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Abstract
The widespread practice in Latin America of separating greywater from blackwater at
the domestic level lends itself to the application of Ecological Sanitation, or Ecosan. In
this research simple, low-cost subsurface flow wetlands, or reedbeds, were investigated
not only for their potential in treating the greywater component but also to evaluate their
acceptance as an appropriate Ecosan technology in rural Central America. The
hypothesis for this thesis is that Ecological Sanitation, namely via reedbeds for the
treatment of greywater can improve sanitation in rural Central America.
The first aim of this research determined that untreated greywater was having a
significant negative impact on the water quality of the local streams of Monteverde in
Costa Rica (the site of this research) and that the associated public health risks will
continue to increase in line with population growth. Local residents expressed strong
dissatisfaction with the current situation and were supportive of any means to improve
it.
The second aim of this research was to determine if reedbeds designed according to the
principles of Ecosan could provide a healthier, affordable and more sustainable
sanitation alternative suitable for rural areas. As a result five case study reedbed systems
were designed and installed. All these reedbeds made use of locally available materials
and incorporated low-maintenance design features, and research with a local plant
species determined a robust macrophyte suitable for use in these systems. The ability of
low-cost reedbed systems to successfully treat greywater was demonstrated. The Costa
Rican guidelines for wastewater reuse were found to be overly restrictive in regards to
fecal coliform limits (<1,000cfu/100mL) and may inhibit the wider uptake of reedbed
systems if enforced. Despite this the uptake of the reedbed technology was strong and
more than ten systems were installed in Costa Rica as a result of this research. An
innovative environmental services contract, the first of its kind in Costa Rica, was
developed to ensure on going funding for operation and maintenance of a fourhousehold reedbed system.
The third aim was to specifically investigate the use of waste plastic (PET) bottle
segments as an alternative media in reedbeds to conventional crushed rock, or gravel.
Twelve mini-reedbeds, or cells, incorporating PET media and plants as the two
iii

variables, were monitored through wet and dry seasons. This experiment demonstrated
that reedbeds incorporating PET segments were able to achieve comparable removal of
fecal coliform and BOD when compared to conventional media reedbeds, and at a
significantly reduced cost. The local plant species Coix lacryma-jobi enhanced the
performance of all reedbeds, most notably in the PET-based reedbeds, which was
attributed to the considerably greater root biomass achieved in these systems as
compared to conventional media systems.
This research has demonstrated that reedbeds incorporating simple, low-maintenance
design features are able to provide an affordable and appropriate technology for the
treatment of greywater in rural Latin America.
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Chapter One
Introduction
1.1 Sanitation in Latin America
It is estimated that less than 15% of all wastewater generated in Latin America receives
any form of treatment before it is discharged into the environment (CATHALAC, 2000;
PAHO, 2001b; WHO/UNICEF, 2000). In Costa Rica, the site of this research, this
figure is estimated to be less than 4% (PAHO, 2001a). As a result many of the once
pristine rivers in Latin America are now heavily polluted with domestic and industrial
wastea situation which can be largely attributed to the low priority given to
wastewater treatment. The impacts are not only the gross contamination of water bodies
and fresh water resources, but include the potential, and real, health risks of waterborne
disease as witnessed by the return of cholera after 100 years to Latin America with the
epidemic of 1991 (Idelovitch and Ringskog, 1997). The cycle of sewage-transmitted
diseases such as cholera and typhoid fever will not be broken while sewage continues to
be discharged untreated into waterbodies where it may be used downstream for water
supplies and irrigation.
The solution however is complex and difficult. Vision 21 (WSSCC, 2000) has proposed
the daunting, and quite likely impossible, task of “universal coverage with safe water
supply and adequate sanitation for everyone by the year 2025”, while currently
struggling to simply keep abreast of population growth. The Millenium Development
Goals (UNDP, 2005) have set targets (Goal 7, Target 10) which hope to provide 350
million more people with safe drinking water and 650 million more people with basic
sanitation by 2015. The enormity of the task ahead can be appreciated simply by
considering that in the three regions of Africa, Asia and Latin America and the
Caribbean, just under 2 billion people in rural areas are currently without access to
improved sanitation, and just under 1 billion are without access to improved water
supply (for definition of ‘improved’ please refer to Section 2.3). All this, when the
world is simultaneously experiencing significant global water stress with projections of
approximately half of the world’s population expected to be living in water-stressed
regions by 2025 (Johnson et al., 2001).
1

Affordable and sustainable wastewater treatment may hold the key to remedying this
situation. Optimisation of the use of water will be critical and wastewater reuse will
need to become mainstream.
1.2 Conventional wastewater treatment
The developed-world model of ‘end of pipe’ wastewater treatment (water-based
sanitation using deep sewerage followed by conventional wastewater treatment) is no
longer a viable sanitation solution for developing or developed countries. While it may
have been the panacea to nineteenth and twentieth century public health in the western
world (WaterAid, 2002) it is now being criticised as having “opened up a pandora’s
box” (Esrey, 1998): pollution of waterbodies and the subsequent spread of waterborne
disease; the massive requirement for fresh water at a time when available fresh water
resources are already limited; and that it is no longer a suitable model for developing
countries. This scenario has been played out in Latin America where conventional
wastewater treatment has been shown to be unsuccessful and unsustainable. Low-cost
technologies are recognized as the only viable alternative (CATHALAC, 2000;
OPS/CEPIS, 2002; PAHO, 2001b). The development of low-cost and low-maintenance
wastewater treatment technologies is key to advancing sanitation in Latin America.
1.3 Alternative wastewater treatment
The unfolding world water crisis has been described as “probably the most challenging
task the international community is facing today” (Eid, 2001). Not only is the rising
demand for a finite supply of freshwater being driven by population growth at the same
as it is being threatened by pollution, there are also significant demands being placed
upon it by agriculture and industry (Anderson, 2001). The latter demands may not be
incompatible however because wastewater reuse for agriculture in particular is integral
to the philosophy of ecological sanitation, or Ecosan. Ecosan offers an alternative to
conventional sanitation by providing a closed loop approach to deal with wastewater
which not only avoids environmental pollution but recovers and recycles nutrients to
help restore soil fertility (Esrey et al., 1998; SEI, 2004).

2

So if developed countries are struggling with these issues, what of the future for those
developing countries where water-based sanitation also prevails? It is widely recognised
that attempting to maintain the ‘business as usual’ paradigm in the allocation of water
resources will be difficult to achieve and unsustainable (Matsui et al., 2001). Yet
wishful statements like those in Vision 21 such as “expecting a drastic technological
breakthrough to be introduced by the water utility sector” do little to describe how this
may be achieved. Matsui et al. (2001) attempt to address this issue by prefacing it with
the statement that sanitation is the first step towards successful water management
“Developing countries must solve sanitation problems first, which will require
technology that saves water and incorporates water conservation for both water supply
and sanitation. The solutions can be shared by both developed and developing
countries”.
The selection of an appropriate wastewater treatment strategy for any given situation is
complex and requires careful consideration of technical, economic and cultural criteria
amongst others. Other studies conducted in similar climatic and socio-cultural settings
such as those in Sri Lanka by Corea (2001) for example have considered a range of
wastewater treatment technologies for “appropriateness”, while qualities such as the
potential for reuse, nutrient capture and resource conservation which form the hallmark
of Ecosan typically are not. The default technology where water is used for sanitation in
rural areas is the septic tank system. This may be satisfactory provided the
environment’s natural assimilative capacity is not exceeded. However it often is as a
result of population growth, resulting in significant groundwater contamination (UNEPIETC, 2002). One technology that has been described as having enormous potential for
developing countries is the use of constructed wetlands for wastewater treatment
(Denny, 1997; Kivaisi, 2001). These are low-maintenance, low-cost biological systems
which can achieve conventional secondary treatment levels. While their main drawback
is the relatively large area required, this is much less critical in rural areas. There is
substantial experience with constructed wetlands for wastewater treatment in North
America, Europe and Australia, and yet there has been very little use of these systems in
Latin America. There exist two main types of constructed wetland: subsurface flow
(SSF) wetlands or reedbeds; and free water surface (FWS) wetlands. A further type of
wetland utilizing vertical flow is not considered here. SSF wetlands by their nature are
not potential breeding grounds for mosquitoes unlike FWS constructed wetlands
(Kadlec and Knight, 1996). The public health implications in the tropics, where
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mosquito-borne diseases such as dengue fever and malaria are prevalent, significantly
impact the suitability of FWS systems for these regions.
The implementation of low-cost, sustainable biological systems for wastewater
treatment, such as constructed wetlands, with the subsequent productive reuse of the
treated wastewater, for example in irrigation, is an example of Ecosan.
1.4 Overview of situation in Monteverde, Costa Rica, Central America
Monteverde, in the Tilaran mountain range of northwest Costa Rica in Central America,
is home to the world famous Monteverde Cloudforest Preserve and is an example of
what can happen with ad-hoc development in a rapidly urbanising rural Latin American
town. Following a rapid increase in residential and hotel development as a result of
ecotourism over the last two decades with little, if any, enforcement of national
planning codes and regulations, the impact has been substantial. In particular is the
common practice of discharging greywater directly into the environment, either directly
onto the ground or into the nearest stream or street. This is a widespread yet largely
undocumented practice throughout much of rural Latin America. The current water and
sanitation conditions in the research site of Monteverde are presented in Appendix A as
these are relevant to this discussion and in particular the case studies described in
Chapter Five. This is the first time to the author’s knowledge that a summary of
Monteverde’s water and sanitation situation has been made.
1.5 Scope and Aims of Research
Wastewater separation at the source, whereby blackwater goes to a septic tank and
greywater is discharged untreated, is a practice which raises interesting and less
problematic treatment options than conventional mixed wastewater treatment
systemsin particular it lends itself to the application of Ecosan. Ecosan’s philosophy
of wastewater reuse and water conservation in hand with the prevailing cultural practice
of greywater separation identified here has led to the adoption of Ecosan principles in
the design of systems described in this thesis. These principles are described in Chapter
Two. In particular, could ecological sanitation, namely via subsurface flow constructed
wetlands (reedbeds) for the treatment of greywater, improve sanitation in Monteverde,
and hence other parts of rural Central America? This is the principal research question
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explored in this thesis, which in turn led to the following questions and research
objectives:
Firstly, what impact is the current sanitation paradigmprimarily the discharge of
untreated greywater directly into the environmenthaving upon the citizens and
environment of Monteverde? In an attempt to quantify this impact the following
investigations were undertaken: an assessment of the water quality of local streams over
a three year period; an extensive household survey; and an analysis of current water
resource management in Monteverde. This work forms the basis of Chapter Four.
Secondly, could reedbeds, designed according to the principles of Ecosan, provide a
healthier, affordable and more sustainable sanitation alternative which would be
suitable for rural areas of Latin America? In an attempt to answer this question, five
full-scale case study reedbeds for wastewater treatment were developed. The materials
and methods common to all these reedbeds are described in Chapter Three while the
design and construction details specific to each reedbed site are described separately in
Chapter Five. Four of the systems were greywater-only and one was conventional
domestic wastewater (combined black and greywater) for the purposes of comparison.
In general, design principles were based on the need to reduce cost. This was considered
paramount if the uptake of these systems at the domestic level was to have any chance
of success. The experience in developed countries, including Australia, has shown how
affordability can suppress demand for on-site systemsa situation which is likely to be
amplified in developing countries. As a result simplicity, readily available materials and
low maintenance became key design principles. Cost was borne in mind at all times and
was in fact responsible for driving research into the use of PET plastic bottle sections as
an alternative low-cost media suitable for reedbeds. Investigations were also undertaken
to find and trial a suitable local aquatic plant in mixed-wastewater and greywater-only
reedbeds. In keeping with the philosophy of Ecosan, it was determined that an effort
should be made to achieve the Costa Rican national guidelines necessary for wastewater
reuse so that this potential is not lost. This paves the way for domestic reuse or the upscaling of these reedbed systems to a municipal-size system for example, which would
then be able to achieve the treatment levels necessary to permit the irrigation of crops
and pastures with treated effluent.
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The acceptance and uptake of any new technology by the local community is the key to
its success and sustainability. The cost, uptake and acceptance, maintenance
requirements and performance of the five case studies, over nearly three years in some
cases, is also presented.
Thirdly, could low-cost reedbeds be developed which could provide satisfactory
treatment of domestic greywater? To answer this question twelve experimental reedbeds
fed domestic greywater were constructed and monitored through tropical wet and dry
seasons to evaluate their performance. The twelve reedbeds consisted of four different
reedbed types in triplicate laid out on a random block design where the variables were
media type and planted/unplanted. This experiment was designed in order to provide
answers to the following additional two questions:
•

