from 6.72-39.9 mg/L. The influent
and effluent averages from CW have been estimated at 50.5 + 6.0 mg/L and
29.0 £ 6.0 mg/L, respectively; thus, making the treated effluent from CW to be
“eco-friendly” alternative to conventional irrigation which supplies only pure water
[10, 46]. In Morogoro Tanzania, Nyomora [46] compared the effects on rice cultiva-
tion of using tapwater, wastewater, and a combination of wastewater and NPK
(nitrogen, phosphorous, potassium) fertilizer found that the wastewater that had
passed through a fish pond was the most effective means of increasing rice yields.

9.2.7 Improvement of Wildlife Habitat

Living creatures are also an important part of the effectiveness of CW. For example,
in mangrove forests, the muddy or sandy sediments are home to a variety of inver-
tebrates, and microorganisms who are participating in breaking down detritus into
nutrients.

CW have been shown to be important habitats for reptiles, amphibians and birds
around the world [47]. A meta-analysis of 186 natural wetlands and CW found that
CW had a significantly higher biodiversity than natural wetlands (0.05) [48]. They
are so effective that a highly damaged wetland from excessive agricultural off-take,
was successfully rejuvenated by Ducks Unlimited Canada using municipal sewage
with the primary objective to restore habitat for native waterfowl [49]. In Tanzania
also, CW support wildlife.
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Richness, abundance and diversity of birds increase with wetland area [47], but
even small wetlands can harbor a surprising amount of diversity. In Tanzania, a CW
merely 3 x 1 meter in size, planted with Phragmites mauritianus in urban Dar es
Salaam (DSM) provided a case study [50]. Until the 1990’s, this Mikocheni area of
DSM was a large coastal natural wetland of which only remnants are left. P. mauri-
tianus is still found alongside the several small rivers running through DSM to the
Indian Ocean. As shown in the Table 9.4 below, the CW planted with P. mauritianus
provided a natural environment which attracted and supported displaced native fauna.

Biodiversity was increased in a manner compatible with urban living. Moreover,
since CW are odorless, the system itself served as an attractive, interesting, vertical
green element in the overall garden design.

At the municipal sewage treatment plant in Morogoro where a CW was coupled
with sewage treatment ponds, ten granivorous passerine species (including weavers,
quelea, bishops, and widowbirds) were recorded [45]. One species, Southern Red
Bishop Birds, were found nesting in the CW planted with P. mauritianus. At this site
the CW was about 80 m from farmers’ fields. Bishop birds were recorded eating
paddy and maize crops. To protect the crops, the farmers hired somebody to chase
the birds away from 5 AM to 7 PM. Therefore, although the birds of the two nests

Table 9.4 Wildlife found in a residential constructed wetland in urban Dar es Salaam, Tanzania

Species name Native Habitat Habitat used | Comment

Birds

Zanzibar red bishop Coastal Kenya and | Breeding, Has been
Tanzania nesting, permanently

raising young. | displaced from
most of DSM by
destruction of

original wetlands.

Speckled Mousebird, purple-banded

Various parts of

Safe resting

Endemic only to

sunbirds, scarlet-chested sunbirds, East Africa, places, East Africa, except
Grey-headed sparrows, spectacled including coast temporary for the latter,
weaver, African Golden weaver, shelter, which is also found
black-headed weaver, red-billed nesting in southern Africa.
Firefinch, blue-capped cordon bleu, materials,
bronze Mannikin, yellow-fronted
canary, green-backed Cameroptera,
Reptiles
Yellow-headed dwarf gecko Narrow coastal Resident Globally rare.
strip from S. Kenya Locally common.
to N. Mozambique
Pemba speckle-lipped skink Pemba and coastal | Dry season The color is bright

Tanzania

bronze.

Amphibians

Marbled snout-burrower

Eastern Africa

Rainy season
resident,
mating, laying
eges,

Globally unusual.
Locally fairly
common.
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in the CW were only a small percentage of the passerines feeding in the agricultural
fields, it can be seen that passerines nesting amongst the P. mauritianus reeds, would
be detrimental to nearby farmers’ crops. In certain circumstances it is beneficial to
nearby farmers if passerine nests found in the CW, are periodically removed early
in the nesting cycle.

In Tanzania, CW planted with the native P. mauritianus have increased diversity
of indigenous flora and fauna in both urban and rural areas. Those who are con-
structing wetlands should consider that the habitat may have a significant role in
supporting and rejuvenating local biodiversity.

9.3 Conclusions

Constructed wetlands are exciting and effective wastewater treatment technologies,
particularly in tropical countries such as Tanzania where the warm climate supports
the growth of microorganisms responsible for treatment. Different studies in
Tanzania has shown that design equations developed in temperate climates, need to
be adjusted to take into account the hydrology and temperature dependence of mac-
riobial functioning. It has also been found that inclusion of pathogen removal
improves the performance of CW in removing pathogens, which are have signifi-
cant impact on human health and volirisation of treated wastewater in the tropical
climate. Innovation on how to configure the CW, e.g. introduction of baffles improve
mass transfer coefficient and reduces the size of the CW for a given treatment task.
Furthermore, the terrain will determine the configuration of the CW; however, func-
tional parameters such as the slope should be maintained, in whatever configuration.
Studies have shown that treated wastewater can be used for irrigation, thereby
reducing the application of inorganic fertilizers. In addition, CW habitat increase
local biodiversity. Continued research into, particularly is the design equations will
improve the performance of CW, this in turn will make the CW technology more
attractive as a primary treatment technology in the tropical countries.
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Chapter 10 )
Constructed Wetlands Lessons S
from Three Middle East Countries :

The Effect of Plants and Filter Media

on CW Performance

Hassan Azaizeh, Abeer Albalawneh, Samer Kalbouneh,
and Yoram Gerchman

Abstract Water scarcity is an on-going issue in the Middle East region, and waste-
water treatment and reuse could relieve much of this water scarcity. This is currently
done in most of Israel and partially in Jordan and Palestine, but mostly in large
centralized wastewater treatment facilities, making the dissemination of wastewater
reuse in the rural areas of the region complicated. This chapter describes the build-
ing, testing and adaptation of constructed wetlands in Israel, Jordan and Palestine.
We describe and discuss different types of CWs, the use of different media, and the
importance of plants vs water loss through transpiration. We also describe the matu-
ration process of the CWs. The results suggest that CW's can indeed offer an effec-
tive way to aleviate water scarcity and improve agriculture production in the rural
areas in the Middle East.
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10.1 Introduction

The Middle East region is a semi-arid to arid area, with yearly precipitation of 435,
402 and 111 mm for Israel, Palestine and Jordan respectively [1]. The limited pre-
cipitation is accompanied by non-evenly distribution of the rain throughout the year,
with most of the rainfall limited between October to April, and the July to August
being practically dry (Table 10.1). This situation results in chronic water shortage in
these three countries, making wastewater treatment and use in agriculture of great
promise [2, 3]. In Israel, approx. 90% of the wastewater is collected and treated, and
the treated wastewater (approx. 500 million m?* yearly) is used in agriculture (as of
2016, approx. 30% of agriculture water was treated wastewater). In Jordan and
Palestine, wastewater collection and treatment are lacking, mainly due to the high
cost of the complex collection and treatment infrastructure, and their impracticality
in rural areas (Table 10.1). Under these conditions, Constructed Wetlands (CWs) are
of much interest as possible solution [4].

In this chapter we summarize our experience in constructing and utilizing CWs
in Israel, Palestine and Jordan. CWs are easy and cheap to build extensive wastewa-
ter treatment ‘devices’. They are built to mimic the natural process by which water
are cleaned as they flow in through the stream [6, 7], and are well known with their
low energy demands, operating costs, and low environmental impact [4, 8, 9]. They
have been suggested for use in arid areas although such is still limited [10].

10.2 Israel

Israel is leading in wastewater collection, treatment and reuse for agricultural irriga-
tion and aquifer recharge, with almost 90% of the wastewater collected and 85%
treated and reused. As of 2016, about 30% of agricultural irrigation in Israel is done
with treated wastewater, and this practice is spreading toward municipal gardening.
Currently almost all of the wastewater is treated by centralized wastewater treat-
ment plants (WWTPs), and there are 89 large (treating at least 300,000 m? yearly)
WWTPs spread throw-out the country (data from Israeli Ministry of Environmental
Protection, 2020). Furthermore, in Israel all water sources, including wastewater,
are considered public property, thus, private treatment and reuse are considered ille-
gal. As of 2020, almost all of the wastewater treatment is handled by state autho-
rized “water corporates”’, each one handling different geographical region. The
water corporates are responsible for selling the fresh water to the population and for
collecting and treating the wastewater.

Given the above, it is not surprising that CWs are a rarity in Israel. Many of the
CWs treat a single household, although a few community CWs do exist. Nevertheless,
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Fig. 10.1 Overview diagram of the four CWs design

since water and wastewater research is highly regarded in Israel, CWs are also an
active subject of research (For recent publications see: [11-13].

Many parameters were previously shown to affect CWs efficiency, among them
vegetation type and cover [14-16] and substrate size and type [9, 17]. Plants have
been shown to have an effect on microbial population and activity [18], but also to
cause water loss due to transpiration (up to 15% were reported, [19]). Substrate type
can also affect CWs performance [20]. Nevertheless, the effect of these parameters
was rarely compared on identical ‘real-life’ wastewater due to the complexity of
such experiments.

We have designed and constructed a system of four horizontal subsurface-flow
(HSSF) CWs with different characteristics in Sakhnin city near a domestic waste-
water sedimentation pond site (Fig. 10.1). Primary wastewater effluents were
pumped directly from the sedimentation pond and divided equally into the different
CWs. All of the CWs were constructed to include two segments. While both HSSF
CW1 and HSSF CW?2 contained tuff as the plant growth matrix, the other two wet-
lands (HSSF CW3 and HSSF CW4) contained gravel. HSSF CW1 consisted of a
plant-free segment followed by a Phragmites australis-planted one. HSSF CW2
consisted of Phragmites australis-planted segment followed by a Typha angustifo-
lia- planted one. HSSF CW3 and HSSF CW4 were constructed exactly as the first
two CWs except for gravel, which was used as the support matrix instead of tuff.
Each pond was fed continuously daily with 2 m?® of municipal wastewater after 4 h
of sedimentation. The CWs were operated at an HRT of 24 h.

Inlet and outlet samples were collected from the different CWs during the winter
2016-2018 on 2 sampling events. The samples were subjected to microbiological
and chemical analysis using standard methods in order to determine the quality of
the treated wastewater.
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10.2.1 Evaluation of CW-Effluent Chemical Quality

The microbial quality was determined by enumeration of total bacteria, fecal coli-
forms and E. coli (fecal indicators), and Salmonella (as a representative of patho-
genic bacteria) using standard enumeration methods.

Tables 10.2 and 10.3 summarize water quality after 7, and 26 (winter) months of
CW operation. As shown in Table 10.2, all CWs achieved significant reduction of
most of the parameters. However, no clear differences in performance were found at
this stage among the four different CWs due to the high variability in the removal
values obtained for most of these parameters. Data shows that the COD was more
than 100 mg/L, which is above the Inbar Israeli regulations for unlimited irrigation.
Therefore, the obtained results indicate that further treatment is still required before
using the effluents for unlimited irrigation. In winter (unfavorable conditions), the
COD and nitrogen removal of the two Phragmites-Typha serially-planted CWs were
significantly reduced (Table 10.3).

10.2.2 Evaluation of the Microbial Quality of CW-Effluent

The removal of heterotrophic bacteria (HB), fecal coliforms (FC), E. coli and
Salmonella, was monitored for the different CWs for almost 3 years starting from
the setup stage until maturation. During this period, the CW's were sampled primar-
ily in summer, i.e. in favorable environmental conditions (“‘good performance”). In
order to gain insight into the performance stability of the CWs, in the third year of
operation the removal efficiency was also evaluated during winter, i.e. during unfa-
vorable or suboptimal conditions (“bad performance”).

