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Abstract

The potential of using constructed wetlands as a cheaper and yet effective alternative method
for treating domestic wastewater in tropical environments was investigated in this study from
May 1996 - April 1999. The major aim was to determine their technical viability with respect
to treatment performance under different operating conditions and the economic
competitiveness of the technology in Uganda and within the region. A pilot constructed
wetland design, based on horizontal flow criteria and receiving pre-settled sewage from the
Jinja Kirinya Sewage anaerobic lagoons was used in the study. The wetland had a total
surface area of 320 m’, which was sub-divided into eight individual units. Four of the units
were planted with Cyperus papyrus floating without a substratum base and two with
Phragmites mauritianus anchored on a substratum base. Two units were used as controls, one
of them had a substratum base of similar volume as the planted ones. The wetlands were
operated over three consecutive phases. In the initial phase, all planted units remained intact
but in the 2™ phase, plant biomass was removed from a quarter of the area of the two
Cyperus papyrus and one Phragmites mauritianus wetland units. In the last phase, two
wetland units of each plant type and one control {open) were joined in series; two other
papyrus wetland units with smaller areas of alternating planted and unplanted sections were
joined in series. The hydraulic loading rates applied to the different units ranged between 1.3
- 12 cm day' over the whole experimental period.

The shoot density and size of open areas controlled the physical-chemical conditions in the
wetland units. When the shoot density was greater than 50 shoots/m’, low oxygen
concentrations < 2 mg/l, pH values of 7 — 7.5 and water temperatures of 22 + 0.5 ° C
prevailed. In the open ponds with relatively larger open areas, peak oxygen concentration of
27 mg/l, pH of 10.4 and water temperature 29 ° € were obtained. In the reduced open surface
areas applied in the 2" and 3" phases, peak oxygen concentration of 12 mg/l, pH values of
7.5-8 and temperature of 23 ° C were registered. These conditions influenced the extent of
reduction of the pollutants achieved in each case. Removal efficiencies in both C. papyrus
and P. mauritianus wetland units’ of just over 70% of the input settled COD (maximum 350
kg ha'') and settled BOD (maximum 100 kg ha™') were obtained when the shoot cover was
intense. It increased to over 80% in the third phase. TSS reduction above 80% of the input
(maximum 250 kg ha'') was obtained in all the vegetated wetland units and in all the phases.
Similar findings were observed in the household wetland. A significant faecal coliform
removal of 4 log units was obtained in the control ponds as compared to 3 log units derived
from the vegetated wetland units or 1.13 log units from the household wettand. The faecal
coliform reduction in the planted units was correlated with TSS and particulate organic
matter removal. The lethal impact of direct sunlight and its secondary effects such as high pH
were considered more significant in ponds with open areas. All the results show that Cyperus



papyrus planted units performed better than Phragmites mauritianus units. The low residual
background BOD concentration of 12 mg/l in papyrus units as compared to 17 mg/l in
Phragmites units further confirmed the observed trends. In addition, the rate of BOD decay in
papyrus units was higher as mdlcated by the areal first order rate constant (0.084 m d'') than
in Phragmites (0.039 m d”'). Throughout, the effluent concentrations of these parameters
from the vegetated wetland units were consistently below the Uganda wastewater discharge
standards.

Nutrient (N & P) removal from the wastewater via plant uptake showed extreme variability at
different growth phases; uptake was correlated w1th the biomass ylelds exhlblted in the
different phases Uptake rates of 7.1 kg N ha da?/ and 0.24 kg P ha™' day! in papyrus and
104 kg N ha' day' and 0.26 kg P ha'! day’ in P. mauritianus were derived in the
exponential growth. Mass balance considerations over exponential phase showed plant
uptake contribution of 15% N and 10 % P of the total input to papyrus wetland and 58% N
and 37% P of the total input to P. mauritianus units. This contribution declined to less than
4% for both plant types at the slower growth phase. It is concluded that nitrogen and
phosphorus removal via plant uptake is only significant at the exponential growth phase and
more $0 in P, mauritianus which had nearly 90% of its total biomass as above ground.
Nitrogen removal by other routes was influenced by the environmental conditions. Low
oxygen concentrations which, were prevalent when the shoot density was high, minimised
ammonium removal via the sequential nitrification-denitrification pathway. The pH (>10)
and temperature (max 29 ° C) characterising the open units favoured ammonium loss by
volatilisation of ammonia gas. In the papyrus wetland series with small altematmg vegetated
and non-vegetated zones applied in the third phase, up to 90% of total ammonium N input
{26 kg N ha’ ) was removed, 77% of this loss was attributed to nitrification- denitrification
process. Effluent with ammonium concentration below the Uganda regulatory discharge limit
of 10 mg/l was only obtained in the last phase. The wetland serial configuration applied in
this phase is concluded to be the most suitable for nitrogen removal from wastewater in the
tropical environments.