Are PET plastic bottle sections viable as an alternative media to conventional
gravel in reedbed systems?

•

Do macrophytes in reedbeds, in this instance Coix lacyma-jobi, enhance the
level of greywater treatment?

The results of this experiment are described in Chapter Six. Chapter Seven contains a
discussion of the results from Chapters Four, Five and Six followed by conclusions and
recommendations in Chapter Eight.
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Chapter Two
Literature Review
2.1 Introduction
This chapter commences with a review of the current water and sanitation situation
globally and then more specifically in Latin America, revealing the poor state of the
prevailing sanitation technologies and the detrimental impact these are having upon the
environment and health of Latin Americans. A separate description of the situation in
Monteverde, Costa Rica is presented in Appendix A and I believe this to be the first
time this has been documented. This is followed by a discussion of alternative
wastewater treatment systems and the potential for wastewater reuse within the overall
framework of ecological sanitation (Ecosan). As a result, subsurface flow constructed
wetlands, or reedbeds, for greywater treatment were identified for implementation in
this study and subsequently form the focus of the following sections. These include a
discussion of the current literature on greywater, the results of studies on constructed
wetlands for wastewater treatment, and design considerations for reedbeds. Particular
emphasis has been placed upon pathogen removal, reedbed macrophyte species and
reedbed media as these form the basis for the case studies and reedbed experiments that
follow.
2.2 Global water and sanitation
In 2000, approximately 1.1 billion people (18% of the world’s population) were without
adequate water supplies and 2.4 billion (40% of the world’s population) were without
adequate sanitation (WHO/UNICEF, 2000). The consequences of this mean that every
year some 2.2 million people in developing countries, mostly children, die from
diseases associated with the lack of safe drinking water, inadequate sanitation and poor
hygiene. It is widely acknowledged that in the face of increasing populations the water
supply and sanitation sector faces enormous challenges in the coming decades
(WHO/UNICEF, 2000). In an attempt to address this situation, targets have been
established for increased supply and sanitation coverage globally in the years ahead.
The Vision 21 document (WSSCC, 2000) prepared in the lead up to the Second World
Water Forum held in The Hague in March 2000 was such an attempt: seeking universal
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coverage with safe water supply and adequate sanitation for everyone by the year 2025.
The implications of these targets are described in the Global Water Supply and
Sanitation Assessment 2000 Report (WHO/UNICEF, 2000), and the prospects five
years later in the UN Millenium Project 2005 (UNDP, 2005).
The projected Millenium Development Goals (MDG) mean that to achieve universal
coverage by the year 2025, 2.9 billion people will need improved water supplies and 4.2
billionover two thirds of the world’s current (2002) populationwill need improved
sanitation. Achieving this target would require that 310,000 people per day for the next
25 years receive improved water supplies, and 460,000 per day receive improved
sanitation (WHO/UNICEF, 2000). The equivalent figures achieved during the
International Drinking Water Supply and Sanitation Decade (1981-1990) and
SafeWater2000 (1990-2000) for the provision of adequate sanitation were
approximately 200,000 and 210,000 people per day. Understandably there are those
who believe these targets are unachievable. Mara and Feachem (2001) believe that the
provision of adequate water supplies target is achievable, but that the improved
sanitation target, which would require twice the ‘daily’ coverage ever previously
achieved, is not. In fact the authors of Assessment 2000 themselves state that with
reference to the 1981-1990 and 1990-2000 programs, the program only just managed to
keep pace with population growth. Further, these projections presume that those who
are currently served with improved water and sanitation services will continue to
maintain their statuswhich they also describe as “optimistic, as there are still huge
constraints affecting the sustainability of water supply and sanitation services, including
funding limitations, insufficient cost-recovery and inadequate operation and
maintenance” (WHO/UNICEF, 2000).
Both Vision 21 and the United Nations’ Agenda 21 have been criticised for their failure
to provide any suitable alternative solutions to the looming water crisis (Matsui et al.,
2001; Otterpohl et al., 1999). It would be wishful thinking to expect in the words of
Vision 21 that “a drastic technological breakthrough to be introduced by the water
utility sector” (WHO/UNICEF, 2000) would meet these needs. In particular, as
Otterpohl et al. (1999) point out there is no discussion of “sanitation” in the document,
nor is there any consideration of the consequences of world-wide implementation of the
conventional system. This is in direct contrast to Matsui et al. (2001) who make the
statement that “Developing countries must solve sanitation problems first, which will
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require technology that saves water and incorporates water conservation for both for
water supply and sanitation. The solutions can be shared by both developed and
developing countries”.
Conventional ‘end of pipe’ technology is generally perceived as the traditional solution
towards which all sanitation will ultimately progress (Otterpohl et al., 1997), with little
serious discussion of alternatives. The sustainability of this conventional approach is
now considered by many to be questionable, even for developed countries but
“nevertheless, the fever to sewer the globe seems to be growing” (Goodland and
Rockefeller, 1996). Wilderer and Schreff (2000) question the validity of the
conventional centralised wastewater treatment paradigm for developing countries
largely on economic grounds alone“Whether this technology (conventional
wastewater management) is of ultimate wisdom must be questioned, especially
considering the urgent need for improved sanitary infrastructures in developing
countries. The problem is that the costs for implementing a centralised system in megacities, in particular the investment costs for the sewer system, are exorbitant” (Wilderer
and Schreff, 2000). Schertenleib (2000) also questions the suitability of conventional
(water-based) sanitation for achieving these targets at a time when the world’s
freshwater resources are increasingly stressed.
For rural areas in particular the situation is even worse. The present poor sanitation
coverage in rural areas means that Vision 21’s target for the provision of improved rural
sanitation to an additional 1.1 billion people by 2015 implies quadrupling the annual
progress, and doubling the annual expenditures, achieved during the 1990s. In the three
regions of Africa, Asia and Latin America and the Caribbean alone, just under two
billion people in rural areas are without access to improved sanitation, and just under
one billion are without access to improved water supply. Consideration of the statistics
shown in Tables 2.1a and 2.1b for global rural water and sanitation indicate clearly how
the provision of ‘improved water service’ has prevailed over the provision of ‘improved
sanitation service’, in fact by a factor of two. With regard to rural sanitation, investment
is very small (US$0.06 billion annually) when compared to rural water supply
(US$0.516 billion) or urban sanitation (US$1.443 billion) (WHO/UNICEF, 2000).
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Table 2.1a Rural water supply coverage: global and selected regions 1990-2000
1990

2000

Water (% of pop. served)

Water (% of pop. served)