As shown in Fig. 10.2, CW age significantly affected the removal efficiency of
bacteria in all CWs, with increase from 40-70% (0.22-0.52 log; 1 month of opera-
tion) to ~95-99% (1.3-2 log) after 7 months, and remaining constant within this
range for the next 21 months. The different CW showed differences through the
setup stage (first 7 months), with the Tuff-Phragmites-Typha CW showing signifi-
cantly better results. When the CW system reached maturation (i.e. after 7 months),
these differences disappear, suggesting that the design (presence or absence of
plants, serial plantation, and substrate type) has a pronounced effect only at the
setup stage. The fact that the obtained removal rates were still within the typical
removal rate range of CWs [9] suggests that further optimization or additional treat-
ment is required for more efficient application of HSSF CWs for treatment of pri-
mary wastewater. Unexpectedly, although Salmonella infections are more common
in summer than in winter, the majority of the summer influent and effluent wastewa-
ter samples were negative for Salmonella while those of the winter were positive.
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Fig. 10.2 Removal efficiencies of (a) heterotrophic bacteria, (b) fecal coliforms, and (¢) E. coli as
a function of the operation time

10.3 Jordan

Jordan is one of the five most water-deprived countries in the world. Jordan climate
is generally arid to semi-arid, with 90% of Jordan receiving less than 200 mm rain-
fall per year [21]. The amount of available fresh water per capita lags far behind that
of most other countries. In 2008, the renewable fresh water resources available per
capita in Jordan were about 145 m? per year, and these are projected to fall to less
than 91 m?® per year by the year 2025; for reference, the alarm line for water scarcity
is estimated at 500 m?® per year per capita [21]. Water demand in Jordan continues
to increase, and water availability for agricultural irrigation is a limiting factor for
food production. Indeed, Jordan is over-pumping water, with estimated water stress
(i.e., freshwater withdrawal as % of availability) of 151% [1]. Indeed, there are
many regions of the country over-pumping is a reality, with up to 75% over-pumping
(i.e., above the sustainable level) in Az Zarqa [22].

Much of the Jordanian population is rural (8.8%; Table 10.1), and not connected
to sewage systems (Table 10.1). Given this and that much of the water is used for
irrigation (Table 10.1), making wastewater reuse of high importance in Jourdan. In
Jordan, the challenge of wastewater reuse is exacerbated, due to the low water use
and resulting low quality greywater generated, especially in rural communities,
contains high concentrations of Total Suspended Solid (TSS), Biological Oxygen
Demand (BODs), and Chemical Oxygen Demand (COD) [23], and worldwide the
highest values of EC, BOD, and total Phosphorous (P) were found in Jordanian
greywater [24].
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CW treatment systems have been successfully used to treat municipal wastewa-
ter with a wide range of inflow concentrations [25]. However, there is limited infor-
mation about CWs in developing countries particularly those located in arid and
semi-arid areas [26—-28]. Therefore, we have built and tested two small-scale CW
treatment systems (Table 10.4), one with horizontal sub-surface flow (HFCW;
Fig. 10.3) and one with vertical sub-surface flow (VFCW; Fig. 10.4) (Table 10.5).
For both systems, greywater sources were high strength mixed greywater from the
kitchen, washer, shower, and sinks. The water was pre-treated by sedimentation
manhal (50*50%50 cm) placed underground, where the solid materials settled. Two
plastic bags sieves were installed at the manhole inlet and the outlet, used to screen
the greywater. A manual valve was installed in the bottom of the manhal and used
to convert the settled solid sediment to the cesspool. The valve was also used to
convert raw greywater to a cesspool during the maintenance, emergency cases, and
if the family needs to leave their home for a while.

Fat and grease separation phase were removed from filtered graywater by a
100 L polyethylene barrel. The fat and the grease floats on the water surface and
then reconverted to the cesspool, while the lower part of the water was siphon by
gravity to the HFCW bed. This barrel was also meant to regulate the greywater’s

Table 10.4 Design parameters of the Jordanian Horizontal Flow Constructed Wetland

Design steps®

Notes

Design Porosity = 0.35 According to USEPA [32].

parameters Hydraulic conductivity = 500 m*/m?day | Temperature from Al-Samra
Mean winter water temp = 8 °C meteorological station
Depth=0.6 m
Bed slope = 1%

Design Expected water to be treated = 0.25 m%/

assumption day

Influent BODs = 500 mg/L
Intended effluent BODs = 200 mg/L

Determine the
bed surface area

1. Determine the temperature- dependent
rate constant (KT).

KT =K20 (1.1) ™

KT =0.86%(1.1)%2 = 0.27

KT: the temperature —
dependent rate constant
K20: constant at 20 °C = 0.86

2. Determine the bed surface area

As = (Q(InC,-InC,))/KTdn)

As =(0.25(5.01-5.3))/(0.27*0.6*0.35)
As =3.89 m?

As: surface area

C,: influent BODjs

C.: effluent BODs

Q: expected amount of water to
be treated

n: porosity
d: depth (m)
Determine the Formainbed: L=4m, W=1m. L: Length
bed length and L*W =4 m? W: Width
width
Determine T =LWdn/Q T: Detention time

detention time

T = (4*%1%0.6%0.35)/0.25 = 3.4 days

* Upon the guidance for design and construction of a sub-surface flow constructed wetland [32]
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Fig. 10.3 The construction design of the Horizontal Flow Constructed Wetland (HFCW) in Jordan
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Fig. 10.4 Design of the Vertical Flow Constructed Wetland Treatment System (VFCW) in Jordan

inflow, and to equalize the quality and temperature of the greywater, but in reality,
influent flow rate was pulsated with insufficient overlapping to create a continuous
flow during the day, and almost zero (i.e., no flow) at night. Therefore, water meter
does not work properly and our greywater system operated under uncontrolled
intermittent flow conditions.

The CW basin was built of cement bricks and lined by polystyrene sheet to pre-
vent any leaching and groundwater contamination. The dimentions were 4 m x 1 m
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Table 10.5 Design parameters of the Jordanian VFCW

Design steps Notes
Design The first-order areal rate constant (K). The K Upon Kadlec and Knight
parameters value is estimated for low quality greywater as | [33].
0.16 m/d.
Design Expected amount of water that will be
assumption treated = 0.25 m*/day

Influent BODs = 500 mg/L
Intended effluent BODs = 200 mg/L
Calculated reduction in BODs
concentration = 70%

Determine the (a) Determine the required area (A) A: the required VFCW area
required area (m?),
0 BOD,, - BOD;, Q: the water flow rate
A==Ln| —2L— o
K | BOD,,-BOD,, (m*d™),

BODs.: the BODs
concentration in the treated
greywater.

BODs;: the BODs
concentration in the raw
greywater.

BODs,: the background
concentration

K: the first-order areal rate
constant.

A=17m?

x 0.6 m (L x W x D) with a 1% slope. The bed was filled with volcanic tuff and
gravel, locted in a planted with Pampas grass (planting density one plant per square
meter). Water flows horizontally and subsurface inside the bed. Volcanic tuff and
gravel were selected as both have good history in water treatment and are available
in Jordan environment with affordable price [29-31]. Both volcanic tuff and gravel
media have to be washed before using by hydrochloric acid solution (1 M) or with
a special cleaning solution.

A collection barrel was installed near the front end of the HFCW. An automatic
submersible pump is fixed in the lower collection barrel. An overflow pipe is set up
from the submersible pump in the collection barrel to the screen filter. The water
was used for irrigation of olive orchard by drip irrigation according to the Jordanian
standards for greywater reuse ‘“‘Reclaimed greywater in rural areas JS1767:2008”.

10.3.1 Jordanian CWs Effluent Quality

Each VFCW and HFCW served a single home by treating their greywater and recy-
cling it for home garden supplementary irrigation (i.e., olive and fruit trees). The
generated treated greywater from both VFCW and HFCW were compatible with the
Jordanian standard for restricted irrigation. The results of the concentration, mass
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Table 10.6 The Jordanian greywater standards (JS1767:2008)

H. Azaizeh et al.

Irrigation

Trees and fodder Landscape and

irrigation “restricted | vegetables to be vegetables to be | Toilet
Parameter irrigation” eaten cooked eaten un cooked | flushing
BOD;s (mg/L) 300 60 60 <10
COD (mg/L) 500 120 120 <20
TSS (mg/L) 150 100 50 <10
pH 6-9 6-9 6-9 6-9
NO; (mg/L) 50 70 70 70
TN (mg/L) 70 50 50 50
Turbidity 25 Not available Not available <5
E. coli Not specified 10 10 <10
(number/100 ml)
Egg nematodes <1 <1 <1 <1
(number/1 L)

flow, and removal efficiencies of BODs, COD, and TSS show that VFCW and
HFCW significantly reduced BODs;, COD, and TSS concentrations in their efflu-
ents. However, the VFCW were more efficient than the HFCW in removing BOD:s,
COD, and TSS. The BODs, COD, and TSS demonstrated a removal efficiency of
84%, 89%, and 88%, respectively, when using the HFCW, and 90%, 90%, and 92%,
respectively, when using the VFCW. Moreover, a noteworthy improvement in the
quality of the systems effluents was observed for BODs, COD, and TSS, as their
average concentration fell within the Jordanian standard maximum allowable con-
centration (Table 10.6).

The concentration and mass flow for the studied chemical parameters increased
after passing through the HFCW. These increases were significant for pH, HCO;™,
Mg,*, Na*, Cl~, K*, SO4,~, and SAR. However, they were not significant for Ca,*.
On the other hand, there were no significant differences between concentration and
mass flow of these chemical parameters after passing through the VFCW.

The results indicated that the quantity of treated greywater was limited (about
36 1/p/d). however, the typical volume of greywater varies from 90 to 120 1/p/d. The
reuse of that limited quantity of water for supplementary irrigation has many direct
positive impacts including enhancement of the productivity of olive trees (fruit and
oil). Moreover, the households saved 33% and 35% of the average fresh water con-
sumption and monthly water bill, respectively.

10.4 Palestine

According the bureau of statistics in Palestine, only about 60% of the population are
connected to sewerage [34]. The percentage of treated wastewater does not exceed
half of the collected. In many cases, the topography and financial constraints do not
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assist in the construction of centralized wastewater treatment facilities, therefore,
localized low cost systems may be a feasible and affordable solution given that
adequate monitoring of quality is ensured. Al-Sa’ed and Mubarak [35], concluded
that septic tank-subsurface wetland system offers a higher level of sustainability to
rural communities. The lessons learned from existing pilots and full-scale wetlands
in Palestine include the followings:

* Subsurface horizontal flow is the preferred option for wetland setup since verti-
cal flow systems faced excessive mosquito and odor problems that rendered then
as socially unacceptable.

* The high organic load in domestic wastewater due to the low per capita water
consumption requires higher retention time in the wetlands and therefore larger
surface area to achieve acceptable treatment level.

* Vegetation in the wetlands should be kept in the range of 0.5-1.0 m high, which
means there is a need to cut (trim) the vegetation 3—4 times each year. Less fre-
quent trimming will increase the water loss through transpiration and more fre-
quency trimming will affect the normal growth of plants and affect the ability of
roots to uptake and remove nutrients.

e Wetlands should be designed carefully to avoid dead area and water stagnation
points (usually corners of rectangular basins) and short-circuiting of wastewater
due to uneven distribution of vegetation across the wetland.

10.5 Conclusions

The experiences from CW systems in the countries of Israel, Jordan and Palestine
can be summarized as follows:

(a) Constructed wetlands media (gravel or tuff) and the presence and type of plants
are important at early stages of CW but upon maturation they make little to no
difference, suggesting that plant and the transpiration water loss associated with
them can probably be avoided.

(b) Atleast under the local conditions, constructed wetlands gave good removal of
bacteria but less than satisfactoty of nutrients. This might be acceptable if the
effluent is used for irrigaton and nutrients in the water are used as fertelizer
replacment, but long-term tests of the effects on soil and crop are needed.

(c) In the case of Jordan, water quality analyses suggseted that both, the HFCW
and the VFCW types were effective in treating high strength greywater and
generating effluent suitable for limmited irrigation.