The economic viability of using constructed wetlands in Uganda was deduced from the total
annual costs of the wetland and the waste stabilisation ponds designed for a population
equivalent of 4000. The total annual cost for waste stabilisation ponds was 21 % more than
that of the constructed wetlands (US § 11,400}, The recurrent cost for both systems were
similar but nearly eight times lower than that estimated for conventional treatment systems.

Based on the overall results of the treatment performance and economic costs, it is concluded
that application of constructed wetlands in Uganda and in the sub-region can be considered
both technically and economically as a viable option for municipal wastewater treatment.
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1.1  Background

Sewage collection and subsequent treatment has been practised to varying extents for over one
hundred years in Europe. Initial emphasis was on draining the cities of contaminated and foul
smelling sewage but shifted to reduction of organic matter. However, from the early 1960's, the
negative environmental impacts that were linked to wastewater discharges led to change in the
attitude and levels of treating wastewater. Expeclations of wastewater treatment operations were
expanded to include the removal of nutrients {nitrogen and phosphorus containing compounds).
Wastewater with high concentrations of these nutrients, when discharged into water bodies such
as lakes, rivers and canals causes oxygen depletion and alterations in their trophic status above
the natural state. These changes are known to have the capacity to trigger off processes that are
detrimental to the water thereby limiting the uses for which the water is suitable (Golterman,
1975; Chapman, 1996). Regulating authorities in Uganda and in many other countries have set
up effluent discharge limits for these nutrients just like for other pollutants.

Many developing countries are presently experiencing rapid population and economic growth
especially in the urban centres. The provision of services, including wastewater collection,
treatment and disposal has however not kept pace with these developments. The principle
constraint is lack of financial, technical and institutional resources. Besides, lack of interest in
alternative wastewater treatment and disposal methods other than waterborne sewage, has also
been identified as one of the limiting factors in the service delivery (Kalbermatten et al., 1982).
The appraisal given by the World Bank (1992), showed that in the majority of the urban centres
in the developing countries, waterborne sewerage services were not available. In a few of the
centres where this centralised collection and treatment systems existed, the prohibitive operating
and maintenance costs limited their satisfactory utilisation.

Investment in sanitation services as compared to water supply is also not given the priority it
deserves by the national governments in the developing countries. Briscoe (1993) showed that
even in the World Bank financed water and sewerage projects, wastewater collection and
treatment components accounted for only a fifth of the budgets. In contrast, in the developed
countries, because of their strong economies and technical expertise, off-site wastewater
disposal has been given priority attention at similar levels with water supply.

During the United Nations drinking water and sanitation decade (1980 - 1990), significant
improvements in the infrastructure for delivery of safe water and facilities for sanitary disposal
and treatment of wastewater together with planning methods were registered in the developing
countries (Christmas and de Rooy, 1991) (Fig. 1.1). However, despite these achievements,
sanitation services still remain insufficient. Sanitary conditions, especially in the siums and
peripheral urban centres which lack planned infrastructure, are appalling. Outbreaks of
waterborne diseases such as diarrhea, cholera and dysentery still occur in these locations which
often are also epicentres of population growths. Provision of waterborne sewerage services for
these locations cannot be realised given the present economic circumstances in these countries.
Lower cost solutions for both the collection and treatment of wastewater which answer the needs
of the majority are required.
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Fig. 1.1 Access to safe water and adequate sanitation in developing countries in 1980 and 1990 (from Christmas
and de Rooy, 1991).

1.2  Wetland Wastewater Treatment Technology

The need for alternative wastewater treatment systems which are low cost in terms of
investment, operation and maintenance especially in the developing countries, is long overdue.
The systems required should be the ones that can easily be decentralised and scaled down to
small sizes. The systems should also be adapted to the climate and should make use of simple
technology and available skills for construction and operation with a possible re-use of the end
product.

The use of treatment wetlands is one such option that meets these criteria. It has attracted special
attention and interest from decision-makers, engineers and scientists around the world (Brix and
Schierup, 1989; Denny, 1997). Wetlands introduce another beneficial aspect of nutrient cycling
and ecosystem production in the overall process, through a symbiotic relationship between the
plants and the associated microorganisms.

1.2.1 Natural wetlands

Natural wetlands are usually found at the interface between the terrestrial and aquatic ecosystems
(Denny, 1985; Mitsch and Gosselink, 1993). They have been used world widc as dumping or
disposal sites (the treatment potential mostly not identified) for different types of wastes. In the
United States of America, some natural wetlands are documented to have been receiving
domestic waste water for over 80 years (Kadlec and Knight, 1996). In Uganda, the Nakivubo and
the Luzira natural wetlands which are dominantly colonised by Cyperus papyrus L. and
Miscanthidium violaceum Robyns plants, have been receiving urban run off mainly from
Kampala City centre and final effluent from the Bugolobi Sewage Treatment Works (BSTW)
for over 50 years (Denny, 1997; Kansiime and Nalubega, 1999}
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Several studies so far undertaken have demonstrated the functioning of natural wetlands in water
quality improvement. However, their wide application for wastewater treatment is not yet well
established and supported for several reasons. Brett (1989) and Verhoeven (1990) report the
unpredictability of treatment performance that is realised when using natural wetlands in the
temperate climates. Kansiime and Nalubega (1999) also found in the Nakivubo swamp near
Kampala in Uganda, that although some form of treatment takes place, there is strong
variability in the whole treatment process which is imposed by external factors. These findings
indicate an inherent difficulty in managing and optimizing the functionality of natural wetlands
with respect to the influent wastewater, the hydraulic flow pattern in the system and other
process variables.