Latin America & Caribbean

56

62

Northern America

100

100

Global

66

71

Rural area of:

Table 2.1b Rural sanitation coverage: global and selected regions 1990-2000
1990

2000

Rural area of:

Sanitation (% of pop. served)

Sanitation (% of pop. served)

Latin America

39

49

Northern America

100

100

Global

35

38

Source: WHO/UNICEF (2000)

2.3 Sanitation in Latin America
In some regions of Latin America, estimates of sanitation coverage (urban and rural
combined) may reach as high as 96%. But what does sanitation coverage mean? It
signifies that a dwelling has a disposal system but makes no statement about how or
where that wastewater is disposed, or if any of the wastewater is treated. In 1998 it was
estimated that of the 600m3 per second of wastewater collected by the sewers of Latin
America less than 15% received any form of treatment (CATHALAC, 2000;
OPS/CEPIS, 2002; PAHO, 2001b; WHO/UNICEF, 2000). There also exists a certain
irony in the fact that this volume of wastewater is likely to double, due to the increase in
coverage and urban population (Jouraviev, 2004), further raising the bar for the MDG
project.
Groundwater pollution as a result of nitrates and pathogens leached from septic systems
is widely recognised as a serious problem throughout Central America (CATHALAC,
2000). The human health effects of waterborne disease are widespread and ecosystems
are being damaged, or destroyed, and the environment heavily contaminated not just by
the discharge of this untreated wastewater but also by the simultaneous overexploitation
of freshwater resources (Johnson et al., 2001; Matsui et al., 2001; Werner, 2000). This
situation is especially hazardous when untreated sewage is discharged into rivers or
lakes, and where, as in some developing countries, these may be used untreated as
sources of drinking water or for irrigation (Idelovitch and Ringskog, 1997; OPS/CEPIS,
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2002) . It has also been found that in such cases even where conventional treatment
methods are in place, they do not necessarily provide the requisite degree of pathogen
removal for health protection. In practice, inappropriate technologies are often used
(WHO/UNICEF, 2000).
2.4 Current water and sanitation situation in Costa Rica and Central America
Most of the territory of Central America (refer Figure 2.1) is situated in the region
referred to as the humid tropics of the Americas and consists of seven countries which
cover approximately 507,000 square kilometres. In 1997 the population was 34 million
with an annual growth rate of 2.3% (CATHALAC, 2000).

Figure 2.1. Central America and Caribbean region (Source (PAHO, 2001b))

The most recent reports to include this region’s water and sanitation coverage statistics
are the Global Water Supply and Sanitation Assessment 2000 Report (WHO/UNICEF,
2000) which drew on the original Pan American Health Organisation’s Regional Report
on the Evaluation 2000 in the Region of the Americas: Water Supply and Sanitation,
Current Status and Prospects (PAHO, 2001b). A pertinent discussion of future scenarios
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to 2025 is also provided in the regional consultation titled “Vision on Water, Life and
the Environment for the 21st Century” prepared by the Water Center for the Humid
Tropics of Latin America and the Caribbean (CATHALAC, 2000) as presented at the
Second World Water Forum. A summary of water supply and sanitation coverage in
Central America with emphasis on rural areas is given in Table 2.2.
Table 2.2 Water supply and sanitation coverage statistics for Central America in 2000
Country

Population

Population

Rural water

Rural

Country

Country

Total

Rural

supply

sanitation

total water

total

coverage

Coverage

supply

sanitation

coverage

coverage

(thousands)

(thousands)

(%)

(%)

(%)

(%)

Panama

2 855

1 249

86

87

87

94

Costa Rica

4 024

2 099

98

95

98

96

Nicaragua

5 074

2 226

59

68

79

84

Honduras

6 485

3 065

82

57

90

77

El Salvador

6 276

3 349

61

78

74

83

Guatemala

11 385

6 870

88

76

92

85

Belize

241

110

69

21

76

42

Source (WHO/UNICEF, 2000)

Such statistics however can be misleading. Costa Rica’s total sanitation coverage is put
at 96% and yet in terms of sewerage systems Costa Rica has been ranked 27th out of 36
countries by the Pan American Health Organisation (PAHO, 2001b) as its sanitary
sewer coverage extends to only 4% of Costa Rican homes. That is, only 4% of the
wastewater from urban areas, or 1.5% of the total population (Abarca, 2001), receives
any form of treatmentfor those connected to a sewer (21%)while the rest are
connected to largely faulty septic tank systems (Rosales, 2003). In Costa Rica’s central
valley the raw sewage from the metropolitan area drains at a rate of over 250,000m3/day
into the nearby Virilla river (Avalos, 2001). Not surprisingly Costa Rica’s rivers have
been described as ‘cloacas’ (sewers) (Montiel, 2001), at the same time as their
sanitation coverage is quoted as being the most extensive in Central America.
The data presented in the Assessment 2000 (WHO/UNICEF, 2000) must be interpreted
cautiously, as is stated in its annexes that “while the type of water source and the type of
excreta disposal facility can be associated with the quality of water and the adequacy of
disposal, respectively, they cannot adequately measure population coverage of safe
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water or sanitary excreta disposal. Hence, the coverage estimates presented in this
report represent the population covered by improved water sources and improved
sanitary facilities” (my italics). The sanitation technologies meeting the definition of
improved (as given in Annex A of the report) are: connection to a public sewer or septic
system; pour-flush, simple pit and ventilated improved pit latrines.
A brief summary of some of the prevailing human development, health and economic
indicators for the countries of Central America is presented below in Table 2.3.
Statistics pertaining to water supply and sanitation coverage were presented previously
in Table 2.2. It can be seen that Costa Rica enjoys improved health and greater levels of
prosperity than all other Central American countries yet lags in the provision of
wastewater treatment. Data for mean annual income has been included as this is
relevant to a discussion of household level sanitation systems, as compared to municipal
schemes.
Table 2.3 Selected indicators for countries of Central America
Country

Human
Development
Index rank

Infant Mortality

GDP per

Rate

Capita (US$)

Annual Income
c

(US$)

d

b

Population
living below
$1/daya

(per 1000 )

(HDI)

(%)

Costa Rica

42

9

9,460

13,589

6.9

El Salvador

105

33

5,260

7,846

21.4

Guatemala

119

43

4,400

2,144

16.0

Honduras

115

31

2,830

4,131

23.8

Nicaragua

121

36

2,450

3,415

82.3

Panama

59

19

5,750

8,056

7.6

Belize

67

34

5,690

9,100

-

US

7

7

34,320

42,540

-

Australia

4

6

25,370

29,945

-

Data from MDG Human Development Report 2003
a: most recent data available between 1990-2001
b: data from 2001
c: 2003 World bank source quoted in MDG, pp US$
d: Estimated, Male

The Environmental Health Program (EHP) which has been active in Latin America for
many years has drawn attention to the unmet sanitation needs of the many small towns
in Latin America. These are towns with populations typically from 5,000 to 30,000
people. In terms of sanitation, they described such towns as “too small and dispersed for
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conventional urban water utilities to manage efficiently, receive minimal interest from
the private sector … and yet have greater potential for meaningful community
involvement” (EHP, 2002). In an earlier case study of twelve communities (EHP, 2001)
they found that sanitation was not given equal weight to water supply and that the
environment and public health concerns were often overlooked. They concluded that
complex technologies should be avoided due to the maintenance issues and notably, that
municipalities were unlikely to be able to play a supporting role for rural communities.
Importantly however the case studies demonstrated what could be achieved when the
local communities were given increased responsibility. These findings are pertinent to
any discussion of potential wastewater treatment options for rural communities in Latin
America.
2.5 Alternative wastewater treatment options
While developing countries may aspire to the developed world’s conventional sanitation
model, most countries cannot afford the necessary resources (money, water,
maintenance, institutional capacity) to provide or maintain the infrastructure associated
with this technology (Esrey et al., 1998; Ho, 2002; Otterpohl, 2001a). The “final proof”
that conventional “modern” technologies have failed developing countries is, according
to Harleman & Murcott (2001), the fact that over 90% of wastewater globally goes
untreated.
Technical visits to over 220 wastewater treatment plants in Latin America revealed that
80% were operating poorly while 10% were abandoned altogether (OPS/CEPIS, 2002).
The situation is no better in Costa Rica where a study conducted by the national water
authority found that 17 out of 20 wastewater treatment plants servicing the metropolitan
area were completely abandoned, while of those plants servicing small communities
outside the metropolitan area, the majority had also been abandoned (Abarca, 2001). An
inability to meet on going operation and maintenance costs was cited as the main factor
in both studiesa common situation in developing countries which is well documented
(Esrey et al., 1998; Matsui et al., 2001). The logical next step has been clearly stated by
the Pan-American Health Organisation (2001b) “In developing countries it is important
to continue to promote the development and utilization of low-cost appropriate
technologies, compatible with their situation. The solutions to the serious wastewater
treatment problems in Latin America and the Caribbean can only be addressed through
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the use of low-cost technologies”. This sentiment was also expressed in the Vision
report (CATHALAC, 2000) for Central America where it stated that the introduction of
new and appropriate technologies was required as the continuing ‘business as usual’
scenario will drive water resource contamination “to a stage of crisis”.
In light of this daunting prospect in addition to the current global health and pollution
impacts, projected demands on existing freshwater resources and the financial
implications of the prevailing sanitation technologies outlined above, what are the
alternatives?
While there are many critics of the prevailing water-based sanitation paradigm, there are
also many proponents of sustainable alternatives. Uno Winblad (2000) has pioneered
the relatively new field of ecological sanitation or ‘Ecosan’, and Steven Esrey has
challenged the rationale behind the conventional approach to sanitation: “What is the
solution? The old premises must give way to new thinking…. Sanitation needs to be
rethought, and three basic issues that should be re-examined: waste, pollution, and
nutrient flows” (Esrey, 1998).
“The introduction in the past century of flush toilets and pipe networks for the transmission of
sewage has caused such extensive degradation to nature and been so destructive to public health
that it should no longer be propagated as the ‘solution’. The great challenge facing us in this
century is to develop ecological sanitation systems for urban areas …The vision, the real
challenge, is the ecological city, a city based on equity, sustainability and maintaining the quality
of the environment for future generations” (Winblad, 2000).