(d) Constructed wetlands, if built and implimented properly could help aliviate
water stress in arid and semi-arid climatic conditions, especialy in rural areas
where centralised systems are not practical.
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Chapter 11

Performance of Decentralized Vertical
Flow Constructed Wetlands for Reuse
in Agricultural Irrigation in Jordan:
Enhancing Nitrogen Removal

Ghaida Abdallat and Noama Shareef

Abstract This study shows the performance of two vertical flow constructed wet-
lands (VFCW) at the Fuhais research facility for decentralized wastewater treatment
in Jordan, considering category-A in the Jordanian Standards for reuse in irrigation
(JS 893/2006). Recirculating and two-stage VFCW designs were monitored for 3
years. The recirculating VFCW has shown high removal efficiency of COD, TSS,
and BOD;s over the study period, conforming to the JS (Category A). Whereas, the
Total Nitrogen (TN) and Nitrate (NO;~) removals were limited (55 and 44 mg/L)
over the baseline monitoring, conforming to the JS category-B (TN: 70 mg/L and
NO;-N: 45 mg/L). Therefore, the system was modified into attached growth recir-
culation tank (installing electric conduit pipes as plastic media). TN concentration
was effectively reduced to 40 mg/L, conforming to the JS category-A (TN: 45 mg/L),
and NO;™-N concentration to 37 mg/L, conforming to the JS category-B. The two-
stage VFCW has shown high removal efficiency of COD, TSS, and BODjs, conform-
ing to the JS (Category-A). TN and NO; -N concentrations were limited (55 and
44 mg/L), conforming to the JS Category-B, due to insufficiency of carbon source
to promote denitrification (high BODs removal by the first filter). Thus, the system
was modified with raw wastewater step-feeding application to the intermediate
pump shaft before the second stage filter. The results of operational modification
showed a small significant improvement in TN removal (p = 0.005); TN and NO;-N
concentrations were reduced to 52 and 50 mg/L, respectively, conforming to the JS
(Category-B).

Keywords Arid climate - Vertical flow constructed wetland - Recirculating -
Nitrogen - Nitrification - Denitrification - Reuse - Jordan
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11.1 Introduction

In arid and semi-arid countries, recycling treated wastewater in irrigation is a wide-
spread practice. Therefore, robust treatment designs are required to obtain effluent
quality that conforms to the legal requirements and guidelines for reuse and health
standards. Decentralized wastewater treatment (DWWT) technologies can protect
water resources by providing an appropriate treatment for reuse on a local scale [1].
DWWT is implemented to treat and dispose wastewater from rural areas and small
settlements instead of constructing or upgrading centralized wastewater treatment
facilities.

Constructed wetlands (CWs) are appropriate for DWWT in unsewered settle-
ments and villages due to their technical simplicity, high treatment efficiency, cost
effectiveness, and successful application in developed countries [2, 3]. In arid areas,
VFCWs present high oxygen transfer capacity, high organic matter removal, high
nitrification rate, lower evapotranspiration rates (for unplanted bed) [4]. The water
in VFCW systems is treated by a combination of physical treatment processes (sedi-
mentation and filtration), chemical processes (ion exchange, adsorption and chemi-
cal oxidation processes), and biological processes (nitrification, denitrification,
microbial degradation, predation, natural die-off, and plant uptake) [3, 5-7].
Besides, VFCW systems could be designed with small area in order to reduce the
evaporation rates and water losses [4]. On the other hand, VFCWs do not achieve
full denitrification, and thus, removal of total nitrogen (TN) is limited typically to
20-30% [8]. The nitrogen removal mechanisms in the VFCWs include ammonifica-
tion, nitrification, denitrification, plant uptake, and physicochemical routes such as
sedimentation, ammonia volatilization, and ion exchange [6, 9—11]. Thus, several
studies have been optimized the nitrogen removal process in CWs [9, 12—-15].

Jordan, as an arid country, has limited surface and groundwater resources and
has unpredictable rainfall in winter season, ranging from around 660 mm in the
northwest to less than 130 mm in the east [16]. The kingdom’s potable water avail-
ability is only 145 m?/capita/year, which is below “water poverty line” of 1000 m?/
capita/year [17]. However, currently, Jordan has stressful water situation with
increasing population growth, wave’s refugees, agricultural demands, and climate
change. Therefore, Jordan water strategy considers treated wastewater as a water
source increasing with increasing consumption of fresh water. Additionally, treated
wastewater has been considered as valuable water for irrigation rich with natural
fertilizers [18-20].

The Jordanian Standards (JS) 893/2006 guidelines for reuse in irrigation and
other purposes of treated wastewater were prepared for centralized wastewater
treatment plants. That major cities in most developing countries are served by cen-
tralized sanitation systems [21]. Whereas, in developed countries, the adoption of
DWWT supports effectively different reuse options [22]. Table 11.1 shows the JS
for reuse in irrigation consisting of four categories: A, B, C, and D. Each category
shows water quality required for different crops; however, they do not address the
level of treatment (primary, secondary, tertiary or advanced).
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Table 11.1 The Jordanian standards for treated wastewater reuse in irrigation (893/2006) [23]

Parameter A1) B (2) C3) D 4)
BOD;s [mg/L] 30 200 300 15
COD [mg/L] 100 500 500 50
DO [mg/L] >2 - - >2
TSS [mg/L] 50 150 150 15
pH (-) 6-9 6-9 6-9 6-9
Turbidity [NTU] 10 - - 5
NO;-N [mg/L] 30 45 45 45
TN [mg/L] 45 70 70 70
E. coli [MPN/100 mL] 100 1000 - <1.1
Intestinal helminth eggs [egg/L] <or=1 <or=1 <or=1 <1
Grease, oils and fats [mg/L] 8 8 8 8

1 cooked vegetables, parks, playgrounds and sides of roads within city limits
2 fruit trees, sides of roads outside city limits and landscape

3 field crops industrial crops and Forest trees

4 cut flowers

Nevertheless, DWWT have no explicit standards and are, thus, assumed to fol-
low the regulations for centralized wastewater treatment plants. That, in the JS
893/2006, total nitrogen is limited to 45 mg/L in class A, and 70 mg/L in B, C and
D classes, depending on the sensitivity of plants in each group. Therefore, this study
focuses on the baseline treatment efficacy of recirculating and two-stage VFCWs
and their operational modifications for improved TN removal in Jordan.

11.2 Materials and Methods

11.2.1 Site Description

Fuhais research and demonstration site has established within the SMART project
(Sustainable water Management of Available water Resources with innovative
Technologies) in 2010. The site is located at the edge of both Fuhais and Mabhis cit-
ies, nearby Amman, at the campus of the centralized wastewater treatment plant
(serving about 25,000 inhabitants) for Fuhais and Mahes cities (Fig. 11.1).

The site accommodates different decentralized wastewater treatment plants
(modified septic tanks, sequencing batch reactors, continuous batch reactors, mem-
brane bio-reactor, sludge dewatering reed beds, and two unsaturated VFCWs). The
first VFCW is a single-stage recirculating system, and the second is a two-stage
VFCW. The research site also hosts three reuse fields, where treated wastewater is
applied to crops of lemon trees.
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Fig. 11.1 Fuhais research and demonstration facility for decentralized wastewater treatment tech-
nologies and reuse in Jordan

A collection tank at the site receives primary screened raw wastewater from the
main wastewater. Then, raw wastewater is distributed intermittently into each tech-
nology by submersible pumps in the collection tank. The inflow and outflow for
each technology are measured using an electromagnetic flowmeter and the dis-
charge is controlled using a SIEMENS-SIMATIC S7-200 PLC. The treated effluent
from each technology is collected in a separate irrigation tank. The research facility
is equipped with on-site laboratory where water quality analyses are conducted.

11.2.2 Experimental Setup

Two pilot-scale ecotechnologies were designed and constructed. The first system is
a recirculating gravel filter, and the second system is a two-stage vertical flow filter.
Each system has a septic tank, which provides primary treatment to the wastewater
before it is dosed to the filter. The inflow and outflow for each system was measured
using an electromagnetic flowmeter connected to a PLC system. In addition, efflu-
ent from filters was measured by calibrated tipping buckets (40.6 L/tip) mounted at
the irrigation tanks. All inflow and outflow readings (from PLC and tipping buckets)
were recorded on a daily basis in the morning. This study consisted of two phases;
the first phase was monitoring the systems in order to identify the suitable options
for optimizing the TN removal in these systems; then the second phase was moni-
toring after implementation of an operational modification.
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11.2.3 Recirculating VFCW

The recirculating system consists of a septic tank, recirculation tank, unsaturated
vertical flow filter and flow splitting-box, as shown in Fig. 11.2. Figure 11.3 shows
the system layout. The system was designed to treat 2.16 m*d with an average
hydraulic load of approximately 108 L/m?/d. The raw wastewater received primary
treatment in a septic tank (4.6 m?®) with an approximate residence time of 2 days.
The effluent from the septic tank moves passively through a T section to the recir-
culation tank (4.6 m®). The water is pumped from the shaft tank to the filter using a
submersible pump. The splitting-box placed at the outlet where the effluent is pas-
sively distributed via a V-notch weir. That 25% of the effluent goes to the irrigation
tank and the 75% back to the recirculation tank (3:1 recirculation ratio) (Fig. 11.3).

The system had a surface area of 20 m? (4 m width, 5 m length) and 1 m depth
(Fig. 11.4). The filter is filled with zeotuff gravel (4—8 mm) and had a filter depth of
0.8 m. The water is dosed to the top of the filter via inlet distribution pipelines (per-
forations every 0.5 m), which are covered by a half-pipe shield tunnel. The distribu-
tion pipelines contained risers to enable flushing out of the accumulated solids from

Recirculation Line (Recirculation Rate 3:1)

r
9 9 ; [ ] ¥ [ ] [ ] ¥
Inflow

9
R
2.2 mfd s septic | Recire. I Vertical Flow

‘Waste- po—
aste Tank | Chamber Wetland To Irrigation
F—r

water
Pump Splitter
9 Grab Sampling Location Well Box

Fig. 11.2 Schematic of the recirculating VFCW [24]

Fig. 11.3 The VFF with the flow splitting-box at Fuhais, Jordan
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Fig. 11.4 The profile view of the unsaturated VFCW

the pipelines. Lateral vertical pipes are connected with the drainage system (110 mm
diameter) in the bottom bed, promoting a passive oxygenation. The bottom of each
bed is sealed by a geotextile fabric to prohibit any kind of leakage.

11.2.3.1 Operational Modification

This system was modified to enhance nitrogen removal to fulfill the 45 mg TN/L in
the JS (category-A). Al-Zreiqat et al. [25] and Shareef [26] conducted a microcosm
experiment at the Fuhais laboratory to investigated the effect of attached-growth
media in the recirculation tank on denitrification. The studies showed high level of
denitrification (low NOs-N concentration) using attached-growth media in the recir-
culation tank.

Thus, six groups of five mesh bags (each bag containing 120 pieces of plastic
electrical conduit with 4 cm/piece length) were tied together and installed in the
recirculating tank as shown in Fig. 11.5. The total volume occupied by the sacks
was estimated to be approximately 150 L. The post modification monitoring period
was conducted for (47 weeks). Dry weight of biofilm on the plastic media was mea-
sured (4268.16 mg/m?®) after 10 months of installation, as described by Bratbak
et al. [27] and Nouvion et al. [28].

11.2.4 Two-Stage VFCW System

The two-stage VFCW consists of a septic tank and two unsaturated filters in series
(Fig. 11.6). The system was designed to treat 3.2 m’/day, with an average hydraulic
loading rate of approximately 80 and 56 L/m?d for the first and second filters,
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Fig. 11.5 Prepared plastic media (Pieces of conduit in mesh bags)

Fig. 11.6 The two-stage treatment wetland, first stage (single-pass) and second stage (planted
bed) at the site

respectively. The first unplanted filter (40 m?) was designed in a passive structure
(no pump) treatment processes. The second filter (57 m?) was planted with
Phragmites Australis. Figure 11.7 shows the system diagram. The VFCWs were
monitored with and without plants to assess the plant effect on the treatment perfor-
mance and water balance.