In addition to the unpredictability, natural wetlands are not suitable for direct application for
wastewater treatment because of their other competing natural functional values. These include:
biodiversity preservation, habitat and brecding sites for wild life, hydrological and hydraulic
functions (Maltby, 1991; Denny, 1995). These wetland values could be interfered with and
compromised by direct loading of wastewater into the natural wetland, The use of constructed
wetlands specifically designed for the purpose of water quality improvement, is therefore
considered a viable alternative that is not subject to the competing demands experienced in
natural wetlands.

1.2.2 Constructed wetlands

The utilization of constructed wetlands (CW) in water pollution control provides an alternative
perspective that is based on the water quality functions and values of natural wetlands but which
is not limited by legal and conservation regulations. The historical background on the use of CW
in water pollution control originates from the research pioneered by Seidel and Kickuth in
Germany from 1952 (Bastian and Hammer, 1993; Kadlec and Knight, 1996). Utilisation in
different countries started and developed at different times and rates, For example, in The
Netherlands, the use of constructed wetlands started in 1967 with experimental work using
Scirpus lacustris in a camping site in Flevoland (de Jong, 1976). Application in the USA
commenced in 1967 (Kadlec and Knight, 1996) while in the United Kingdom, the use of the
technology started in 1985 (Cooper and Green, 1998). At present, extensive research work on
CW technology is being undertaken but mainly, in the temperate regions. Several key technical
conferences dedicated to the use of wetlands in water quality improvement have been held
dating back to 1976 from the chronology outlined by Bastian and Hammer (1993) and Kadlec
and Knight (1996). The recent conferences were in Austria 1996 (Haberl ef al., 1997) and Brazil
in 1998 (Cooper ef al,, 19938).

Review of the literature shows evidence of only limited research and use of the CW technology
in the tropical regions. Many of the low income countries without the wastewater treatment
infrastructure, are located within this belt and could therefore benefit more from the application
of this technology. In sub-Saharan Africa for instance, some constructed wetlands have been
operational in South Africa (Wood, 1990) and in Kenya (Nyakang’o, 1997). In Asia,
investigations on the wetland technology are on going at the Asian Institute of Technology
(Koottatep and Polprasert, 1997; Koottatep, 1999).The Kirinya constructed wetland described
in this study, is the first to treat municipal wastewater using indigenous plants and, where
detailed investigations into their functioning under tropical conditions have been done. It is
envisaged that this study will form the basis for further research on the subject in the region. The
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study is also expected to be a catalyst for the countries in the region to exploit and harness the
potential of wetlands in the provision of a cheap, effective, reliable and sustainable way of
treating wastewater,

1.2.2.1 Types of constructed wetlands

Constructed wetlands may be classified on the basis of the dominant macrophyte such as: (i)
submerged macrophyte (ii) free-floating macrophyte and (iii) emergent macrophyte (Brix and
Schicrup, 1989). These wetlands systems can be used alone, in combination or as final effluent
polishers when used together with conventional treatment works. The last two types are widely
used and will be discussed in the next paragraphs.

(a) Free-floating wetlands

The use of free floating plant systems in wastewater treatment exploits the rapid growth nature
of these plants, which enables them to assimilate large quantities of poilutants into their biomass,
often in excess luxury uptake (Denny, 1985; Reddy and DeBusk, 1987; Abbasi, 1987; Vymazal
et al., 1998). A schematic representation of these systems is illustrated in Fig. 1.2. The common
plant species used include: water lettuce (Pistia stratiotes), Salvinia (Selvinia sp), duckweed
(Lemna sp), mosquito fern ( Azolla sp) and water hyacinths (Eichhornia crassipes.

Fig. 1.2 Schematic representation of a free floating macrophyte based wastewater treatment system (from Brix,
1993).