2.6 Ecological sanitation (Ecosan)
Ecological sanitation has been described as a vision of an holistic approach towards
ecologically and economically sustainable sanitation (GTZ, 2001; SEI, 2004). Its aim is
not to promote any particular technology, rather to encourage a new philosophythat
“waste does not exist in nature, only in our minds” (Esrey, 2000). Ecosan therefore
endeavours to close the nutrient, water and energy loops in regards to what is currently
considered as waste and wastewater (Werner, 2000). It has also been described as a
system that is “intelligently designed and constructed to mimic nature at every step”
(Esrey et al., 1998).
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While some may consider Ecosan’s main focus to be its pursuit of the separation of
freshwater from human excreta (via composting toilets and the like with subsequent
reuse of the nutrients for agriculture), separation at the source for all waste streams is
also a key priority. Source separation, namely into greywater, urine and faeces, takes
cognisance of the fact that these all have significantly different characteristics in terms
of pathogens, physical form, nutrient content and benefits to soil and plants. Source
separation is thus an effective tool for designers of Ecosan systems.
Table 2.4 illustrates the significant differences in nutrient value and mass/volumes
generated daily per person when urine, faeces and greywater are considered separately.
In a typical domestic situation, where flushing toilets are used, the urine and faeces are
generally mixed, termed blackwater, and flushed with approximately 15,000L of
freshwater/year/person (Esrey et al., 1998). However it can be seen that urine has up to
80% of the fertiliser value, in terms of important plant nutrients (nitrogen, potassium
and phosphorus) and is generally sterilekey attributes which have led to the
development of urine-separating toilets (Esrey et al., 2001). While greywater volumes
may vary considerably according to the prevailing culture and climate, greywater
consistently represents the major portion of domestic wastewater by volume. Typical
greywater volumes are of the order of 15,000 to 30,000L/person/year (Esrey et al.,
1998) and approximately 53-81% of total in-house water consumption. A discussion of
greywater is presented in Section 2.8.
Table 2.4 Selected nutrient content, mass and volumes of typical domestic wastewater
Elements

Urine

Faeces

Greywater

(g/person/day)

(g/person/day)

(g/person/day)

Nitrogen

11.0

1.5

1.0

Phosphorus

1.0

0.5

0.3

Potassium

2.5

1.0

0.5

Organic carbon

6.6

21.4

-

Wet weight

1,200-1,500

70-140

75,800-223,6000

Dry weight

60

35

-

Volume as ratio to total in-

19-47

53-81

house water use (%)

with flushwater

Note: if phosphate-reduced detergents not used then additional 1 to 1.5g/p/day (Otterpohl, 2001a)
Sources: (Del Porto and Steinfeld, 1999; Hóglund, 2001)
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In addition to nutrient capture and reuse with its associated benefits for agriculture and
minimisation of water pollution, other factors such as improved health outcomes and
sustainability are paramount to Ecosan. Sanitation has been described as “a key
determinant of both equity in society and society’s ability to sustain itself” (Esrey et al.,
1998). A system of sanitation that contributes towards these goals must therefore meet
or at least be on the way towards meeting the following criteria:
1.

Prevent disease: A sanitation system must be capable of destroying or isolating fecal pathogens.

2.

Affordable: A sanitation system must be accessible by the world’s poorest people.

3.

Protect the environment: A sanitation system must prevent pollution, return nutrients to the soil,
and conserve valuable water resources.

4.

Acceptable: A sanitation system must be aesthetically inoffensive and consistent with cultural
and social values.

5.

Simple: A sanitation system must be robust enough to be easily maintained with the limitations
of the local technical capacity, institutional framework and economic resources.

(Esrey et al., 2001)

In addition, and yet complimentary, to these objectives is the need for what has been
described as the household-centred environmental sanitation approach (HCES) which
represents a radical departure from conventional sanitation planning by placing the
stakeholder at the core of the planning process (Schertenleib and Morel, 2003). HCES
can be considered the vehicle by which Ecosan is delivered to a given household,
community or city.
Successful examples of Ecosan implementation during the last decade are most
numerous in China where the use of human and animal excreta in agriculture has been
practiced for thousands of years (Winblad, 2000). Ecosan has also been successfully
implemented in Mexico, El Salvador, India, Australia, US, Germany and Sweden
amongst others (Calvert, 2000; Del Porto, 2000; Esrey et al., 2001; Ho, 2002; Sawyer,
2001). There is also consensus however that Ecosan still needs further development and
this was recognised by its proponents at the Bonn International Symposium on Ecosan
in October 2000 (GTZ, 2001). Nevertheless, as Esrey et al. (1998) have commented
“leaders are currently faced with two options: expand existing sanitation approaches,
with all the limitations and weaknesses, or seek entirely new solutions”. Ecological
sanitation is able to offer a much-needed alternative to conventional sanitation.
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2.7 Wastewater reuse
Wastewater is increasingly being reused around the world, as communities reach the
limits of their water supplies, to conserve and increase available water resources and to
reduce pollution (WASH, 1998; WHO, 1989b). The reuse of wastewater has been
successful for irrigation of a wide array of crops, and increases in crop yields from 1030% have been reported (Blumenthal et al., 2000b). Wastewater is used extensively for
irrigation in such countries as Israel (67% of total effluent), India (25%), Mexico and
South Africa (Blumenthal et al., 2000b). Where it is reused in agriculture in Latin
America however (an estimated 500,000 hectares in total [Mexico 350,000, Chile
16,000, Peru 5,500, Argentina 3,700]), the majority of this wastewater has not received
any treatment (Peasey et al., 2000). In fact it is worth noting that “direct wastewater
reuse is minor, when compared with the amount of agricultural land irrigated with
contaminated surface waters, whose microbiological quality is comparable with that of
untreated wastewater” (Peasey et al., 2000). Of paramount importance, if wastewater
reuse in agriculture is to be successfully maintained into the future, is the need to treat
the wastewater (WASH, 1998). The key however is to determine what level of
wastewater treatment is required (for its intended purpose) and how this result can be
safely and affordably achieved. There exists considerable discussion in the literature on
how best these two criteria can be sensibly achieved. While water reclamation and reuse
is a viable option for expanding usable water resources in developing countries it should
not be imported simply as a ‘black box’ solution. The methods used in developed
countries should not just be imitated but modified according to the specific problems
encountered in developing countries (WASH, 1998). The consequences can result, for
example, in the situation where untreated wastewater is used in an unregulated manner
as the cost of treating wastewater to ‘prescribed’ microbiological standards is
prohibitive (Blumenthal et al., 2000b). In Mexico for example, the World Health
Organization Guidelines (WHO, 1989a) have been revised (refer Table 2.5) so that they
are sufficient to protect workers and are also achievable with the prevailing, and
foreseeable, technology and resources (Blumenthal et al., 2000b).
In any event the most critical step in any reuse program is the protection of public
health, especially that of workers and consumers (UNEP-IETC, 2000). Again the
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intended subsequent use will dictate the level of treatment requiredin the reuse of
wastewater for irrigation of non-food crop plants for example, typical secondary
treatment may be acceptable.
2.7.1 Guidelines for wastewater reuse
Guidelines for the safe reuse of wastewater have been developed by the World Health
Organisation (WHO, 1989a) and the US Environmental Protection Agency (USEPA,
1992). The WHO guidelines recognise the benefits that can be gained from using
appropriately treated wastewater in agriculture, and aim to promote safe use of
wastewater. They also take into account the social, epidemiological and economic
indicators that occur in specific countries (Blumenthal et al., 2000a) and have been
influential in setting the standard in parts of Europe, Asia and Latin America. The
guideline standards are set for microbiological indicators of fecal pollution: fecal
coliform bacteria and for nematode eggs, and provide limits “that are achievable
through relatively low-cost treatment methods” (Blumenthal et al., 2000a).
Microbiological standards for the safe reuse of wastewater in agriculture in Latin
America are varied (Peasey et al., 2000), if any legislation exists at all. Of particular
note is that the focus of PAHO/CEPIS’s (OPS/CEPIS, 2002) Wastewater Treatment and
Reuse Program launched in the 70s was in fact “the implementation of appropriate
technologies for pathogen removal rather than organic matter removal only”.
For the purposes of comparison the WHO (1989a), US EPA (1992) and Costa Rican
guidelines (MdS, 1997) for wastewater reuse are tabulated in Table 2.5. The complete
Costa Rican Guidelines are given in Table 2.6. Broadly speaking, the Costa Rican limits
fall between the WHO limits (less restrictive) and the US EPA limits (more restrictive),
however no guideline is set for removal of intestinal nematodes and neither is any level
of treatment specified. The Costa Rican guidelines are described in Spanish in a general
document (MdS, 1997) which covers both wastewater discharge and reuse and is
relevant to the discussion here. Of note is that there is no bacteriological requirement
for the discharge of domestic wastewater, except when it is discharged to a water body
that receives primary human contact (article 14, type 6) when fecal coliform is to be less
than 1,000cfu/100mL. Domestic wastewater discharged to any water body must also
meet a BOD and TSS of less than 50mg/L. A BOD limit of less than 40mg/L is also
specified for wastewater reuse types 1, 6 and 7. The rationale behind this requirement is
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not explained in terms of its value nor by reuse type. It may be associated with Costa
Rica’s relatively wet and mountainous terrain and the subsequently favourable reaeration and dilution capacity of its streams and rivers to receive wastewater discharge,
treated or not. The US EPA guidelines for example stipulate a BOD (and TSS) of
<30mg/L where the treated wastewater is used for agricultural irrigation purposes.
Whether wastewater reuse is promoted for its suitability in agriculture (providing
nutrient-rich water) or not, it has the potential to reduce the ever-growing demand for
freshwater by displacing the need for a higher quality, usually potable, grade water. The
challenge is to be able to provide a safe, treated wastewater at an affordable price for the
community concerned.
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Table 2.5 Guidelines for wastewater reuse: A comparison of WHO (1989a), US EPA (1992) and Costa Rican (MdS, 1997) guidelines
No

WHO

Type of Reuse*

Fecal Coliform (colonies/100ml)

Intestinal

Level of Treatment Required

1989

nematode

(none given for Costa Rica)

Cat.