The first stage filter consists of 100 cm of 2—4 mm Zeotuff, underlain by a 10 cm
transition layer of 4-8 mm Zeotuff. Under that is a 20 cm layer of 10-25 mm Zeotuff
(Fig. 11.8). The bottom of the bed has a 2% slope. The drainage layer contains
100 mm perforated drainage pipe. The second stage filter consists of 100 cm of
2—4 mm Zeotuff underlain by a 5 cm transition layer of 4-8 mm Zeotuff. The drain-
age layer consists of approximately 20 cm of 10-25 mm Zeotuff. The filter has a 1%
bottom slope. The drainage layer contains 100 mm perforated drainage pipe. The
system also was constructed with a diversion manhole and two tanks in between the
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Fig. 11.7 The two-stage VFCW scheme during the study [24]
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Fig. 11.8 Profile view of the first stage (single-pass) in the two-stage system

first and second filters. These tanks were filled with woodchips for subsequent
anaerobic conditions of the first-stage effluent. The second stage filter was primarily
meant for further removal of pathogenic organisms. Early experience with the
woodchip filter highlighted a critical problem with this approach. Woodchips, or
other similar material, are not readily available in Jordan, and no other suitable
material could be found. As such, the two tanks were emptied of the spent wood-
chips and taken out of service. A small pump well was installed in the diversion
manhole, which served as the pump well for mixing of raw wastewater and effluent
from the first-stage filter.

11.2.4.1 Operational Modification

A step-feeding line was introduced as an operational modification to improve TN
removal in the system. Raw wastewater was pumped to the pump well downstream
of the first filter, where it mixed with treated effluent from the first stage filter. The
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mixed water (raw wastewater with first stage effluent) was then intermittently
pumped to the second stage filter. An estimate of the carbon required to denitrify the
nitrate-nitrogen in the effluent of the first stage wetland to the level of the Class A
standard for TN (45 mg/L), based on a carbon requirement of approximately 3 g of
organic matter per gram of NO;-N [3] resulted in a daily amount of raw wastewater
of approximately 440 L/d. A pump was used to deliver 330 L of raw wastewater per
day (in five intermittent doses) to the pump shaft downstream of the first stage filter.

11.2.5 Sampling and Water Quality Analysis

Water samples were collected weekly (February 2012 to August 2014) from each
component of the systems (before and during modification). Field measurements
(pH, EC, turbidity, redox potential and water temperature) were measured directly
on-site using the WTW ProfiLine-Cond 3110 probe and WTW multi-meter.
Turbidity was measured in Nephelometric Turbidity Units (NTU) using a TU-2016
turbidity meter. The samples were analyzed directly in the laboratory of the site,
including COD, TN, NH,-N, NO;-N, NO,-N and PO,*~-P using HACH LANGE test
kits according to Standard Methods Standard Methods for Examination of Water
and Wastewater [29]. CBOD;s was measured using OxiTop® manometric OC 100,
following the German standard DIN 38409 H52. TSS was analyzed using the gravi-
metric method according to [29]. E. coli was measured in MPN/100 L using the
IDEXXTM Colilert-18 Quanti-tray method, according to the manufacturer’s
specifications.

11.2.6 Statistical Methods

Statistical analyses were performed using SigmaPlot software, version 12.0. The
analysis of variance, using one-way ANOVA (statistical significance, p < 0.05), was
applied between calculated yearly means of pH, EC, DO, turbidity, TSS, TN,
NH,*-N, NO;™-N, TOC, and BODs. And calculated geometric mean for E. coli for
the first and second phase in order to investigate the effects of modification in
each system.

11.3 Results and Discussion

The treatment performance of the systems was evaluated by the conformity of efflu-
ents to the national JS (class A) for reuse in irrigation. The systems’ treatment effi-
ciency is presented in two phases: first phase of monitoring system in a steady state
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(February 2012 to September 2013) and second phase of monitoring of modified
system (attached growth biofilm in a recirculation tank, and raw wastewater step-
feeding in the two-stage vertical flow treatment wetland system (October 2013 to
August 2014).

11.3.1 Recirculating VFCW

Table 11.2 sumerizes the results of mean pollutant concentrations and standard
deviations (SD) for the basline and post-modification phases. The mean values of
the previous parameters were statistically similar (p < 0.05) during phases 1 and 2.
The pH values ranged from 7.1 to 7.6, which is conformed to the JS (pH values of
6-9). There was no significant change in pH values during the treatment process
compared with raw wastewater pH, indicating a normal biological nitrification in
the system.

The effluent EC was gradually reduced during the treatment process, which can
be explained by the settlement of suspended particles and elements [30]. The VF
effluent had a mean EC of 1546 pS/cm and 1365 pS/cm during the first and second
phase, respectively. During the second phase, higher EC reduction was observed
due to higher NO;™-N removal and it was compatible with influent EC values. On
the other hand, no big changes were observed in the inflow and outflow data.
However, lower outflow rates (up to 0.5 m*/d) were observed during summer months
due to evaporation from the splitting box (open to the atmosphere) [24]. The EC
results conform to the JS (0.7-3000 pS/cm) over the study period.

The effluent DO concentration was 6.2 mg/L. The raw wastewater had a DO
concentration of 0.6 mg/L. The effluent was highly oxygenated and fulfilled the JS
(DO greater than 2 mg/L). This result was promoted by gas diffusion from the atmo-
sphere between intermittent hydraulic loads as documented by many authors [31,
32]. In phase 2, redox measurements were dramatically increase of +55 and
+ 143.1 mV in the recirculation tank and VFCW effluent, respectively.

TSS and turbidity were typically high in the raw wastewater over the study
period. TSS was reduced from 466 to 10 mg/L during phase 1 and was reduced from
311 to 11 mg/L during phase 2. TSS and turbidity are removed by physical pro-
cesses such as sedimentation and filtration [3, 33]. Effluent TSS concentrations
were compatible with the Jordanian Standards (less than 50 mg/L) (Fig. 11.9a).
Recirculating VFCW removed TSS, on average mean removal efficiencies of 97.7%
and 96.8%, with mean mass removal rates of 53.5 g/m?/day and 31.6 g/m*day in
phase 1 and 2, respectively. Comparing first and second phase, effluent TSS concen-
trations were statically similar (p < 0.05).

Turbidity was reduced from 417 to 12 NTU during phase 1. During phase 2,
turbidity values reduced from 435 to 22 NTU, hereby, effluent turbidity did not
conform to the JS (less than 10 NTU) (Fig. 11.9b). In the recirculation tank, turbid-
ity values were constant during suspended and attached growth. Therefore, increas-
ing turbidity due to attached growth sloughing is negligible. Turbidity was increased
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Table 11.2 Recirculating VFCW water quality data (mean + SD) of each component during the
baseline monitoring and post-modification phases

Number
Raw Septic tank | Recirculation | Recirculating | of
Parameters wastewater | out tank out VF effluent | samples
Baseline pH 74+03 7.1+£02 |72+0.2 73+0.2 41
Phase Field Water |21 £5 215 216 216 41
Temperature
O
EC (pS/cm) 1831 £225 | 1918 £205| 1661 =210 | 1576 +268 |41
DO (mg/L) 0.7+0.7 1.0+05 |20+1.1 58+1.2 41
Redox —269 + 130 | =305+ 57 | -68 £119 |+9+101 41
Potential (mV)
TSS (mg/L) 560436 | 19891 |42+43 13+8 40
Turbidity 455 +221 [709+114 61«53 15+11 40
(NTU)
COD (mg/L) 1233 £ 632 | 533 £ 121 | 147 47 62 +61 41
CBODs (mg/L) | 418 =123 204 +89 |54 %35 1312 41
TN (mg/L) 112 41 105+41 | 59+18 58 £20 40
NH,-N (mg/L) |63 +21 75 +21 32+17 3.0+45 39
NO;-N (mg/L) | 0.4 +0.5 0.4 +0.1 12+11 5020 40
NO,-N (mg/L) |0.05+0.07 0.03+0.01 4.8+5.4 1.2+1.1 41
logo E. coli 7.0+0.3 6503 |57+0.6 49+05 35
(MPN/100 mL)
Post- pH 7.6+0.3 72+03 |74+02 74+0.2 45
modification | Field water 20+ 4 20+5 20+5 20+5 45
phase temperature
O
EC (pS/cm) 1627 £ 189 | 1745 + 184 | 1546 +488 | 1368 + 136 |44
DO (mg/L) 0.6+0.5 09+05 [26+09 6.2+09 45
Redox —235+61 | =277 +46 |+55+81 +143 £ 50 42
potential (mV)
TSS (mg/L) 314 £ 94 158 +42 | 31%17 11+6 42
Turbidity 443 £241 [198+89 |50+24 23+11 42
(NTU)
COD (mg/L) |773+228 513 +126 |185+69 48 £ 21 43
CBODs (mg/L) | 340 =108 |211+52 |60 +29 14+9 44
TN (mg/L) 90 + 45 90 + 20 44 =10 40+9 45
NH,-N (mg/L) |53 =16 65+ 14 24+8 0.8+2.1 45
NO;-N (mg/L) |1.0x1.2 07+0.7 |87+64 36.7+10.7 |44
NO,-N (mg/L) |0.06 £0.12 10.02+0.01 1.9+2.1 04+04 45
logy E. coli 7.1+0.2 6.7+02 |62+05 51+07 41
(MPN/100 mL)

substantially in the VFCW bed in phase 2 as a result of low filtration and extracted
suspended particles by bed matrix or low adsorption process over time. Comparing
first and second phase, effluent turbidity was statistically different at p < 0.05.
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Fig. 11.9 Influent and effluent TSS and Turbidity mean concentrations and SD (error bars) of each
component in the system with the JS (class A); (a) TSS concentrations over the study period, (b)
turbidity concentrations over the study period

The mean values of water quality with standard deviations for the post-
modification monitoring phase (attached-growth media in the septic tank), i.e., for
pH, EC, DO, redox potential, turbidity, and TSS were statistically similar (p < 0.05)
during the baseline and post-modification phases.

The wastewater is considered as high-strength, even after primary treatment in a
septic tank with COD concentrations frequently over 500 mg/L, BODs concentra-
tions often over 200 mg/L., and TN concentrations often over 100 mg/L. The removal
of COD and BODs was high and steady throughout the monitoring period, with
effluent concentrations of 62 mg/L and 13 mg/L, respectively. COD and BOD:s
removal remained steady in the post-modification period, with average effluent con-
centrations of 48 mg/L and 14 mg/L, respectively, and conformed to Class A (COD:
less than 100 mg/L and BODs: less than 50 mg/L) in the JS. In addition, high COD
removal rates were observed; on average removal efficiencies were 95.4% and
94.7%, during phase 1 and 2, respectively. No significant difference in COD and
BODs concentrations was observed during the baseline and post-modification
phases (p < 0.05).

Recirculating VFCW system combines simultaneous nitrification and denitrifi-
cation processes [9, 12]. However, TN removal in the post-modification phase
was enhanced, with average effluent concentrations of 40 mg/L in comparison with
58 mg/L baseline phase, meeting the Class A requirement of 45 mg/L (Fig. 11.10a).
In phase 2, the higher biomass increased the TN removal rate than suspended
growth, similar findings were reported by Al-Zreiqat [25] and Shareef [26]. Effluent
TN concentration conformed to the JS (A: 45 mg/L). However, the TN effluents
were statistically different (p < 0.05) over the study period.

Even if NH,-N is not a regulated pollutant for JS for reuse, the recirculating sys-
tem produced well nitrified effluents. NH,-N effluent concentrations were slightly
lower in the post-modification phase of 0.8 + 2.1 mg/L than effluents NH4-N con-
centrations over the baseline phase of 3.0 + 4.5 mg/L. No significant difference in
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Fig. 11.10 TN and NO;™-N mean concentrations and SD (error bars) of each component in the
recirculating VFCW system; (a) TN mean concentrations, and (b) NO;™-N mean concentrations
with the JS (class A) over the study period

NH,-N concentrations was observed during monitoring the system (p > 0.05). Well
nitrified effluent can be shown by low NO,-N mean concentrations in the filter
effluent. NO,-N nitrogen is also not included in the JS, but NO,-N concentrations in
the recirculation tank (1.9 + 2.1 mg/L compared to 4.8 + 5.4 mg/L) and final effluent
(0.4 £ 0.4 mg/L compared to 1.2 = 1.1 mg/L) were reduced after the installation of
attached growth media in the recirculation tank. The reduction in NO,™-N values in
phase 2 can be explained by enhanced denitrification capacity and low NH,*-N
input. However, no significant difference in NH4*-N concentrations was observed
between first and second phase (p > 0.05).