In Eichhornia crassipes systems for example, high removal rates of suspended solids, organic
matter (measured as biochemical oxygen demand, BOD) and nutrients are reported. Reed et «/.,
(1988) and Reddy et a/., (1989), associate this high efficiency to the ability of the plants to
translocate oxygen from the shoots to the root zone. This is enhanced by the extensive root zone
that also provides a large surface area for entrapment of solids and attachment of bacteria which
are responsible for rapid degradation of BOD and nitrification. Uptake of nutrients by plants with
subsequent plant harvesting is essential for export of nutrients (N & P) from this type of
systems. Large macrophytes, such Cyperus papyrus can also be used in free floating systems as
was the case in this study. It has similar structural characteristics of rooting medium in form of
the thick root - thizome mats with a large surface area.
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(b)  Emergent wetlands

Emergent macrophyte systems may be subdivided into three categories based on the flow pattern
used. The Horizontal surface flow systems (SF or FWS) are characterised by wastewater flow
above and through the rooting medium in shallow basins (Fig, 1.3). The reduced flow velocities
provide the ideal conditions for the removal of suspended solids and particulate organic matter,
while the biofilm {bacterial growth) on the plant stems is responsible for organic and nitrogen
degradation. A lot of information on wetland performance is based on the data generated from
these type of wetlands since they were the first generation of constructed wetlands built. Review
of their performance by Reed ef ol (1988), Watson et al (1989), Cooper er al (1996) shows a
large variability, especially with respect to nutrients removal .

Fig. 1.3 Schematic representation of an emergent sub-surface flow macrophyte wastewater treatment system (from
Brix, 1993).

The second category of emergent wetlands, are the subsurface flow systems (SSF). In these
systems, wastewater is infiltrated into the porous medium with little or no water exposure on the
surface. The infiltration can be at the inlet and wastewater flows horizontally under the bed and
is collected in the outlet at the end of the bed (Brix and Schierup, 1989). The infiltration can also
be introduced vertically and the wastewater percolates down through different layers of the
porous medium and effluent is collected at the bottom (Cooper, 1993). In both cases it is during
the passage of wastewater through the rhizosphere that it gets cleaned by the microbiological
degradation and physical/chemical processes. The treatment efficiency in respect to nutrients is
relatively higher than in surface flow types. A major disadvantage identifiable with the vertical
flow infiltration is the clogging of the substratum medium.

1.3  Aquatic Plants

Several types of plants have been applied in treatment wetlands located in temperate and sub-
tropical conditions. They are mostly found in the native environments of the wetlands. Readily
available nutrients, light and water are responsible for making ecosystems colonised by wetland
plants worldwide, to be the most productive (Thompson, 1985; Wetzel, 1993). Greenway
(1997), lists the several types of wetland plants used for wastewater treatment in Australia.
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Vymazal et al (1998), gave a detailed description of the types and classification of wetland plants
applied in European and North American constructed wetlands.

The common plants in their listing include: (i) the emergents: Typha spp. (Cattails), Scirpus spp
(Bulrushes), Glyceria spp. (Mannagrasses) and Phragmites australis (common reed); (ii)
floating: Eichhornia crassipes (Water hyacinths), Pistia stratiotes (Water lettuce) and Lemna
spp.(Duckweed) and (iii) the submerged: Elodea spp. among others. The use of the common
tropical African wetland plants namely; Cyperus papyrus and Phragmites mauritianus in
constructed wetlands, is initially referred to only in the greenhouse studies carried out in the
Netherlands (Bruggen et al., 1992; Okia, 1993). It was therefore the aim of this study to initiate
the use of these native plants in a constructed treatment wetland specifically located in the
tropics,

1.3.1 Cyperus papyrus L

(i) Genreral characteristics

Cyperus papyrus L. is historically associated with early civilisation in Egypt and the Roman
Empire, where it was used for making writing materials (Jones, 1983), It is an emergent aquatic
sedge that is found mainly in the East and Central African wetlands fringing the lake shores and
swamp valleys (Thompson, 1985; Gaudet, 1977; Chale, 1985, Denny, 1985; Bugenyi, 1993;
Balirwa, 1998). It grows in virtual monoculture stands that can form a dense vegetation canopy
(Carter, 1955; Beadle, 1974). The main structural features as described by Gaudet (1977),
include: (a) the umbel, which is constituted of fincly dissected bracteoles, it bears flowers and
it is the main photosynthetic organ of the plant; (b} the culm (stem) which has a large proportion
of a spongy aerenchyma on its inside and, to a small extent, it is capable of photosynthesis; (c)
the rhizome and the roots which together form a mat like structure that is the base for swamp
development. In natural swamps the rooting mat was estimated to contribute up to 30 - 52% of
the total biomass (Beadle, 1974 and Thompson, 1985).

Cyperus papyrus grows both as a rooted and a floating macrophyte only in fresh water
environments with stable hydrological regimes (permanently flooded). It cannot cope with rapid
water level changes (Thompson, 1985). The floating wetland mat also known as the sudd
(barrier} can float in water even as dcep as 3 - 4 m (Balirwa, 1998; Kansiime and Nalubega,
1999), These mats are usually found along the fringes of lakes or river systems, while the rooted
wetlands are found at the interface with terrestrial environments.