(mean no. of
eggs/litre)

1

A

Agricultural food crops (raw),

WHO

US EPA

Costa Rica#

WHO

WHO

US EPA1

< 1000

0

≤ 100

1 max.2

Ponds: criteria

Secondary filtration

performance

& disinfection

-

Secondary

orchards, parks, etc
2

Agricultural food crops

-

< 200

≤ 1000

< 200

5

-

(processed)
3

B

Cereal crops, pasture and fodder

disinfection
NA

3

≤ 1000

1 max.

Ponds: 8-10 days

Secondary

and/or criteria

disinfection

performance
4

B

Trees, forestation

NA

4

< 200

≤ 1000

5

1 max.

Secondary
disinfection

5

C

6

Localised irrrigation of crops in

NA

NA

≤ 1000

None as no

B provided no exposure to

exposure

workers or public

possible

Environmental reuse for

-

< 200

No limit6

wetlands, stream augmentation,

-

Not less than primary

-

-

Secondary
disinfection

etc
Note:
•

Parameter limits for other types of reuse such as recreational impoundment, industrial reuse and groundwater recharge have not been presented here
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•

# Guidelines for Costa Rica specify reuse by ‘type’ (see table 2.6) and have been interpreted here only for best comparison to WHO categories

•

1:

For all US EPA ‘types of reuse’ given here the following also apply; pH = 6-9, BOD <30mg/l, SS <30mg/l, Chlorine residual = 1mg/l min. For “Agricultural food crops

(raw), orchards, parks etc” turbidity must also be <1NTU
•

2

:Blumenthal et al. (2000b) have suggested a limit of 0.1 eggs/litre

•

3

:Blumenthal et al. (2000b) have suggested a limit of 103 fecal coliforms/100ml

•

4

:Blumenthal et al. (2000b) have suggested a limit of between 103 to 105 fecal coliforms/100ml depending upon the proximity to communities and style of irrigation

•

5

:Irrigated land not to be used for two weeks after last irrigation otherwise this limit to apply

•

6

:BOD <40mg/l

Also of note are the Mexican Standards governing wastewater reuse in agriculture (NOM-001-ECOL-1996), as follows:
Irrigation

Fecal Coliform (colonies/100ml)

Helminth ova/litre

Restricted

1000m – 2000d

Max. 5

Unrestricted

Max. 1

(m = monthly mean, d = daily mean, MPN = most probable number)
Note: unrestricted irrigation is defined as permitting irrrigation of all crops, whilst restricted irrigation excludes salad crops and vegetables that are eaten raw (individual crops are no
longer specified in the standard)
Source: (Blumenthal et al., 2000b)
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Table 2.6 Costa Rican guidelines for wastewater reuse (MdS, 1997)
Type

1

Type of Reuse*

Urban reuse

Fecal coliform

BOD

(cfu/100mL)

(mg/L)

≤ 100

≤ 40

≤ 1000

-

≤ 100

-

≤ 1000

-

≤ 1000 1

-

≤ 1000

≤ 40

-

≤ 40

≤ 100

-

Irrigation of all green areas (golf courses, parks, etc)
including for fire fighting, car washing and toilet
flushing
2

Irrigation with restricted access
Cultivation of lawn, turf, etc where public access is
restricted, limited or infrequent

3

Reuse in food crops (unprocessed)
Superficial or sprinkler irrigation of food crops,
including those consumed raw

4

Reuse in food crops (processed)
Crops which prior to sale to the public have undergone
chemical or physical processing to destroy any
potential pathogens

5

Reuse in non-food crops
Irrigation of livestock pastures, woodlands,
plantations, etc

6

Recreational reuse
Incidental human contact (fishing, canoeing, etc) and
primary contact with receiving waters

7

Reuse in landscape
Reuse for aesthetic purposes where contact with the
public is not permitted

8

Reuse in construction
Soil compaction, dust control, etc

Note:
* :Specific details pertaining to frequency of sampling, further restrictions etc have been omitted for
clarity
1

:Irrigated land not to be used for two weeks after last irrigation otherwise this limit to apply

2.8 Greywater characteristics
Broadly speaking, in countries where water-based sanitation prevails domestic
wastewater consists of 30% blackwater and 70% greywater (or sullage) (Crites and
Tchobanoglous, 1998; Del Porto and Steinfeld, 1999; DoH, 2002). Studies in Australia
(DoH, 2002) and the US (Crites and Tchobanoglous, 1998) identify the following three
principal sources of greywater within the home with their approximate relative
contributions: bathroom (bath, basin, shower) 55%; laundry 34%; and kitchen 11%.
Quoted figures for Costa Rica (refer Appendix A) are 41% blackwater, 52% greywater
and 7% ‘other’, with greywater consisting of the contributions from bathroom 67%,
laundry 13% and kitchen 20% (Montiel, 2001). Some typical volumes of greywater
produced per person per day are given in Table 2.7.
Table 2.7 Typical volumes of domestic greywater
Source
Location
Del Porto and Steinfeld (1999)
Jeppesen and Solley (1994)
Department of Health (2005)

North America
Brisbane, Australia

Volume of greywater
(Litres/person/day)
206
100

Perth, Australia
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Greywater may contain soaps, detergents, food particles, grease, lint, hair, bacteria and
traces of other household cleaning products. The principal pollution load is biological
oxygen demand, phosphorus, nitrogen, suspended solids and pathogens, excluding
heavy metals and any other specific chemical contributions (Crites and Tchobanoglous,
1998). A large range of other xenobiotic compounds (XOCs) may also be present in
greywater depending upon the type of household chemicals used and the type of piping
(Eriksson et al., 2002). Greywater contributes less nitrogen and phosphorus, unless high
phosphorus detergents are still in use, on a per person basis than urine or faeces do
when considering mixed wastewater (Matsui et al., 2001; Otterpohl et al., 1999).
Concentrations of the principal pollutants in domestic greywater may vary substantially
between country and culture, and typical values as reported from studies including
Australia and the US are shown in Table 2.8.
Greywater also contains surfactantssynthetic organic chemicals used in the
manufacture of detergents, personal care products and household cleaning products.
They comprise some 10 to 18% of granular and liquid detergents and represent the
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largest ingredient of the 20-25 compounds used in these products (Lewis, 1991).
Although

there are many surfactant

types the most

common

are linear

alkylbenzenesulfonates (LAS), alkyl sulfates and quaternary ammonium halide
compounds amongst others.
Table 2.8 Typical characteristics of raw domestic greywater
Parameter
Various
Gerba

studies1

al.2

et DoH3
(Aust.)

(US)
5-8.7
33-620
1.4-35
0.6-50

(US)
6.8
119.8
-

0-4.9
20-140
420-1700
0.15-4.5
20-1500
10-1.4x106

1.8
1 x 107

100
5.3
115

E. coli (cfu/100mL)

-

-

-

Fecal streptococci
(cfu/100mL)

-

-

-

Temperature (oC)
pH
DO (mg/L)
BOD (mg/L)
Orthophosphate (mg/L)
Total Phosphorus (mg/L)
Total Kjeldahl Nitrogen
(mg/L)
Nitrate Nitrogen (mg/L)
Turbidity (NTU)
TDS (mg/L)
Ammonia (mg/L)
Suspended Solids (TSS)
Fecal Coliform (cfu/100mL)

Various studies4

7.5
160
8
12

Laundry:
1.4x104-9x104
Bathroom:
Up to 3x103
Kitchen:
1.3x105-2.5x108
Laundry:
1x106-1.3x106
Bathroom:
1x104-7x104

Sources:
1. Del Porto and Steinfeld (1999), greywater characteristics as reported by various studies
conducted in the USA. Range of values given.
2. In Noah (2001).
3. DoH (2002), mean values shown
4. Eriksson et al (2002)