NO;™-N level higher than the recommended levels in the JS (class A: 30 mg/L
and B: 45 mg/L) (Fig. 11.10b). During phase 2, NO;™-N concentrations decreased
to 37 mg/L in the VF effluent as a result of stirring denitrification with attached
biofilm. Thus, effluent NO;™-N concentration conformed to the JS class B. Changing
from suspended to attached growth increased the abundance and activity of micro-
organisms. Kadlec and Wallace [3] reported that density and activity of microbes
are influenced by changing one or more factor in treatment setup. Post-modification
effluent NO;-N concentrations were slightly lower (37 + 11 mg/L) than effluent
NO;-N concentrations (50 + 20 mg/L) during the baseline phase, which conforms
with the trends observed for TN (Fig. 11.10b). Therefore, NO;™-N concentrations
were statistically compared; results indicate that the effluents were significantly dif-
ferent (p < 0.05).

Over the study period, the system achieved approximately 2.1 log, E. coli reduc-
tion; 1.1 log;y was achieved throughout septic and recirculation tank and 1 log;, was
achieved by the filter itself [7]. Effluent E. coli concentrations were not compatible
with the JS (class A), but did conform to class C in the JS. Effluent E. coli concen-
trations were statistically similar (p > 0.05) over the study period.
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11.3.2 Two-Stage VFCW

Inflow was stable and averaged 3.4 m’/d during the baseline of monitoring and
3.2 m*d in the post-modification phase. Whereas, higher water losses were reported
in the second filter (planted bed) as a result of high evapotranspiration of 1.2 m*/d.
However, outflow data for the second VF is not available due to a faulty tipping
counter. Unfortunately, during the post-modification phase the outflow of the sec-
ond VF filter was much higher than proposed, due to incorrect installation of the
timer running the step-feeding pump. The step-feed volume was on the order of
2-10 m?*d based on the tipping counter data from the second VF filter. Further
details reported by Nivala et al. [24]. The two-stage VFCW results (mean pollutant
concentrations and standard deviations) for the basline and post-modification phases
are summarized in Table 11.3.

The mean pH values ranged from 7.3 to 7.7, which conform to the JS (6-9). In
the first stage, the pH decreased due to OM decomposition and nitrification.
However, there was no significant change in pH values during the treatment process.
The effluent EC was gradually reduced until the first stage VF (unplanted bed), on
average 1682 pS/cm in the first phase and 1527 pS/cm in the second phase due to
high settlement of suspended particles and elements [30, 34]. Subsequently, the
effluent EC increased through filtration in the second stage (planted bed), on aver-
age 1969 pS/cm and 1854 puS/cm in the first and second phase, respectively. The EC
increment can be explained by increasing salts concentrations due to water loss via
evapotranspiration. Furthermore, plant root exudates stimulate solubility of some
salts and elements from the VF bed matrix. High EC variation (SD) was observed
over the study course related to the varying received water quantity and quality. The
EC results conformed to the JS (0.7-3000 pS/cm) over the study period.

Whereas, during step-feeding application, mean DO content in the second stage
was diminished from 7 into 4.8 mg/L in the second filter due to mixing with un-
oxygenated wastewater. High DO effluent is a result of intermittent load and plants
oxygenation. Vymazal et al. [5] reported that Phragmites australis species has a
transfer potential of 2 gO,/m?/d to the root zone. Effluent DO content conformed to
the JS (higher than 2 mg/L) over the study period. During phase 2, the redox mea-
surements increased to +148 and + 177 mV in the first and second stage, respec-
tively. In step-feeding (mixing) tank, low redox level was measured, on average of
+28 mV, providing anoxic condition for denitrification.

On the other hand, high variation in TSS influent was observed during phase 1
due to the changes in the quantity of water usage. TSS concentrations were reduced
to 3.8 mg/L in the first stage and reduced to 1.6 mg/L in the second stage, indicating
high TSS removal via sedimentation and filtrating capacity. During phase 2, the
mean TSS effluent of second stage was measured at 3.6 mg/L due to additional TSS
from raw step-feeding. Effluent TSS concentrations were highly compatible with
the JS (class A: less than 50 mg/L). The mean values of pH, EC, DO, redox poten-
tial, turbidity, and TSS were statistically significant (p > 0.05) during the baseline
and post-modification phases.
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The majority of pollutant (TSS, COD, BODs and turbidity) was removed through
the first VF filter. Therefore, the second-stage filter provided further polishing step,
with mean effluent concentrations of COD, BODs, TSS, and NH,-N of 23 mg/L,
6 mg/L, 1.5 mg/L, and 0.03 mg/L, respectively, in compliance with JS category
A. During the Post-modification phase, mean effluent concentrations for COD,
CBODs and TSS were 35 mg/L, 10 mg/L and 4 mg/L in the final effluent, respec-
tively, conformed to category A in the JS.

During phase 2, BODs was highly removed even with step-feeding application,
on average removal efficiencies of 98.1 and 93.9% in the first and second stage,
respectively. Whereas, it was slightly reduced during step feeding 97.1 and 90.8%
in the first and second stage, respectively.

On the other hand, turbidity removal decreased from 1.6 NTU (in the baseline
phase) to 12 NTU in the post modification phase (12 NTU) as a result of raw waste-
water step-feeding modification. It is also correlated with hydraulic overloading,
which reduce the hydraulic residence time and filtering time. Comparing the first
and second phase effluents, turbidity of VFCW effluents was statistically different
atp <0.01.

This system did not remove TN in the baseline monitoring phase, with an aver-
age final effluent concentration of 77 mg/L, due to lack of denitrification (low car-
bon source and anoxic conditions). Many studies reported the improvement of TN
removal in VF and HF CW by adopting a step-feeding strategy [9, 14, 15]. TN
removal in the post-modification phase enhanced, with average effluent concentra-
tions of 40 mg/L in comparison with 58 mg/L baseline phase, meeting the Class B
requirement of 45 mg/L (Fig. 11.11a).

Mean NO;™-N effluent concentrations were increased in the first and second
stage, during the baseline phase, with average effluent concentrations of 82 and
62 mg/L, respectively. NO;™-N level was higher than the recommended levels in the
JS Class A (30 mg/L) (Fig. 11.11b). During the post-modification phase, mean
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Fig. 11.11 TN and NO;-N mean concentrations and SD (error bars) of each component in the
two-stage VFCW with the JS (class A) over the study period; (a) TN mean concentrations, and (b)
NO;™-N mean concentrations with the JS (class A) over the study period
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effluent NO;™-N concentration was decreased in the second stage to 50.2 mg/L as a
result of stirring denitrification in the step-feeding tank. NO;™-N concentrations
were statistically compared; results indicate that the effluents were significantly dif-
ferent (p = 0.034).

Higher E. coli removal was observed in the two-stage system than the recirculat-
ing system, with an overall average removal of 4.5 log, units, conforming to the JS
category B (less than 2.0 log units). Whereas, E. coli removal was limited with raw
wastewater step-feeding application into 2 log;, units conforming to the JS
category C.

11.4 Conclusions

The research was conducted to explore the suitability of various VFCW designs, in
Jordan as a decentralized wastewater treatment plants, to produce high effluents
qualities that conform to the JS 893/2006. The research has also sought to optimize
the VFCWs treatment performance in order to conform to the JS for reuse in irriga-
tion, particularly using several costless and simple operational modifications.

The recirculating VFCW and two-stage VF systems have shown high removal
efficiency of COD, TSS, and BODs over the study period, conforming to the JS
category A. Recirculating VFCW is a modified VFCW system, combing simultane-
ous nitrification and denitrification by recycling portion of nitrified effluent (circula-
tion ratio 3:1) into the recirculation tank. However, effluent TN and NO;™-N
concentrations were 55 and 44 mg/L, respectively, that the system conformed to the
JS category-B (TN: 70 mg/L and NO3-N: 45 mg/L) during the monitoring phase.
Therefore, the system was modified by installing plastic media in the recirculation
tank that attached growth increases the abundance and activity of microorganisms.
TN concentration was reduced effectively of 40 mg/L, conforming to the JS cate-
gory-A, whereas, NO;™-N concentration was reduced to 37 mg/L, conforming to the
JS category-B.

The two-stage VFCW system consists of two unsaturated VFCWs in series;
single-pass unplanted filter followed by planted filter (Phragmites australis). The
effluent TN and NO;~-N concentrations did not conform to the JS of 77 and 76 mg/L,
respectively, due to insufficiency of carbon source to promote denitrification (high
BOD; removal in VFCW) during monitoring phase of the study. Thus, this system
was modified by adopting raw wastewater step-feeding strategy, i.e., a specific vol-
ume of raw wastewater was mixed with the first stage effluent in the mixing tank.
TN and NO;-N concentrations were reduced to 52 and 50 mg/L, respectively,
meeting the JS category-B. However, evapotranspiration was relatively high in the
two-stage VFCW (second stage planted with Phragmites australis) during summer,
which increased the salinity of the effluent.
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Chapter 12

Constructed Wetlands for Sustainable
Wastewater Treatment in Oman:
Experiences from Research and Case
Studies

Alexandros Stefanakis

Abstract Many countries and regions under hot and arid climates suffer from an
always growing pressure on their limited freshwater resources, which are also con-
tinuously degrading. Despite the increasing water scarcity, water demand is also
increasing resulting in over-exploitation of the limited freshwater resources. At the
same time, wastewater is still largely viewed as a waste and is discharged to the
environment, even without proper treatment. Wastewater management and reuse
could be a new water source in the local and regional water balance in these regions,
particularly in the Middle East, one of the most water-stressed regions in the world.
For this, sustainable and effective solutions that can be adopted to the local climatic,
institutional, cultural, and economic conditions are needed. Therefore, the sustain-
able treatment technology of Constructed Wetlands is viewed as an ideal nature-
based solution for wastewater management. This chapter provides a summary of the
current experiences of Constructed Wetlands technology in the Sultanate of Oman.
Case studies for different applications (municipal and industrial wastewater) are
presented in order to highlight the technical feasibility of this technology under the
hot and arid climate of the Middle East.
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12.1 Introduction

Although the majority of Earth’s surface is covered by water, yet this natural
resource remains largely at risk while humans and ecosystems crucially depend on
it. The extend of drylands, i.e., areas with low to zero freshwater availability, is
already estimated to an cover approximately 45% of the Earth’s terrestrial area [1].
The water crisis that is now evident in many parts of the world could be seen as part
of the global environmental or climate crisis due to the global climate change that is
already causing irreversible harm to humans, the built environment, and the bio-
sphere [2, 3]. This changing environment has inevitably affected the water cycle
(global and regional) resulting in increasing water variability. Some regions experi-
ence frequent extreme precipitation and flooding events, others suffer from extended
droughts, while both extreme events may appear in the same region over a year. The
Middle East region, i.e., the region extending from the southern and eastern shores
of the Mediterranean Sea (e.g., Egypt) to the Arabian Peninsula and Iran, is among
the driest areas and the most water-stressed region in the world, with annual precipi-
tation below 250 mm, and in many desert areas, as little as 50 mm [4]. Most of the
countries in the region are classified as arid or hyper-arid areas with extreme fresh-
water scarcity [1, 5], while all countries in the region are anticipated to enter that
group by 2050 [6].

In addition, human demographics and land use is also changing dramatically;
today, more than 55% of the world’s population is living in cities, a figure which is
projected to raise up to 68% by 2050 [7]. The progressing climate change is also
putting a continuous pressure on existing infrastructure, deteriorating its status [3,
8]. As the urban areas grow in both size and number, so does the need for resources
and services as well as the extend of pollution and the necessity for environmental
protection.