(i)  Environmental conditions

Papyrus-dominated wetlands like all other natural wetlands, are characterised by low dissolved
oxygen concentrations. The main reason for this state is that surface aeration and photosynthetic
oxygen transfer mechanisms are reduced or non existent due to the dense plant canopy. Any
oxygen transferred from the shoots to the roots is utilised for root respiration and decomposition
of the abundant organic matter by heterotrophic bacteria. For instance, the oxygen concentration
measured by Carter (1955) and Gaudet (1979) in some natural wetlands in Uganda which were
more or less undisturbed ranged from 0.9 - 4.6 mg /| at the surface and 0 - 2.4 rag /1 at the
bottom. Kansiime and Nalubega (1999) on the other hand obtained valtues ranging from ¢ - 3 mg
/1 in the Nakivubo wetland, which has had many human interventions. The pH of the swamp
water is characteristically acidic as compared to any adjacent open waters. The cause of this low
pH is linked to the humic acids produced by anaerobic degradation processes that predominate
these wetlands (Visser, 1962).
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(iti)  Productivity

The productivity of natural papyrus wetlands is found to be variable and controlled by different
factors such as climate, nutrient availability and the prevailing general hydrological conditions.
However, unlike other standing aquatic plants, its high standing biomass and productivity rates
makes these plants have a high potential for nutrient removal more so in wetlands receiving
water with a high nutrient load. In Kampala Uganda, a papyrus swamp both floating and rooted
at the shores of Lake Victoria is used to purify secondary effluent from the city’s sewage works
and most of the urban surface run off. A study by Kansiime and Nalubega (1999) details the
functioning of this wetland in this regard.

Table 1.1 shows values for the productivity and nutrient uptake of Cyperus papyrus and other
aquatic plants under different growth conditions. There is similarity in the different natural
papyrus swamps but were significantly different from the potted experiments which may be
considered as a prototype constructed wetland. The difference may be attributed to the readily
available nutrients in the latter system as compared to the natural ones.

Table 1.1 Standing biomass production and plant nutrient uptake rates under varying growth environment

Plant Type | Growth Productivity - P uptake N uptake
Environment standing biomass | (kg ha’day") | (kg ha'day’)
(kg DW ha' day')
Cyperus Natural swamp 124 - 155 0.19 1.35
papyrus water, Lake
Naivaisha '
Natural swamp 131-392 0.06 1.18
water Uganda *
Sewage fed 130 0.21 1.30
Nakivubo wetland ?
Potted (anaerobic 1450 0.77 5.92
pond effluent) *
Phragmites | Infiltration wetland | 191 0.22 2.14
australis
Diverse ® 0.05 - 0.08 0.5-0.6
Eichhornia | Diverse 02-2 1.6 -6.6
crassipes

Source: | Muthuri et al., 1989; * Thomson et al, 1979; ° Kansiime and Nalubega, 1999; 'Lizhiboa, 1995;
Meuleman, 1999 and ° Reddy and DeBusk, 1987.

1.3.2 Phragmites mauritianus (Kunth)

Phragmites mauritianus (Kunth) belongs to a group of monocots, family of Poaceae
{Gramineae).
Its distribution is exclusively tropical and it is one of the abundant wetland plants in East and
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Central Africa, It is intolerant to flooding and is usually found growing in arcas of shallow
hydrologic gradient. Therefore, the plants show preference for the outskirts dominating the
transition between terrestrial and aquatic systems, with water-logged back up streams (Thompson
and Hamilton, 1983). It is one of the native plants that colonise the adjacent natural wetland at
Kirinya.

The choice of this plant in the study was based on the extensive and the success application of
its generic sister, Phragmites australis in many treatment wetlands in temperate climates
(Cooper, 1996., Urbanc-Bercic and Gaberscik, 1997; Vymazal et al., 1998). Phragmites
australis has high productivity rates which makes it suitable for use in constructed wetlands.
Primary production from an infiltration wetland of up to 70 ton ha' yr' was obtained by
Meuleman {1999).These attributes associated with Phragmites australis were assumed to be
interchangeable with Phragmites mauritianus. This was one of the reasons for using the latter
in this study. Phragmites mauritianus has a much larger culm than P. australis and this makes
it have extensive use as a fencing and roofing material. Utilization of these plants in constructed
wetlands for wastewater purification, would enhance its value as a final tangible product with
much more beneficial values.

1.4  Hydrological Factors

Wetlands are by definition created and maintained by water. Several factors such as the water
source, water depth, flow rates, residence time ete., influence the wetland hydrodynamics and
the physico-chemical properties of the wetland substrata sediments. The types of flora and fauna
that develop in a wetland from a particular region together with the nutrient dynamics and
biological transformations taking place are largely influenced by the hydrodynamics in the
wetland (Mitsch and Gosselink, 1993; Kadlec and Knight, 1996). The more time water spends
in the wetland, the higher the chances for interactions between waterborne substances and the
wetland ecosystem. This aspect is exploited in constructed wetlands.,

Water movement in wetlands is influenced by vegetation and strong interaction with the
atmosphere via precipitation and evapotranspiration. In treatment wetlands, these factors may
influence the treatment process. Precipitation dilutes the concentrations and speeds the flow
while evapotranspiration increases concentrations and reduces flows (Kadlec, 1987). In this
study, during one operation phase {1997/98), there was excessive rainfall which was associated
with the El Nino phenomenon. It created a negative impact in the treatment performance with
respect to all parameters.