2.8.1 Health risks of untreated greywater
The health risks associated with untreated greywater stem from the presence of a variety
of pathogenic microorganisms (bacteria, parasites and viruses) and the potential for
regrowth and persistence in conveyance and treatment systems. Pathogens known to
occur in greywater include E. Coli, Salmonella typhi, Poliovirus, Entamoeba
histolytica, Giardia intestinalis and several intestinal worms (Feacham, 1983). These
are in addition to diseases where the vector is mosquitoes breeding in stagnant water.
While a full discussion of classical risk assessment is beyond the scope of this thesis, it
is relevant to poor sanitation and potential associated environmental health risks.
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Typically risk management involves four conceptual steps: hazard identification;
exposure assessment; dose-response assessment; and risk characterisation (WHO,
2001).
Information pertaining to the microbial quality of greywater is limited although this is
rapidly changing as greywater reuse systems gain popularity and regulatory bodies
become involved. Recent studies by Ottoson and Stenstrom (2003) and Eriksson et al.
(2002) demonstrate the high variability in estimated pathogen levels in greywater
particularly depending upon its source (e.g. kitchen, laundry, shower/bath), with levels
of thermotolerant coliform ranging from 1.6x105 to 6.5x108 cfu/100mL and fecal
coliform from 2.5x105 to 1.6x107 cfu/100mL (refer Table 2.8). The typical range of
fecal coliform in untreated domestic wastewater is given as 104 to 105 cfu/100mL
(Crites and Tchobanoglous, 1998) and a study conducted in Australia on the effluent
from 38 septic tanks found a mean of 106 thermotolerant coliform units/100mL (Charles
et al., 2004). These data would suggest fecal/thermotolerant coliform levels in
greywater to be highly variable yet of approximately the same order of magnitude as in
untreated wastewater and septic effluent.
Households where young children are present are often found to have significantly
higher levels of fecal coliform in the greywater (Rose et al., 1991). This is generally
attributed to the laundry of fecally contaminated clothing such as diapers, childcare
activities and showering (Otterpohl et al., 1999).
High levels of the indicator organism fecal coliform in greywater certainly indicate the
presence of fecal contamination and therefore the presence of other pathogenic
organisms (Crites and Tchobanoglous, 1998). However the high concentrations of
available nutrients and organic matter in greywater can contribute to bacterial growth,
including fecal indicators (Ottoson and Stenstrom, 2003; Rose et al., 1991). Rose et al.
(1991) found that the number of fecal coliforms in stored greywater increased by
between 10 to 100 times within the first 48 hours, and numbers still remained higher
than initial concentrations after 12 days. This was attributed to the levels of nutrients
such as phosphates and ammonia as well as high levels of turbidity. This implies that
the use of bacterial numbers for health risk assessment will over-estimate the fecal load
and thus the risk. As a result it has been proposed that the kitchen greywater component
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be removed due to its relatively high nutrient load as it can significantly reduce the
potential for bacterial regrowth in greywater treatment and reuse systems.
Alternative bacterial indicators include: fecal enterococci although this is still capable
of regrowth; coprostanol as a biomarker although not all infants excrete coprostanol
(Ottoson and Stenstrom, 2003); and bacteriophages particularly F+ specific RNA
bacteriophages (Crites and Tchobanoglous, 1998). Nevertheless until viable alternatives
become readily available in the field, fecal indicator organisms (Escherichia coli and to
a lesser extent thermotolerant coliform) will remain as the basis for microbiological
criteria and their use in assessing water quality is considered acceptable for routine
purposes (WHO, 2001). WHO goes on to note that“the concentrations of
thermotolerant coliforms are, under most circumstances, directly related to that of
E.coli. … specific detection of E.coli by additional confirmatory tests or by direct
methods should be carried out if high counts of thermotolerant coliforms are found in
the absence of detectable sanitary hazards”.
2.9 Greywater treatment and reuse systems
From an ecological sanitation point of view greywater represents a significant water
resource, with potentially useful nutrients, reduced levels of fecal contamination, and
importantly “is technically and psychologically far more viable than using wastewater
that has passed through toilets” (Otterpohl, 2001a). Regulatory bodies are still
principally concerned with the potential public health risks associated with greywater
reuse schemes and this is reflected in their guidelines (DoH, 2005; EPAVIC, 2001;
Jeppesen and Solley, 1994). In countries that enjoy a high coverage of municipal
sewerage and standards of public health, such caution is understandable, but in
countries such as Costa Rica where raw wastewater, not only greywater, runs freely in
the streets and streams the situation is quite different. In much of Latin America, the
municipality is either unable to afford to install and/or maintain a municipal sewerage
scheme, or unable to enforce compliance with some other form of safer wastewater
disposal (OPS/CEPIS, 2002).
A range of processes for the treatment of greywater are available, from a single settling
tank with subsoil drainage through to membrane separation, depending upon the
available finance and required treated water quality. While all of these processes have
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origins in the treatment of general sewage, there are certain treatment characteristics
specific to greywater.
Greywater contains an excess of carbon in relation to nitrogen if the ideal C:N ratio of
25:1 is required for optimum microbial breakdown (Del Porto and Steinfeld, 1999). The
addition of nitrogen rich supplements such as ammonia-based cleaning products and
urine (via urine-diverting toilets for example) to biological greywater treatment systems
is often proffered as a solution. It has been found however that greywater is more
readily digestible by microbes than septic tank effluent or raw sewage (Del Porto and
Steinfeld, 1999). This has been attributed to studies showing greywater’s BOD to be
90% of the ultimate oxygen demand as compared to 40% for blackwater (from Olssen
et al. in Lindstrom (2000)).
Storing untreated greywater is strongly discouraged as anaerobic conditions will rapidly
set in causing odours as well as the potential regrowth of bacteria (described in Section
2.7) and the associated increased health risk. These two traits have implications for
greywater treatment systems and have resulted in regulations that stipulate that storage
other than that required for treatment is to be avoided (DoH, 2002). Storage however is
desirable to buffer flows (where it acts as a surge tank), providing flexibility in redistribution for example if reused for irrigation, and is necessary to allow solids to
settle. A trade-off between these two conflicting requirements is the end result.
There are concerns as to the longterm effects on soils, plants and groundwater arising
from nutrients, pathogens and household chemicals in greywater reuse systems
(Patterson, 2001). Where treated domestic greywater is used for garden watering,
irrigation or subsoil disposal, the risk of ground and surface water contamination will be
a function of soil type, site characteristics, depth to the water table and proximity to
streams and water bodies. Typical requirements are prescribed in greywater reuse
guidelines such as the Code of Practice for the Reuse of Greywater in Western
Australian (DoH, 2005).
The adverse effect upon plant health as a result of the build up of salts, notably sodium
chloride, in soil irrigated with wastewater is well recognised (Crites and
Tchobanoglous, 1998; Patterson, 2001). This effect however is only likely to occur in
regions where evaporation exceeds precipitation on an annual basis (Jeppesen and
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Solley, 1994) and is therefore not of concern in the humid tropics where annual rainfall
is typically in the range of 2-10m/annum. Trials, albeit limited, carried out in North
America also suggest no adverse effects on lawns and gardens from chemicals typically
found in greywater (Bahlo and Wach, 1990). It is advisable however for homeowners
connected to greywater reuse systems to use biodegradable products low in sodium salts
(potassium-based alternatives exist), boron, phosphorus and chlorine where possible
(Del Porto and Steinfeld, 1999; Patterson, 2001).
2.9.1 Maintenance of on-site treatment systems
The on-going maintenance of domestic and decentralised wastewater treatment systems
is critical to their sustainability. Systems should be designed to be as low maintenance
as possible.
A pilot project on greywater reuse systems carried out by the City of Los Angeles found
that 80% of the systems trialed were not adequately maintained by their owners
(Jeppesen and Solley, 1994). The authors express surprise at the findings given that not
only was the maintenance required minimal (cleaning of filter only), all participants
were active volunteers. The Brisbane City Council similarly found a high level of noncompliant effluent levels (65% of sampled sites) from on-site domestic sewerage
systems, which it attributed mainly to inadequate maintenance (Jeppesen and Solley,
1994). Geary (1991) has also commented that little reliance can be placed on the
householder to maintain, either conventional or alternative, on-site wastewater
treatment systems.
As a result of the Los Angeles study, Californian guidelines stipulate that greywater be
re-used untreated and via sub-surface irrigation onlyto ensure minimal human
contact. The issue of maintenance of on-site domestic wastewater treatment systems
(even if they are ‘only’ greywater systems) is a significant one. Greywater reuse
guidelines often restrict systems to the single household level only as there is a
perceived increase in health risk associated with inadequate owner maintenance in
multiple occupancy dwellings. Jeppesen and Solley (1994) note however that “the
opposite seems to occur” and that in the City of Los Angeles trial the only adequately
maintained primary greywater system was installed in an apartment building, where
there was only one individual responsible for maintenance. A similar situation is
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described in the maintenance of reedbeds for village wastewater treatment in the Czech
Republic (Headley, 2004). Other common maintenance arrangements include the
requirement for a contract between the installer and householder.
2.10 Constructed wetlands for developing countries
Constructed wetlands (CW) are described as natural wastewater treatment systems that
combine biological, chemical and physical treatment processes. There exists some
discrepancy in the literature as to the terminology (Crites and Tchobanoglous, 1998;
Kadlec and Knight, 1996) however they are generally categorised as either free water
surface (FWS) or subsurface flow (SSF) types. SSF wetlands incorporating vegetation
are also known as rock-reed filters, vegetated submerged beds (VSB), reedbeds and the
root zone method amongst others (Crites and Tchobanoglous, 1998). The principal
advantages of SSF systems are the avoidance of odour, mosquitoes and the potential for
public contact as the water level is maintained below the media surface. This latter
property is critical as in many tropical regions, like Central America, mosquito-borne
diseases such as malaria and dengue are endemic (PAHO, 2001a). SSF systems have
been shown to offer less environmental impact when compared to conventional
treatment systems on a life cycle analysis, particularly in terms of CO2 emissions
(Dixon et al., 2003). SSF wetlands are approximately twice as efficient as FWS systems
and require less land area as a result (Kadlec and Knight, 1996; USEPA, 1993).
Disadvantages however include the potential for inlet clogging and the cost of the
substrate media which may be of the order of 50% of the total construction cost (Crites
and Tchobanoglous, 1998; USEPA, 1993). As a result FWS systems tend to be favoured
over SSF systems as on an areal basis they are cheaper even though they are less
efficient (Kadlec and Knight, 1996).
The potential for constructed wetlands for wastewater treatment in developing countries
has been described as enormous (Denny, 1997; Haberl, 1999; Kivaisi, 2001). This
assessment was made on the basis of their low cost, ease of operation and maintenance
when compared to conventional treatment systems, and that they represent an
appropriate and sustainable technology for wastewater treatmentproperties which
have been widely documented. The warm tropical and subtropical climates found in
many developing countries are also ideal for productive biological systems such as
constructed wetlands, particularly in small rural communities (Kivaisi, 2001; Rivera et
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al., 1995). And yet the uptake of this technology has been slow (Denny, 1997). Kivaisi
(2001) concluded that in developing countries “these systems have not found
widespread use, due to lack of awareness, and local expertise in developing the
technology on a local basis”.
“The principles of constructed wetlands are probably known in most developing countries but
appropriate designs and technologies have to be worked out. Crucial to their design and
management is a proper understanding of the biological, hydraulic and chemical processes
involved. In tropical systems these have not been investigatedit is not enough to treat them as
magical black boxes. The translocation of northern-acquired systems uncritically is insufficient.”
(Denny, 1997).