These challenges cannot be effectively addressed with the current approach of
expanding grey infrastructure with non-renewable materials such as concrete, stone
and asphalt; thus, new solutions are needed to support a sustainable growth based on
a wiser extraction and use of natural resources as it is the main principle of circular
economy [9, 10]. In this framework, nature-based solutions (NBS) a crucial compo-
nent in the new economic model that can be applied in both urban (where is proba-
bly more needed) and rural areas [3, 11]. NBS can be a key part of the plan to
address the climate change impact and to increase the resilience of the ecosystems
via circular economy strategies, i.e., effluents reuse, to close the loop of materials
and energy flows and eliminate waste generation [74]. NBS as ecological engineer-
ing solutions [12] can be installed in a densely populated city where green areas can
be built and/or created on top of the existing or new infrastructure, e.g., a park on
top of a parking garage, or an urban garden on top of a school or a green roof [13].
Such solutions provide a different approach and bring new ideas to water and waste-
water management.
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NBS have a particular role to play in areas with extreme water scarcity such as
the Middle East. This region is facing all the global challenges at the same time,
from the rapid urbanization and population growth to the above-mentioned overex-
ploitation of the limited freshwater resources [14]. On the other hand, the per capita
water consumption rate in the region is among the highest in the world, which
implies that changes in the food-water-energy nexus are urgently needed [15], while
only 40% of the region’s wastewater is currently treated [16]. It is characteristic that
in the richer parts of the Gulf Cooperation Council countries (Bahrain, Kuwait,
Oman, Qatar, Saudi Arabia, United Arab Emirates), 84% of the wastewater is col-
lected and treated to secondary and tertiary stages, but less than 15% of it is reused
[17]. This means that a different way of thinking and a paradigm shift is needed in
the way that water resources are managed in the region. For example, despite the
apparent opportunities of wastewater reuse, there is a minimum valorization of this
option due to a variety of technological, institutional, economic and cultural local
and regional barriers [14, 18]. Considering these, a technological solution that
would overcome all these barriers and provide answers to the local and global chal-
lenges has a great potential in this region. Therefore, the nature-based Constructed
Wetlands (CW) technology could be a key NBS for sustainable wastewater treat-
ment reuse in the Middle East.

The technology of CW is not a new technological development and is already
widely used in Europe, north America and Australia, but rarely applied in the Middle
East, despite its tremendous potential, especially under the climatic and social con-
text of the region [14]. As an established treatment technology, CW have been suc-
cessfully applied not only for municipal wastewater [19, 20] but also for various
industrial effluents [21] such as olive mill wastewater [22], cork processing waste-
water [23, 24], tanneries [25], hydrocarbons contaminated waters [26-28], glass
industry wastewater [29] and dairy effluent [30].

The advantages of CW systems are well documented and extend to environmen-
tal, economic, technical and social benefits [20, 31], from water purification to flood
and stormwater control, ecosystem services, habitat creation, low-cost operation,
simple and easy operation and maintenance, all without the need for chemicals and
with minimum energy input demand. These benefits can be particularly harnessed
in the Middle East region, since the climatic conditions are favorable for the devel-
opment of CW solutions [14]. However, challenges such as the higher area demand
compared to mechanical technologies or the higher evapotranspiration rates are cur-
rently under investigation and new designs are already addressing these
limitations.

It is difficult to estimate the number of CW facilities in the Middle Eastern region
but it is safe to say that the numbers are relatively small. In most countries in the
region, there are probably less than 10 systems, while in few others, there can be one
or two dozens of pilot or full-scale CW facilities of various sizes. Therefore, the
goal of this chapter is to present some notable CW facilities and case studies in the
Middle East that have been applied either for research purposes or as operational
facilities for different wastewater sources (municipal and industrial). Ultimately, the
objective of this chapter, in accordance to the book scope, is to demonstrate that
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different wastewater treatment (municipal and industrial) plants and CW designs
have been and can be successfully implemented under the specific climatic condi-
tions of the Middle East.

12.2 Horizontal Subsurface Flow Constructed Wetland
for Onsite Domestic Wastewater Treatment

One of the simplest applications of CW technology is to treat onsite the domestic
wastewater derived from a single household or small communities. Such an exem-
plary case is demonstrated by a research facility developed by the German University
of Technology in Oman (GUtech) and the Research Council of the Sultanate of
Oman in 2011 [32]. This project called ‘EcoHaus’ is built as a net-zero-energy resi-
dential building on the GUtech campus [33]. The EcoHaus covers 250 m” and serves
as a guesthouse. As part of the ecological building approach, an onsite CW system
was built (Fig. 12.1) to receive and treat all sewerage (black and grey) water, as a
cost-effective and sustainable treatment solution allowing for the reuse of the treated
effluent for garden irrigation [14].

The design flow rate of the CW is 1 m*/day, equivalent to 5 population equivalent
(PE) [14, 32]. Wastewater from the EcoHaus flows by gravity into a covered septic
tank (5 m?®) for primary treatment, i.e., settling of solids and flotation of fats and oils.
Then the septic tank effluent overflows to a HFCW (15 m?). The water level in the
HFCW is maintained few cm below the gravel surface, hence preventing this way
any odors, mosquito development and potential contact of wastewater with humans
or wildlife. In 2019, the CW was replanted with local common reeds (Phragmites
australis), while irrigation of local trees and shrubs were irrigated with the treated
effluent. This demonstration CW system has zero energy input demand and mini-
mum maintenance requirements. It shows in a simple but clear way how wetland
technology can be a green and easy solution for onsite wastewater management for
single households in the Middle East.

Fig. 12.1 The circle-shaped Ecohaus and the demonstration horizontal flow CW for onsite waste-
water management and the reuse irrigation field at the the German University of Technology in Oman
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12.3 Vertical Flow Constructed Wetland for Municipal
Wastewater Treatment

While there are many CW designs, vertical flow CWs (VFCWs) are among the most
widely used over the last 20 years [19]. Typically, wastewater is loaded intermit-
tently loaded wastewater on top of the bed across its entire surface to percolate by
gravity through the porous media, reaching a bottom drainage pipe network [34]. A
specific design comprises only gravel as filter media in the first stage VFCW bed,
which allows the feeding of pre-screened raw wastewater without the need for pri-
mary treatment. This is also known as the French system [31]. Due to this feeding
regime, the VFCW bed is mostly an aerobic system that promotes organic matter
biodegradation and nitrification [19]. However, this also means that denitrification
is not favored, thus limiting total nitrogen removal [35]. To increase nitrate removal,
hybrid CW systems have been used where the VFCW is combined with a horizontal
subsurface flow CW (HSFCW) [36]. However, this option increases the initial
investment. Therefore, cost-effective modifications are required to improve the total
nitrogen removal in VFCWs.

Effluent recirculation is one modification that has been studied in single and
hybrid CWs [37]. Typically, an upstream anoxic tank is used to recirculate the
nitrate-rich effluent of the VFCW [38] in order to increase the contact time between
denitrifying microorganisms and the treated effluent. Another modification is waste-
water step-feeding, i.e., wastewater feeding into the CW at more than one inflow
point [39]. Step-feeding adds small volumes of raw wastewater along the wetland
length or in the downstream stage to increase the carbon availability and has been
tested in single-stage HSFCW [40] and multi-stage VFCWs [41]. Finally, the
increase in carbon availability for denitrification has also been tested by adding an
external source of carbon [42].

In order to optimize the two-stage VFCW system, a full-scale experimental facil-
ity was built in Oman by Haya Water (the governmental authority for wastewater
management) [43]. Specific objectives were to test the efficiency of such a system
with effluent recirculation under the hot and arid climate of the Middle East, to
apply and evaluate various operational modifications for improved total nitrogen
removal, and to assess the overall performance improvement in terms of total nitro-
gen removal and compliance with the prevailing legal standards. This study presents
optimized design and operation guidelines for a modified French CW system, i.e., a
two-stage VFCW, under a hot and arid climate to provide a treated effluent that will
comply with strict Class A irrigation standards in Oman [44]. It should be men-
tioned that this was the first study of this kind in the Middle East and also one of the
few at an international level to test all these modifications combined.

The research facility (Fig. 12.2) is located in Quriyat city (45,000 residents) in
Oman and comprised two stages of VFCW beds equipped with a modified substrate
media composition, and with 100% effluent recirculation. The plot area was
1300 m?, of which 995 m? was the net wetland area [43]. The first stage VFCW
(VF1) consisted of three parallel beds with a surface area of 123 m? each, while the
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Fig. 12.2 Aerial view of the experimental VFCW system in Quriyat, Oman

second stage VFCW (VF2) consisted of two parallel beds, each 312.5 m? in area. An
anoxic tank (AT) equipped with a submersible mixer allowed for up to 100% recir-
culation of the treated effluent (TE) after the VF2 beds. The effluent recirculation
rate was gradually increased from 50% to 100% during the first two operational
months. The design inflow was 50 m*/d, i.e., 25 m?/d of raw wastewater and 25 m*/d
of recirculated effluent (at 100% recirculation rate), with an average hydraulic load-
ing rate (HLR) of 0.135 m/d (considering only the area of the VF1 beds). The sub-
strate media in VF1 beds consisted of a 35 cm-thick washed sand layer on top of a
20 cm-thick fine gravel layer, while the same media was used in the VF2 beds with
respective thicknesses of 65 and 20 cm. Coarse sand was used at the top of the first
stage VFCW bed to avoid infiltration of fine solids in the bed matrix. Each bed was
equipped with a drainage control manhole that allowed the water level adjustment
and was lined with a polyethylene liner (1.5 mm). All VFCW beds were planted
with native common reeds (Phragmites australis).

The first experimental period focused on the evaluation of the treatment perfor-
mance with 100% effluent recirculation with the schematic overview shown in
Fig. 12.3 [43]. The wastewater was discharged into a buffer tank that fed the AT,
providing a hydraulic retention time (HRT) of 2 h. The wastewater was loaded
through vertical distribution pipes on the VF1 beds (one operational bed per day;
alternate feeding regime). The drained water was collected by the drainage pipes in
the VF1 stage and was discharged by gravity to the second stage pump station that
fed the VF2 beds through 14 spray nozzles per bed to optimize the wastewater dis-
tribution across the bed surface and the aeration of the bed matrix. The TE from the
VF?2 beds was collected to the recirculation tank (RT). Disinfection took place in the
TE tank through the dosing of sodium hypochlorite.

During the second phase, various modifications were tested [43]. The first (M1)
was the extension of the HRT in the AT to enhance the growth rate of denitrifying
bacteria and extend the contact time between them and the wastewater. The second
(M2) was the increase of the HRT in the VF2 beds by switching off the recirculation
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Fig. 12.3 Schematic overview of the full-scale VFCW system in Oman (PS: Pump station; TE:
Treated effluent) [43]

pump and increasing the saturation level within the VF2 beds to reach an impound-
ment up to 30 cm below the media surface. The third (M3) was removing the spray
nozzles in the VF2 beds to reduce the oxygen supply in the beds and assist in the
creation of anaerobic conditions within the wetland body. The fourth (M4) was the
step-feeding of raw wastewater to the second stage pump station as well as of meth-
anol as an alternative in order to provide an external carbon source to promote
denitrification.

Table 12.1 shows the overall performance during the first experimental phase
[43] As the results show, the VFCW with 100% recirculation managed to comply
with almost all parameters required in the national irrigation standard. TKN and
NH,-N levels were decreased to 1.23 and 0.28 mg/L in the outflow (98.57% and
99.52% removal; Table 12.1), respectively, indicating strong nitrification in the sys-
tem. The main limitation remained TN removal through denitrification. The VF1
bed effluent showed that most of the organic matter (BODs < 10 mg/L and
COD<100 mg/L) and nitrogen (ammonia nitrogen and TKN) removal took place in
the first stage, and the first stage could already achieve full nitrification (average
NH,-N of 0.5 mg/L) but with a nitrified effluent (average of 76.5 mg/L NOs-N).
Hence, the VFCW provided an average NOs;-N effluent of 22.5 mg/L in the first
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Table 12.1 Average and standard deviation parameters of influent and effluent pollutants
concentration and respective removal efficiencies in the VFCW during the first experimental
phase [43]

Influent Effluent Removal
Parameter Aver + sd % Irrigation standard A
Temperature (°C) 27.6+1.9 27119 |- -
pH (-) 7.11+£0.2 7.94 +0.31 6-9
EC (mS/cm) 2.7+0.5 52+14 2.0
TDS (mg/L) 1462.9 +254 | 1742 £474 | — 1500
TSS (mg/L) 527 £ 232 1.9+15 |99.57 15
BOD;s (mg/L) 337 £ 122 39+03 98.68 15
COD (mg/L) 971 +£337 188+7.5 |97.84 150
TN (mg/L) 147 £ 12 25.0+ 15 82.98 -
TKN (mg/L) 87.6 +10.8 1.2+0.7 |98.57 5
NH,-N (mg/L) 58.7+84 0.28+0.3 [99.52 5
NOs-N (mg/L) 0.15+0.34 | 225+148 - 50 (as NO3) [11.3 as N]
TP (mg/L) 11.6£2.3 0.31 047 97.17 30
FOG (mg/L) 30.9+60.0 | 0.30+0.1 |98.64 0.50
FC (log10 MPN/100 mL) 82+0.5 1.62+0.6 99.99 2.3
VHO (Ova/L) 254+39.6 | 030+04 |100.0 <1

phase, resulting in an effluent TN value (25 mg/L; Table 12.1) higher than the
Omani Standard for reuse [44]. This was the main issue during the first phase of this
study that indicated the need for additional actions to improve the denitrifica-
tion rate.