1.5 Kirinya wetland systems

The Kirinya pilot constructed wetlands are located at the National Water and Sewerage
Corporation Sewage Treatment Works, in Kirinya Jinja Municipality. Three factors led to the
establishment of this pilot plant at this site in Jinja. The first was the feasibility of using Cyperus
papyrus which was demonstrated in the studies carried out at the greenhouse of the Technical
University of Delft (Bruggen et. al, 1992; Okia, 1993). Subsequent investigations carried out by
Lizhibowa (1995), Kiwanuka (1996) and Sekiranda (1996) further showed Cyperus papyrus and
Phragmites mauritianus as good candidate plants for use in constructed wetlands.

The second aspect was the willingness by the National Water and Sewerage Corporation
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(NWSC), a statutory organisation responsible for the supply of drinking water as well as
collection and treatment of sewage in the big urban centres in Uganda, to implement the research
in one of its facilities based in Jinja. At the time, in all areas of its operation, final effluent from
treatment works was channelled to natural wetlands. The new national regulatory requirements
on the quality of effluent discharged from the treatment works, are putting pressure on the
organisation to seek for improved and cost effective means for polishing its effluents prior to
discharge. Participation in this research was given priority by the organisation.

The last and probably the most crucial aspect, was the financing of all research components by
Rijksinstituut voor Integraal Zoetwaterbecheer en Afvalwater behandeling, RIZA (The Institute
for Inland Water Management and Wastewater Treatment), which is an advisory institute for the
Netherlands Ministry of Transport, Public works and Water Management.

The constructed wetlands were based on the use of floating Cyperus papyrus and rooted
Phragmites mauritianus plants. Both species are native. The wetlands were categorised as
horizontal surface flow (SF) even in the case of Cyperus papyrus.

1.6 Research scope and relevance of this thesis

This study was set to provide solutions that could be applied to larger constructed wetland
systems within the tropical environments. A specific task was to find out the optimal loading and
operating conditions for the reduction of bulk pollutants and nutrients; the suitability and
functioning of the wetland plants in the overall treatment process and the impact of the
hydrological regimes on the effectiveness of the units in reducing pollutants. An additional study
task was to evaluate the applicability of the design and operation of the smaller systems in
wastewater treatment at the household level.

Specific relevance of this study was based on the need to evaluate the potential of constructed
wetlands planted with native macrophytes as a low cost and yet effective technology in water
poliution control, Since the use of the technology is new in the region, using the demonstration
pilot wetland was considered crucial in providing observable results by the citizens that can be
applied locally. The existing warm and favourable climate all the year round in the tropics was
expected to stimulate high plant productivity thereby creating conducive conditions required by
the biological communities to thrive and degrade pollutant

In addition to building capacity in many of the stakeholder institutions in the country, the study
was expected to form a basis for integration of the wastewater treatment with other production
systems such as, irrigation and fish farming. This would make the technology have more diverse
benefits.

1.7 Objectives of this thesis

The general aim of this study was to improve our knowledge base of wastewater purification
processes using constructed wetlands in tropical environments with a view to developing optimal
design and operation criteria that may be applied in wetlands sited in similar
environments.Specific objectives were:
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¢ To determine processes and performance attainable in constructed wetlands with Cyperus
papyvrus and Phragmites mauritianus plant species under different loading rates and operating
conditions with respect to chemical oxygen demand (COD), biochemical oxygen demand
(BOD), suspended solids (TSS), nutrients (nitrogen, phosphorous) and pathogens.

¢ To determine the functional role of macrophytes used in uptake of nutrients and their storage
capacities in the standing and rooting biomass.

s To evaluate the design and performance of a household constructed wetland.

* To propose guidelines for design, construction, use and management of constructed wetlands
based on information collected on processes and costs involved.

The research work was carried out using a pilot constructed wetland systems as described in the
next Chapter.

1.8 Outline of the thesis

This thesis contains two main sections, each dealing with a different study area and different size
of the systems. The first section describes the studies in Kirinya pilot constructed wetlands in
Jinja that received settled municipal sewage (Chapter 2 to 5). The second section deals with
studies carried out using a single houschold constructed wetland receiving effluent from a septic
tank (Chapter 6).

In Chapter 2, a description of the Kirinya pilot wetlands is given detailing, the system design and
lay out, the start up of the systems including the plant equilibration procedures. The pond
configurations adopted and the operational modes applied in the three phases are described. The
wetland hydrological conditions and water balance in each of the ponds is outlined.