CWs are being used successfully for wastewater treatment in developing countries
including those in tropical Asia (Koottatep and Polprasert, 1997), Africa (Kaseva M,
2004) and Nepal (Shrestha et al., 2001). There is little information however on their use
in the tropics of Latin America, particularly Central America. One notable exception is
in Nicaragua where reedbeds (biofiltros) have been used successfully for the treatment
of primary treated domestic sewage (Platzer et al., 2002).
Experience with reedbeds for the successful treatment of greywater only, exists in
Australia (Ho et al., 2001), United States (Del Porto and Steinfeld, 1999) and Europe
(Otterpohl, 2001b). There is no known use of reedbeds for domestic greywater
treatment in Central America. However in Mexico some domestic systems using
papyrus, typha and scirpus (CITA, 2002) were developed although no performance data
is available. There does not appear to be any experience with reedbeds for wastewater
treatment in Costa Rica (Rosales, 2002).
Despite the apparent potential and suitability of CWs for developing countries,
particularly tropical ones, not all experiences have been satisfactory. Kantawanichkul et
al. (2003) describe CW systems for wastewater treatment in Thailand as being very
promising but that to date “most of them still have problems of either poor design or
inappropriate operation”. A similar situation has been described in Akumal, Mexico
where an 81m2 SSF wetland built in 1998 to serve 24 people is failing to perform in
terms of pollutant removal whilst only receiving 60% of its design capacity (Whitney et
al., 2003). The main design problems appear to be a poor choice of plants (many nonwetland species) and insufficient gap between the standing water level and SSF surface.
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The subsequent lack of any real oxygen transfer is felt to be the root cause for a lack of
nitrification as well as an anaerobic (black) biofilm build up. Perhaps most disturbing
was the finding that as a result of this system there was a subsequent increase in the
number of CWs in the area, most of which were not designed properly and as a result
are not functioning well. The authors conclude that without subsequent monitoring
these systems are in fact “giving people a false sense of protecting the region’s
ecosystems. They are also not representative of the technology’s potential”.

2.11 Reedbeds for wastewater treatment
2.11.1 Reedbeds: design
The design of constructed wetlands based on treatment performance generally relates to
BOD, TSS, nutrient removal or disinfection performance. The limiting parameter will
then determine the minimum size required. Sizing is generally based upon first-order
plug-flow kinetic models which assume that wetlands can best be considered as
attached growth biological reactors (Crites and Tchobanoglous, 1998) or ‘rule of
thumb’ (DLWC, 1998). A thorough discussion of the merits and drawbacks of these
models can be found in WEF (2001), DLWC (1998) and Rousseau et al. (2004). Both
types are considered here.
Rule of thumb
The sizing of SSF constructed wetlands based on this method has been estimated from a
range of studies with examples given in Table 2.9. Areal requirements are generally
given as square metres of reedbed per cubic meter of effluent or per person equivalent
(PE).
Table 2.9 Typical rule of thumb design parameters
Source
DLWC (1998)
UK systems in
DLWC (1998)
UK systems in
DLWC (1998)
Marshall (1999)

Williams et al.

Areal requirement
(m2/PE)
2.5−5

Primary effluent

Person equivalent
volume (PE)
250 L/day

5

Primary effluent

250 L/day

0.5−1.0

Secondary
effluent
Septic effluent

250 L/day
150 L/day

BOD and some
N
Not given

Secondary

100 L/day

Ammoniacal N

3.0 - tropical
3.75 - sub-tropical
4.5 - temperate
1.0

Effluent type
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Target
parameter
BOD or SS
removal
BOD

(1995)

effluent

The level of effluent pre-treatment, the controlling reedbed design parameter and
climatic conditions greatly influence the range of values given. In general sizing by rule
of thumb tends to result in more conservative designs as it consistently predicts larger
surface areas (Rousseau et al., 2004).
First-order plug-flow models
Two principal models exist which are differentiated by the choice of rate
constanteither volumetric and temperature dependent (“Reed” model) or area based
and independent of temperature (“Kadlec and Knight” model). First-order models
presume ideal plug-flow behaviour with steady-state conditions for influent, flow and
concentrations and predict an exponential profile between inlet and outlet (Rousseau et
al., 2004).
The general form of the equation is:
ln(Ci/Co) = -kt

(2.1)

where: Ci = influent pollutant concentration (mg/L)
Co = outlet effluent pollutant concentration (mg/L)
k = reaction rate constant
t = hydraulic residence time (days)
For Reed’s model this equation is used to calculate BOD, ammonia (NH3) and nitrate
(NO3) removal only with the following rate constants for SSF wetlands at 20°C
respectively: 0.678 day-1, 0.2187 day-1, 1.000 day-1. Separate equations are used for TSS
and total phosphorus removal, and pathogen removal is based on the same approach as
is used for stabilisation ponds as follows:
Ci/Co = (1 + kt)n

where n = number of cells in series.

(2.2)

For Kadlec and Knight’s model this equation is modified to include a background
pollutant concentration (C*) and the equation is used to model all pollutants. The
general form of the equation is as follows:
ln[(Co – C*)/Ci – C*] = -k/q

(2.3)

where: C* = background pollutant concentration (mg/L)
q = hydraulic loading rate (m/year)
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The corresponding values at 20°C of k and C* for BOD and fecal coliform removal
respectively are: 180 m/year, 3.5+0.053Ci ; 95 m/year, 10 cfu/100 mL.
Other variables which impact upon the suitability of these models include hydrological
influences, influent concentrations, hydraulic retention time, void fraction and water
depth. Kadlec and Knight (1996) comment that there is at present no way to distinguish
between the two models as there is currently insufficient understanding of the effect of
saturated media depth.
Hydraulic considerations include calculating the hydraulic gradient through the wetland
which in turn determines the aspect (length to width) ratio. Headloss can be estimated
from a modified form of Darcy’s Law as follows:
Q = DWKS
Where:

(2.4)

Q = flow rate (m3/day)
W = width (m)
S = slope of water surface or hydraulic gradient (m/m)
K = hydraulic conductivity (m3/m2/day or m/day)
D = depth of wastewater in reedbed (m)

The hydraulic conductivity varies with time and location within the media and has a
major impact on headloss (USEPA, 1999). A more in-depth discussion of reedbed
media and the associated hydraulic conductivities is given in Section 2.13. Length to
width ratios are typically a compromise between attempting to maintain ideal plug-flow
conditions, which theoretically will provide greater pollutant removal than a mixed
reactor, and hydraulic resistance (Crites and Tchobanoglous, 1998). To avoid hydraulic
problems aspect ratios of 4:1 or less have been recommended (USEPA, 2000). Work by
Mars (2000) suggests that domestic reedbeds 10m long by 0.5m wide (L:W ratio of
20:1) with retention times of 5-10 days are optimal. Bounds et al. (1998) however found
no significant difference in three 25m2 reedbeds treating domestic effluent with L:W
ratios ranging from 4:1, 10:1 and 30:1 over a two year period.
Hydraulic loading rate and hydraulic residence time
The amount of wastewater entering a reedbed over a given period of time is described
by the hydraulic loading rate (HLR) which is calculated as follows:
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HLR (q) = Q/A
Where:

(2.5)

Q = flow rate (m3/day)
A = reedbed area (m2)

The average length of time wastewater spends in a reedbed governs the degree of
treatment it receives and is known as the hydraulic residence time (HRT) usually given
in days. It can be calculated theoretically as follows:
HRT = LWDn/Q
Where:

(2.6)

L = length of wetland (m)
W = width of wetland (m)
D = depth of water in wetland (m)
n = porosity of wetland media
Q = flow rate (m3/day)

This equation does not take into account any other factors such as seepage, precipitation
(P), evaporation (E) and evapotranspiration (ET). An overall water budget can however
be determined if these elements are known and assumptions made (e.g. seepage is
negligible) as follows:
Water balance: Qo = Qi + (P-ET)A
Where:

(2.7)

Qi = inflow rate (m3/day)
Qo = outflow rate
P = precipitation rate (m/d)
ET = evapotranspiration rate (m/d),
A = wetland top surface area (m2)