The second phase focused on the optimum modification or combination of modi-
fications to increase the nitrate removal in the VFCW [43]. The first modification,
i.e., the extension of the HRT in the AT from 2 to 5 h, was tested for 2 months and
resulted in a slight decrease in effluent NOs-N from 25 to 20 mg/L. During the sec-
ond modification, the recirculation pump was switched off, and the water level in
the VF2 beds was increased to 30 cm below the porous media surface, extending the
HRT inside the VF2 beds to 3 days. However, this showed a negative effect since the
effluent nitrate increased to 70 mg NO;-N/L, probably due to the limited BOD in the
VF1 beds effluent, which is also required for denitrification to take place. This indi-
cated that recirculation had the most substantial effect on the enhancement of deni-
trification, thus the system was restored to the previous operational mode, i.e., 100%
recirculation. The spray nozzles for wastewater distribution in the VF2 beds were
removed (M3) to assist the establishment of anaerobic conditions in the VF2 bed
(the water level remained at 30 cm below the porous media surface) and a gradual
reduction of the effluent NOs-N was immediately measured until it stabilized around
11 mg/L. Although this value was slightly below the limit value (11.3 mg/L), step-
feeding was also tested [43]. Considering the minimum BOD/N ratio of 4:1 required
for denitrification, it was calculated that almost 6 m?/d of raw wastewater would be
required to provide an additional nitrate removal of 10 mg/L. This volume was
pumped directly into the second stage pump station, but since it was not considered
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in the design of the VFCW, the existing pump capacity could not handle the addi-
tional volume. It was then decided to simulate step-feeding with the addition of an
artificial carbon source (methanol; 792 g COD/L) into the second stage pump sta-
tion. Within 2 weeks after starting the methanol dosing, NOs-N dropped from
49.2 mg/L to 0.2 mg/L in the VFI effluent and from 59 mg/L to 1,65 mg/L in the
VE2 effluent [43].

This study of a full-scale experimental VFCW system in the Middle East over a
period of 18 months, testing different operational modifications, showed that this
system can be very effective providing complete organic matter biodegradation and
nitrification. The adoption of 100% effluent recirculation along with step-feeding,
either with raw wastewater dosing into the second stage or by artificial carbon dos-
ing provided an effluent quality that complied with all limit values of the Oman
Irrigation Standard A, including TN. This study demonstrated that with further opti-
mization of the passive VFCW system, high rates of nitrification and denitrification
are possible. The tested CW system proved feasible for hot and arid climates and
can provide an effluent quality appropriate for irrigation with low overall opera-
tional costs. It should be noted that this study was awarded the Annual Research
Award 2021 by the Ministry of Higher Education, Research and Innovation of Oman.

12.4 Aerated Constructed Wetland for Municipal
Wastewater Treatment

In order to further reduce the area demand, the aerated CW design has lately been
developed [45]. In this design, air is provided from an external aeration device (e.g.,
a side blower) to increase the oxygen supply and establish aerobic conditions that
enhance the aerobic process, thus significantly reducing the system footprint and
increasing the treatment capacity [46, 47], while still using significantly less energy
per m? wastewater treated than conventional wastewater treatment plants. Aeration
in subsurface flow CWs can be implemented with uniform distribution of small air
quantities across the bottom of the bed. The combined action of the vertical/hori-
zontal movement of the wastewater and the upflow movement of air bubbles results
in a very good mixing of air and wastewater in the bed [48]. Artificial aeration has
a much higher treatment capacity than passive wetlands with significantly reduced
area requirements [42, 47], reaching high levels of organics degradation and nitrifi-
cation. Aerated wetland technology is mostly applied under temperate and cold cli-
mates so far [47], while in hot and arid climates there is only a very limited number
of research [35] and full-scale systems.

One of the first full-scale aerated CW in the Middle East was built in Oman in
2018 under desert environmental conditions [14, 49]. The area suffers from frequent
sandstorms incidents, while the atmosphere can be laden with airborne dust parti-
cles (even <2 microns). The daily average temperature exceeds 40 °C in summer
and reaches up to 30 °C in winter, while annual rainfall is almost negligible.
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This CW is treating domestic wastewater from a medium-sized community of
approx. 1800 persons, generating an inflow of 350 m*day [49]. The wastewater
includes wastewater from the residential and accommodation areas as well as flows
from offices and kitchen facilities. Raw wastewater is collected in a lifting station in
the settlement, and after simple screening (coarse screen) it is pumped to the new
CW facility. The CW is located approx. 150 m away from the closest community
buildings. The CW facility is designed for a final treated effluent that complies with
the irrigation standards of Oman (Class A), in order to reuse the treated effluent for
irrigation of green public areas at the settlement.

The first stage is a VFCW system, and the second stage is the Aerated Constructed
Wetland (ACW) with horizontal subsurface flow. Figure 12.4 shows a view of the
ACW bed 1 month after planting. The VFCW has a surface of 2100 m? and is sepa-
rated into three parallel cells. Each day, only one cell receives the raw wastewater,
thus intermittent loading is applied, and the feeding cycle comprises feeding
(1-2 days) and resting periods (2—4 days). The operational cycle is controlled by
manual valves located at the front-end of the VFCW. As for the French system
described before, this setup avoids a primary sedimentation stage. The VFCW basin
has a total depth of 1 m, of which 65 cm from the bottom is the gravel layer. The
bottom of the bed is lined with an HDPE membrane (1.5 mm) [49].

The second stage ACW has a surface of 800 m? and receives the partially treated
water of the first-stage VFCW by gravity, providing the final desired quality [14].
Step-feeding of raw wastewater is also applied, with a small volume routed to the
ACW to provide an additional carbon source for denitrification. The practice of
wastewater step-feeding has been found to improve the treatment performance in
HSFCWs [39]. The total depth of the bed is 1.3 m, of which 1 m is the depth of the
gravel media layer. The ACW is also lined with an HDPE membrane. Artificial aera-
tion is provided through a network of aeration drip lines placed at the bottom of the
bed connected to a side-channel blower (1 working, 1 stand-by) that delivers an

Fig. 12.4 The aerated Constructed Wetland in Oman during the start-up phase
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airflow of 330 m%hr. [49]. The aeration pipes are placed at short distances at the
bottom, providing small bubbles of air in the saturated gravel layer to enhance the
aerobic processes. The water level is adjustable through a water level control device
and is set few centimeters below the surface of the gravel layer. The ACW effluent
is collected through a perforated pipe placed at the bottom of the bed above the
HDPE liner along the downstream width side.

Both CW stages are planted with native wetland plant species. The VFCW bed is
planted with common reeds (Phragmites australis) and the ACW is a polyculture of
Typha domingensis, Schoenoplectus littoralis and Cyperus laevigatus [14]. The
ACW effluent is collected by gravity in a pumping station, where pumps push the
treated effluent through a UV unit with a 30 m*hr. capacity for final disinfection.
The final effluent is further pumped and reused for irrigation of green spaces in the
adjacent settlement.

Table 12.2 shows the overall efficiency of this facility for the first operational
months [49]. This novel CW has a comparatively low area requirements (1.6 m%*PE)
showcasing the current advances in wetland technology that enable the implementa-
tion of CW even in areas with limited available land. As the table shows, the effluent
quality complies with the national irrigation standards (Table 12.2). Most of the
organic solids are retained, as indicated by the low effluent TSS. The system reached
almost complete organic matter degradation and nitrification, due to the high oxy-
gen supply via the artificial aeration that favours aerobic microbial activity.

Ammonia nitrogen removal was almost complete and stable. Nitrification is an
aerobic process and is enhanced by the higher oxygen supply via the artificial aera-
tion. The ambient temperature in this environment is also ideal for nitrification,
since this process has an optimum temperature range between 25-35 °C [19]. In

Table 12.2 Average influent and effluent concentrations and removal rates of the various
physicochemical parameters during the first operational months. (nd = not detected) [49]

Parameter Influent Effluent Removal (%)
BOD; (mg/L) 213 2 99.0
COD (mg/L) 534 24 95.1
TSS (mg/L) 98.2 3.0 96.8
Total nitrogen — TN (mg/L) 50.8 17.5 66.4
Ammonia nitrogen — NH;-N (mg/L) 38.1 0.1 99.7
Total Kjeldahl nitrogen — TKN (mg/L) 39.4 0.5 98.7
Nitrate nitrogen — NO;-N (mg/L) 0.6 16.4 -
Total phosphorus — TP (mg/L) 20.6 3.1 85.9
pH (-) 7.1 8.0 -
Electrical conductivity — EC (uS/cm) 1125 1492 —
Total dissolved solids — TDS (mg/L) 678 932 -
Total coliform — TC (CFU/100 mL) 962 nd 100
Faecal coliform — FC (CFU/100 mL) 720 nd 100
Intestinal helminth/nematode eggs (eggs/L) 57 nd 100
Dissolved and emulsified oil (mg/L) 20.5 <10 -
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addition, it is also noteworthy that nitrate effluent concentration remained below the
discharge limit. This implies that despite the aerobic conditions in the system and
the almost complete nitrification, nitrate removal also takes place (denitrification).
This interesting result has also been found in other studies using a similar setup [50,
51]. Denitrification is an anaerobic process and sufficient organic carbon supply is
crucial for nitrate reduction as an energy source for denitrifying microorganisms. In
this design, sufficient carbon supply is maintained through the step-feeding of raw
wastewater to the ACW, which apparently contributes to the nitrate transformation.
Additionally, the aeration regime possibly alters the microbial community composi-
tion and characteristics, enabling nitrate removal even under these conditions. Such
changes in the operational mode and even wastewater composition have been found
to impact the microbial community composition and patterns [26]. Further investi-
gation on this issue will provide better insight into the processes taking place within
the system. Finally, disinfection was also effective since no microbiological con-
tamination was detected in the treated effluent.

This full-scale CW facility is one of the first in Middle East with such an advanced
design that combines a VFCW with a novel Aerated CW providing sludge accumu-
lation and mineralization along with an effluent quality appropriate for irrigation
reuse. Furthermore, this CW design has one of the lowest area demands compared
to passive wetland systems. This design is particularly attractive for areas with lim-
ited space availability and has a higher treatment capacity too. The overall perfor-
mance of this facility proves its effectiveness even under hot and arid areas.

12.5 Surface Flow Constructed Wetland for Oily Produced
Water Treatment

One of the mainstream applications of CW technology is in the oil and gas sector.
The exploration activities for oil and gas production result in a polluted water vol-
ume that is one of the largest industrial waste streams worldwide [52]. This polluted
water occurs during the crude oil recovery as well as during other forms of fossil
energy recovery such as shale gas, oil sands and coal bed methane [53]. This oily
wastewater, which is known as produced water, is essentially a co-product of oil
production in many countries. This water typically contains residual hydrocarbons,
salts and various organic and inorganic compounds (e.g., emulsion breakers, chemi-
cal additives, solvents, heavy metals etc.), which prohibit the discharge of this
wastewater to the environment [54].