Chapter 3 deals with the performance of the wetland systems with respect to organic matter and
suspended solids. The impact of environmental parameters namely oxygen, temperature and pH
on the removal of these pollutants is emphasised.

In Chapter 4, the impact of pH and dissolved oxygen derived from the three different wetland
configurations on the removal of the nutrients especially, ammonium is outlined. Plant growth
characteristics, biomass yields and nutrient distribution in the two plant types is detailed. The
contribution of plant uptake to the removal of nutrients from the systems is clearly illustrated by
the mass balance computation.

Chapter 5 deals with the removal of faecal coliform bacteria by the different wetland units. The
effect of hydraulic loading and exposed open surface areas on the systems performance is
demonstrated.

In Chapter 6, the household demonstration wetland treatment performance is evaluated. Factors
that will influence the functioning and acceptability of the technology, together with the public

perceptions about the wetland are documented.

In Chapter 7, an economic appraisal using the total annual cost of a constructed wetland in
comparison with a waste stabilisation ponds is outlined.

The summary and overall conclusions derived from the study are outlined in Chapter 8. The
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general guidelines for design, operation and management of the constructed wetlands in Uganda
and within the East African region are given based on the findings of this study.
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Abstract

The Kirinya pilot constructed wetlands comprised of eight units which were constructed in such
a way that infiltration of water into or out of them was prevented. Cyperus papyrus plants were
planted in four units and Phragmites mauritianus in two units. Two units had no plants and were
used as controls. The pond configurations of the planted wetland units were varied in three
distinct consecutive phases. In the first phase, all planted wetland units were undisturbed but in
the second phase, standing and rooting biomass was removed from an area of 10 m’ near the
inlet in three vegetated wetland units. In the last phase, the pond lengths were extended by two
modes; combining in series, two vegetated ponds with a non-vegetated one and combining two
papyrus units having alternating open and planted zones, each 10 m?,

Applied hydraulic loading rates were varied in each pond and cach series but overali ranged from
1.2 em/day to 10 cm/day over the whole experimental period. The pond water temperatures in
the plant covered ponds ranged from 22 to 25 ° C; a maximum temperature of 30 ° C was
measured in the control (open) ponds. Mean rainfall measured at the pilot wetland site varied
over the experimental period from 3.3 to 4.3 mm/day. Mean evapoiranspiration rates in Cyperus
papyrus and Phragmites mauritianus systems and in the control ponds were 6.1 mm/day, 5.6
mm/day and 3.8 mm/day respectively.

2.1 Introduction

Kirinya Sewage Works (the site of the pilot constructed wetlands) is one of the two sewage
treatment facilities run and managed by the National Water and Sewerage Corporation (NWSC)
in Jinja municipality, It treats both domestic and industrial wastewater by use of a series of five
stabilisation ponds: two anaerobic, two facultative and one maturation. The final effluent is
discharged to an adjacent natural wetland fringing Lake Victoria. The general characteristics of
effluent from cach of these units is given in Table 3.1 (Chapter 3).

The climate of the study area is a typical equatorial type modified by its location at the fringes
of lake Victoria, and by the altitude. It is characterised by a double rainfall maximum in March-
May and September-November, with an annual mean rainfall of 1300 mm. Air temperatures
range between 15 - 30°C and the relative humidity was in the range of 45% to 85%. (Source:
Uganda, Meteorological Department, Kampala).

The adjacent fringing natural wetland is dominated by two native plants: Cyperus papyrus and
Phragmites mauritianus. Cyperus papyrus is predominant in the permanently flooded zones
near the open waters of the lake while Phragmites mauritianus is mainly found in the non-
flooded outer zones of the swamp. The fringing natural wetland is also inhabited by many
species of wetland-related animals, like frogs, rodents, monkeys, birds, snakes (cobras) and
monitor lizards. Many of these animal species became part of the constructed wetland ecosystem
as well within a few months of establishment.
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2.1.1 Research Strategy

Background

Natural and constructed wetlands systems have a very complex hydraulic and microbiological
nature which is influenced by several factors. The detailed processes occurring inside these
systems is still not well understood. It is now the focus of many investigations by various
researchers. Hitherto, most of the constructed wetlands which are in use in America and Europe
have been designed without this detail but relied more on influent and effluent data and, mainly
of the 5 day biochemical oxygen demand (BOD) and suspended solids (EPA, 1988; Hammer,
1989; Cooper and Findlater, 1990; WPCF, 1990 and Moshir, 1993). Many of these systems
are operated as continuous surface or subsurface flow units as described in section 1.2.2 (Chapter
1). Plug flow conditions have been assumed to operate in the systems. However, results to date
indicate that the flow is not uniform (Tchobanoglous, 1993; Kadlec and Knight, 1996 King et
al., 1997). Therefore plug flow consideration are only used to provide an approximation of the
condittons, Lakshman (1981) and, Kadlec and Knight (1996) extended these assumptions to fit
and explain results of BOD and total nitrogen reduction in three surface flow wetlands operated
in a discontinuous (batch) flow mode. The same rationale was applied in choosing the
operational modes and computations in this study.