The most widely applied management practice of this oily wastewater is disposal
into deep wells (DWD) or into the ocean (for offshore production activities), while
smaller volumes can be re-injected into reservoirs to maintain pressure for the oil
wells [55]. However, there methods are undesirable due to the related environmental
risk and the high operational costs. Various mechanical and chemical technologies
have been used to treat this water, e.g., membrane filtration [53, 56], thermal
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technologies [57], flotation [57] and electrocoagulation [58]. However, most of
these technologies possess high operation and maintenance costs, require a high
energy input, and face frequent mechanical failures. In particular, the implementa-
tion of such technologies in remote areas (where most of the oil resources are
located) is often problematic due to the high cost, lack of local expertise and poor
governance [59].

Considering the above, CW appear as a promising treatment technology for pro-
duced water management bringing the benefits of nature-based solutions to the oil
and gas industry. It is already reported that CW can be effectively applied for the
remediation of waters containing petroleum hydrocarbons, related additives and
phenols [26, 28, 60, 61]. However, there are only few CW systems in facilities
related to oil production and processing, e.g., refineries and oil and gas fields [26,
62] and few others in the USA [63], in Sudan [64] and in China [65]. One of the
largest CW systems worldwide was built in Oman for the treatment of oily produced
water [14, 66, 67].

This facility is located at an oilfield in South Oman where deep well disposal of
the oily produced water is applied. The climate in the area is a desert climate, with
an average air temperature exceeding 50 °C in summer, while rainfall is practically
negligible. The governmental oil company (Petroleum Development Oman) started
the implementation of the project in 2008 [66], and the operation started in late 2010
with an initial treatment capacity of 45,000 m?*/day. After three expansion phases,
today this CW system treats 175,000 m*/day or one million barrels of polluted water
[14], a volume that equals the sewage produced daily by a city of a million people.
The CW system covers of 490 hectares of Surface Flow CW and 780 hectares of
evaporation ponds (EPs), thus being one of the world’s largest CW (Fig. 12.5). The
oily wastewater first passes through an oil separation and recovery step using pas-
sive hydro-cyclones utilizing the inherent hydraulic pressure in the pipeline without
the use of additional energy or chemicals before its discharge with gravity to the
CW beds. No pumps are used in the facility and the treated water is discharged into

Fig. 12.5 Aerial view of the Constructed Wetland facility for oily produced water treatment in
Oman. (Courtesy: Bauer Resources GmbH)
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the evaporation ponds, resulting in salt formation that is processed into industrial
grade salt [66].

The CW beds are sealed with a mineral layer made of locally available clay to
avoid the usual High-Density Polyethylene (HDPE) liner and are planted with local
plant species, i.e., Phragmites australis, Typha domingensis, Schoenoplectus litto-
ralis, Juncus rigidus and Cyperus spp., to enhance the biomass production and the
resilience of the ecosystem, making this CW system a polyculture [66, 67].

The inflow produced water is brackish with total dissolved solids exceeding
7000 mg/L [66] and an Oil in Water (OiW) concentration of approx. 350 mg/L (but
can exceed 500 mg/L instantly), but is poor in nutrients, i.e., total nitrogen and
phosphorus concentrations below 2.5 mg/L. More than 85% of the oil content is
recovered by the passive hydrocyclones and skimmers, so that and the residual oil
hydrocarbons (on average 30-50 ppm) can be discharged with gravity to the CW
beds, where it is biologically degraded, producing an effluent that complies with the
national limit value (<0.5 mg OiW/L) [14, 66]. Studies have shown that the CW
rhizosphere is rich in hydrocarbon-degrading bacteria [68], which play the key role
in the high oil removal rate. Moreover, the reed stems act as a physical filter for trap-
ping floating oil that is then biodegraded.

Since this CW started its operation, five deep well disposal pumps are shut down
as a consequence. Considering also that the CW is a gravity-based system with
almost zero energy consumption, the CW presents a significant reduction of the
carbon emissions that reaches 99% compared to the other management options [66,
69]. In the first ten years its operation, the amount of carbon dioxide emissions
saved is estimated at 1.275 million tonnes, equivalent to the emissions by 25,000
cars over a 10-year period. It is also characteristic that the large CW system and the
ponds created a valuable new habitat for migratory and resident birds and other
wildlife, since more than 130 migratory bird species use this facility as a stop-over
between Asia and Africa.

The clean effluent provided by this CW system allows to explore several possi-
bilities to further optimize the whole management process by adopting circular
solutions [67, 70]. The treated effluent can be reused in irrigation, a practice that is
of high value in hot and arid climates [71]. However, considering that the effluent
remains brackish, the selection of plants should be carefully considered. A research
study was carried out in this CW, where various salt tolerant plants were tested at a
large irrigation field of 22 hectares [66, 72]. The selected crops, e.g., biofuel produc-
ing plants and cotton plants, had a related market value. The output of this research
project showed that this treated effluent could be indeed valorized for the irrigation
of commercial plants. Additional tests are carried out on the use of the reed biomass
for compost production and biogas generation, in order to completely close the loop
of materials and waste, and promote circularity in this large-scale CW applica-
tion [70].

Additionally, this large CW system provides a wide range of ecosystem services.
A study evaluated the effect of the CW on the local microclimate, revealing for the
first time that the CW beds regulated the local microclimate [73]; a temperature
reduction by 10 °C was found between the CW body and a perimeter of up to 1 km
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Fig. 12.6 Surface temperature variations in the CW facility (light blue) in Oman and its perimeter

distance (Fig. 12.6), indicating the positive effect of the CW on its surrounding
environment. Such findings are very helpful as it can also give insight on the poten-
tial to modify the local biodiversity and reduce the energy consumption for cooling.

12.6 Conclusions

Proper wastewater management in hot and arid climates is still a challenge consid-
ering the climatic, institutional, financial, and cultural context in each country.
Regions with such a climate suffer from steadily deteriorating freshwater sources
and scarcity, while at the moment the only solution appears to be the expensive,
energy-intensive and unsustainable desalination process to cover their needs. The
Middle East, being one of the most water scarce areas in the world, still lacks effec-
tive and universal wastewater management and reuse practices due to a variety of
institutional, technical, economic, and cultural barriers. The sustainable, nature-
based technology of Constructed Wetlands is as an ideal wastewater treatment solu-
tion for hot and arid climates, such as in the Middle East, that can provide a feasible
solution within the local context of the various countries in the region. To date,
Constructed Wetlands remain largely a relatively unknown technology in the Middle
East. However, despite the limited market penetration of CW in the region, success-
ful projects and some unique case studies can be found in the region. This chapter
presented different CW applications for domestic, municipal and industrial waste-
water treatment in the Middle East region, at different scales. The existing case
studies demonstrate not only the technical efficiency and feasibility but also the
sustainable character of this treatment technology that can be easily implemented
under these climatic conditions, while also providing further options for a circular
management of the treated effluents, e.g., reuse in agriculture. Constructed Wetlands
are already a proven technology in the region, even in large scale, and can be a
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feasible solution for wastewater treatment in hot and arid climates, providing addi-
tional ecosystem services and contributing to water conservation and climate change
mitigation.
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Chapter 13 )
Constructed Wetlands for Sustainable L
Wastewater Treatment — Case Studies

from Pakistan

Atif Mustafa and Muhammad Afzal

Abstract Like other countries across the globe, Pakistan’s fresh water resources
are stressed by increasing water demand, environmental degradation and the multi-
faceted impacts of climate change. Most of the wastewater generated by urban,
industrial and agricultural activities is discharged untreated into water bodies thus
polluting the vulnerable water resources. The contemporary wastewater treatment
systems in most of the developing countries including Pakistan fail to treat waste-
water satisfactorily. Reasons for poor treatment include lack of local expertise, high
maintenance costs and poor governance. These wastewater treatment systems also
require heavy capital investment and high operating and energy costs. Over the
years, responsible water management departments in different parts of the world
have started diverting to nature-based solutions to mitigate the severe climatic, envi-
ronmental, economic and societal challenges. Nature-based approaches including
constructed wetlands represent more efficient and cost-effective solutions than tra-
ditional methods as they are self-operating and self-maintaining. Constructed wet-
lands (CWs) are passive treatment systems and temperature has a profound impact
on the efficiency of CWs; low temperatures reduce the biological activity and
decrease the rate of chemical reactions that are important pathways for contaminant
transformation and their subsequent removal. CWs have been widely implemented
in the developed world where thousands of systems are currently working. These
systems are mostly located in geographical locations where temperatures are con-
siderably low. Most of the developing countries including Pakistan are located in
regions where temperatures are considerably high and may have arid conditions.
This chapter discusses case studies from Pakistan where different types of CW
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systems have been tested in hot and arid climatic locations. The role of plant-
associated microorganisms in the removal of pollutants in CWs is also highlighted.
The various aspects of different variants of CWs including free water surface, hori-
zontal flow, vertical flow and floating CWs treating domestic, textile, and produced
water from oil and gas field are discussed in this chapter.

Keywords Constructed wetlands - Wastewater treatment - Developing countries -
Nature-based - Vertical flow - Horizontal flow - Free water surface - Floating
wetlands - Pakistan

13.1 Background

Most of the arid and semi-arid regions are located in developing countries where
freshwater availability is continuously decreasing. Pakistan has an arid to semiarid
climate with variability in temperature [1]. The countries face challenges of both
water scarcity and water quality degradation. Rapid industrialization and urbaniza-
tion have enhanced environmental deterioration by the release of different types of
organic and inorganic chemicals in the environment. Among the different types of
waste from industries and urban population, wastewater is considered one of the
main sources of water pollution. Domestic and industrial wastewater contains oil
and grease, detergents, dyes, drug residues, heavy metals, and pathogenic microbes
that pollute the water bodies. Most of these chemicals are toxic and cause muta-
genic and carcinogenic effects on living organisms [2, 3].

In Pakistan, most of the domestic and industrial wastewater is discharged into the
environment with little or no treatment. In case of sewage treatment, centralized
treatment plants are present in cities like Karachi and Islamabad but are not operat-
ing efficiently. While in case of industries only a few large industrial units have
installed conventional wastewater treatment plants. The lower number of wastewa-
ter treatment facilities installation at industries is due to very high capital, opera-
tional, and maintenance costs [2, 4]. Most of the small and medium enterprises
(SME's) are incapable of applying and operating conventional wastewater treatment
technologies, since these are expensive and technically not feasible and applicable
in developing countries like Pakistan [5]. Due to these facts, most of the domestic
and industrial wastewater in developing countries including Pakistan is discharged
into the environment without any treatment.

The use of constructed wetlands (CWs), and in particular floating constructed
wetlands (FCWs), is an applicable, feasible, and sustainable approach in developing
countries for the remediation of sewage and industrial wastewater [6-9, 10]. Their
low cost and self-sustainability make them a feasible approach in developing coun-
tries for the treatment and reuse of wastewater. The use of FCWs is highly recom-
mended for the removal of contaminants from water in the developing countries due
to its low application and maintenance costs [11]. In these CWs, the plants and their
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associated microorganisms are involved in the removal of contaminants from the
water [12—-14]. However, one of the main limitations of CWs is that some of the
contaminants are toxic to both plants and their associated microbial population,
ultimately reducing plant development and contaminants removal efficiency [15].
To overcome this limitation, the augmentation of CWs and FCWs with specific
bacteria possessing plant-growth-promoting and pollutants-degrading capabilities
is recommended [16—18]. In this synergy, plants provide space for the colonization
of the bacteria and nutrients for their growth. In return, bacteria improve plant
growth by providing plant growth-promoting enzymes and nutrients and detoxify-
ing the water by mineralizing the contaminants.

Generally, Pakistan has a warm climate; hence it is suitable for the application of
CWs for wastewater remediation. It is well known that high temperatures have a
positive impact on CWs performance [19]. The average annual temperature is
within the range of 16-27 °C and exceeds 30 °C during summer months, thus pro-
viding optimal conditions for many biological processes and biological activity by
microorganisms [20]. Many wetland plants, such as Typha domingensis, Phragmites
australis, Cyperus laevigatus, and Cana indica are abundantly found in the waste-
water drains and ponds, water lakes, and the banks of canals. The bacterial strains
isolated from these plants have shown the potential to degrade different types of
organic pollutants and exhibited plant growth-promoting activities [14, 17]. The
combined use of these plants and their associated ba