Approach

In this study, the design strategy adopted was therefore to have a system that would be
responsive to both continuous and intermittent (batch) loading of wastewater. These two feed
scenarios both apply to areas where there is a potential use of the constructed wetland technology
in the country. The following approach was adopted in the design and study:

(1) To use a pilot wetland built in such a way that only controlled and measurable quantities
of wastewater and rain are the only input into the system.

(ii)  To build a pilot wetland unit in such a way that it is operated in a flexible and variable
format to allow for optimization studies on wastewater treatment process for the various
pollutants outlined,

(iii)  To design the pilot wetland using the criteria previously applied for continuous surface
flow (SF) systems, but it was to be adaptable to other feed regimes and configurational
modifications as well.

{iv)  To use two native wetland plants — Cyperus papyrus and Phragmites mauritianus in the
units but in conditions that are suitable for their optimum growth in the native
environments. In the case of Cyperus papyrus this means floating, without any
substratum and for Phragmites mauritianus this means rooted on a substratum base or
soil. Gravel was used as a substratum base on assumption that it would improve
hydraulic flow and minimize clogging, which frequently occurs with a soil substratum
base.

(v)  To have a blank unit for each plant type and operated under similar conditions, At the
design stage, the strategy was to have this unit covered completely to prevent algal
growth but this was not practical at the site. The units were left exposed for the rest of
the experimental period. The results obtained from these units were used for comparison
with the vegetated units but good comparison would be with efficiently run lagoons.
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2.1.2  Location of pilot constructed wetlands

The Kirinya pilot constructed wetland is within the Kirinya Sewage Works premises which is
sitnated at latitude 00° 27' N, longitude 33° 11" E and at altitude of 1173 m above mean sea level.
The sewage works are located 2 km East of Jinja Municipality (which is 80 km east of Kampala,
the capital city of Uganda) on Kirinya Prisons road (Fig.2.1).
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Fig. 2.1 Map of Uganda showing the location of Kirinya constructed wetlands, in Jinja municipality.
2.1.3 Design Criteria

The design of the wetland units was based on the Water Research Council (WRC) (1990) and
the Water Pollution Control Federation (WPCF) (1990) guidelines for surface (horizontal) flow
wetland systems. As mentioned earlier, BOD was the critical parameter utilised in the
computation. Some modifications were however made with respect to the big floating Cyperus
papyrus and the warmer temperatures that prevail in the study area.
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The summarised design criteria used were:

Area per nominal population equivalent (PE) = 1.2 m%/PE,
Influent BOD concentration: maximum 150 mg/1;
Effluent BOD: 30 mg/L

The resulting unit design data were as follows: total wetland surface area, 320 m*; mean depth
1 m; length 20 m and width of 16 m. For better hydraulic control at the inlet, the wetland was
divided into eight parts to give individual units, each 2 m wide and resulting into a length-to-
width ratio of 10: 1.

2.1.4 Construction Aspects

The constructed wetland occupied a total area of about 500 m? and it comprised of eight wetland
units (ponds). Each unit was built with a bottom slope of 2 %. The pond bottom was made of
a 125 mm concrete slab, laid over an impermeable plastic lining overlying a 50 mm concrete
blinding and 150 mm hard core. Gabions 2 mx ! m x 1 m) packed with 60-100 mm diameter
pebbles were fixed at the inlet and outlet positions of each wetland unit. A 2000 mm x 100 mm
diameter collector cast iron pipe with 5 mm perforations was fitted at the bottom of the outlet
gabions. An adjustable flexible hosepipe was fitted to the outlet pipe in the drain chamber for
regulating the water level of each pond. The detailed drawing for a typical unit is illustrated in
the appendix.

A pump house was built in a position of a sump that was created by cutting a section of outflow
pipe from the anaerobic lagoons. A submersible pump was fitted in this house for delivery of
wastewater to an elevated feeder header tank with a capacity of 60 m®. A bulk water meter was
stalled at the outlet of the feed pipe from the header tank for volumetric measurements of
wastewater loaded into the wetland systems. A schematic lay out of the constructed wetland units
1s given in Fig. 2.2. Plates 1 and 2 in the appendix show the wetland at different construction
stages.

The wetland units (ponds) numbered from 1 to 8, had the following arrangement:

Ponds 1, 2, 5 and 6 had Cyperus papyrus plants without any substratum.

Ponds 7 and 8 had Phragmites mauritianus plants on a gravel substratum

Pond 3 was a control (with no plants) for Cyperus papyrus units

Pond 4 was a control {with no plants) for Phragmites mauritianus units and had a gravel
substratum.

2.1.5 Startup of Systems
(i) Plant Nursery
A Cyperus papyrus nursery was established to generate a sufficient number of young plants

required for planting in the wetland units.
Plant propagules with an average height of 10 cm were collected from the cultivated sections of