The effect of rainfall is to reduce the retention time, raise water levels and dilute
concentrations whereas evapotranspiration has the opposite effect. Kadlec & Knight
(1996) indicate that for design purposes the historical monthly average precipitation is
sufficient, and that as specific ET rates are difficult to accurately measure, it is common
practice to assume that wetland ET rates are some percentage of open water or pan
evaporation rates. ET rates will vary depending upon plant type and density but rates
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from 1.5 to 2 times the pan evaporation have been reported for SSF wetlands (USEPA,
1999). ET losses of 5mm/day have been reported in summer in southern USA which
may be more than half the daily inflow as many wetlands are typically only receiving
10mm/day hydraulic load (Kadlec and Knight, 1996).
Conducting a mass balance is the most accurate way to characterise water quality
functions in a wetland as it allows closure for the chemical of interest to be achieved,
but as the outflow volume is often not monitored this is rarely achieved (Kadlec and
Knight, 1996).
2.11.2 Reedbeds: pathogen removal
In order to meet the prescribed limits for wastewater reuse described in Section 2.7, the
reedbeds trialed in this thesis need to meet the criteria for fecal coliform and BOD only
in the treated effluent. Priority therefore has been placed upon disinfection as this is
likely to be significantly more difficult to achieve than BOD removal. The role played
by macrophytes and media in pathogen removal, and the use of retention time as a
design criteria in subsurface flow wetlands, is also discussed.
Pathogen removal, as indicated by fecal coliform levels, in subsurface flow wetlands is
generally recognised as being superior to that of free water surface wetlands. Fecal
coliform removal rates of >99% are typical in satisfactorily designed and operated
systems

(Kadlec

and

Knight,

1996).

The

precise

mechanisms

by

which

bacterial/pathogenic microorganism removal occurs in SSF systems are not well
understood although it is attributed to a combination of physical, chemical and
biological factors (Crites and Tchobanoglous, 1998; Gerba et al., 1999; Kadlec and
Knight, 1996). These comprise natural decay, predation, sedimentation, adsorption,
filtration and the excretion of anti-microbial compounds from the roots of plants
(Tanner, 2001). Microorganisms, particularly zooplankton have also been theorised as
perhaps being one of the most effective pathogen predators (Kadlec and Knight, 1996).
Gerba et al. (1999) investigated the removal of coliforms, coliphage and enteric
pathogens (Giardia and Cryptosporidium) in three primary types of treatment wetlands:
subsurface flow, surface flow artificial wetlands and a duckweed-covered pond. All
three systems received unchlorinated secondary wastewater and had four day detention
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times except for the duckweed pond which had a six day detention time. The subsurface
flow system was the most efficient in the removal of total coliforms, fecal coliforms and
coliphage. The duckweed pond system was the most efficient at the removal of the
larger Giardia and Cryptosporidium organisms. The percentage removal rates for the
various systems are presented in Table 2.10.
Table 2.10 Percentage organism removal rates in various wetland systems
Organism

Influent range

Surface flow
wetland (FWS)
73

Duckweed pond

<1.0-330

Subsurface flow
wetland (SSF)
88

0.9-110

69

58

89

99

98

61

98

93

62

98

Giardia (unit)
Cryptosporidium
(unit)
Total coliform
1.3x105-9.2x106
(cfu/100ml)
Fecal coliform
1x104-3.2x106
(cfu/100ml)
Source (Gerba et al., 1999)

They concluded that the greater efficiency of the subsurface flow wetland was probably
related to the large surface area for adsorption and filtration. They suggest that a
combined treatment system (aquatic pond with SSF wetland) may be the most efficient
arrangement to achieve parasite removal and bacteria/virus removal respectively. They
cite increased retention time (HRT) as a way to further improve pathogen removal as
did Garcia et al. (2003) in their work on SSF systems. Gerba et al. (ibid) found no
correlation with fecal coliform, or any of the pathogens measured, with any other
parameters. BOD was not described.
The removal rates shown in Table 2.11 were found by Rivera et al. (1995) from studies
of planted gravel beds (root zone method systems, RZM) dosed with settled sewage, at
two sites (tropical and sub-tropical) in Mexico, and one site in the UK.
Table 2.11 Removal rates at planted gravel beds in tropical and sub-tropical regions
Site

Fecal coliform

A. lumbricoides

Salmonella

FLA

Removal
variable
-

95%

-

Removal
variable

Giardia
Tropical (small
scale)
Sub-tropical
(small scale)
UK (full scale)

35-90%

-

-

100%

Removal
variable
100%

87.1-99.6%

-

-

FLA = free-living amoebae. Source (Rivera et al., 1995)
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75%

Also of interest from this study was the general conclusion that gravel-based substrate
systems performed better than soil-based substrate systems and planted systems
removed more fecal coliform (95−97.7%) than unplanted systems (74.9−92.1). The
authors suggest that plants may play a key role in bacteria removal via oxygen transport
to the root zone. Other studies have also indicated however that plants (and
temperature) may or may not be influential in pathogen removal (Werker et al., 2002).
In a comparison of planted with unplanted SSF wetlands by Decamp et al. in Tanner
(2001), they concluded that “the more oxidised conditions in the plant rhizosphere
provided a more favourable habitat for ciliate protozoa”. This is similar to the findings
of Mandi et al. (1993) who attributed the higher rate of bacteria removal to bacteria on
the root mass and subsequent predation by nematode populations. It has also been
suggested that a faster rate of removal of indicator organisms can be expected where the
environment is less oxygen stressed, such as at the plant rhizospere (Gersberg et al.,
1989; Williams et al., 1995). Pilot scale (400L, 6−8 days detention time) subsurface
flow wetlands dosed with primary clarified wastewater achieved reductions in fecal
coliforms and enterococci by more than two orders of magnitude (>99%) with greater
efficiency in vegetated as compared to unvegetated systems (Hench et al., 2003).
Research by Green et al. (1997) confirmed the ability of SSF reedbeds to achieve 3.11
and 2.63 log removal of E.coli at five days retention.
Contrary findings have also been made with some studies showing little if any
improvement in bacteria removal in vegetated compared to unvegetated SSF wetland
systems. Bavor et al. (1989) for example required only two days retention in
unvegetated wetlands compared to three days in vegetated ones to achieve one log
bacteria removal. On balance the majority of findings reported in the literature indicate
that vegetation will enhance fecal coliform removal in SSF wetland systems.
In the work conducted by Hench et al. (2003), mean influent and effluent (vegetated
systems) values for fecal coliforms over a two year sampling period were
1x108cfu/100ml and 1.6x105cfu/100ml which, the authors warn, while representing
greater than 99% reduction on a percentage basis, still does not meet the state fecal
coliform standard for waterbody discharge of 200cfu/100ml. This was also the outcome
for the Biofiltro SSF project (Platzer et al., 2002) in Nicaragua which, while achieving
satisfactory treatment of primary treated sewage with 1.3m2/PE (PE equal to 130
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L/p/day) with a retention time of approximately 3.5 days, was unable to meet the
Nicaraguan discharge standard of E.Coli <1,000cfu/100mL. Levels of 270
colonies/100mL were however achieved with the addition of an extra stage (two total)
and increased retention to 6.3 days. This was also the outcome of a study of waste
stabilization ponds in Colombia where even after 12 days retention and 4 log units
reduction of E. coli via a series of anaerobic, facultative and maturation ponds the
treatment was still insufficient to meet the WHO limit for unrestricted irrigation
(Madera et al., 2002).
Pathogen survival
The survival times of pathogens are dependent on the hostility of their environment,
and, after leaving their host, pathogens and parasites gradually lose their viability and
ability to infect. The rate of decay is usually exponential (WHO, 1993).
Some concern has been expressed however that coliform indicators are inadequate as
indicators of virus and parasite infection risks in high exposure situations (Gerba and
Rose, 2003). They have stated that the risks associated with reclaimed water reuse for
various purposes will not be properly addressed due to the variable levels of risk in
using guidelines based solely on bacterial indicators and treatment requirements. They
point to an accumulation of evidence which suggests that fecal coliform can grow and
persist long term in warm tropical waters. The concentration of fecal coliform in raw
wastewater depended on a range of factors such as social-economic status, incidence of
disease and per capita water use and had the potential to result in pathogen
concentrations 10 to 1000 times greater in developing countries than in developed
countries. The implication is that for the same level of risk, wastewater treatment for
reuse in developing countries needs to be significantly more stringent. They noted that
fecal coliform removal under treatment is not directly correlated to removal of enteric
pathogens. They concluded that “More information was needed on the ability of low
cost treatment systems in developing countries to remove enteric pathogens”. In the
light of this work it may be prudent to conclude as they did that the principal use of
fecal coliform should be as an indicator of treatment efficiency, not as a measure of
parasitic presence or risk.
2.11.3 Reedbeds: Treatment performance
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A discussion of the principal water quality parameters with respect to wastewater
treatment using constructed wetlands follows. Pathogen removal was described in
Section 2.11.2.

Dissolved oxygen (DO)
While the production of oxygen is due to photosynthesis only, the introduction of DO to
a SSF wetland is via three possible routes in addition to the incoming wastewater: direct
mass transfer to the water surface, convective transport down dead stems and leaves,
and convective transport down live stems and leaves (Kadlec and Knight, 1996). The
latter two combine to form the plant aeration flux (PAF) and are generally balanced by
root respiration. While the air-water interface in a SSF system is below the media
surface (typically 4-10cm) this is not an impediment to oxygen transfer as the transfer
rate is extremely low and is not sufficient to deplete the air space of oxygen. Upon
entering the SSF system however the dissolved oxygen will be depleted by four
principal demands: sediment-litter oxygen demand, respiration requirements, dissolved
carbonaceous BOD, and dissolved BOD. The oxidative reduction of BOD being the
dominant reaction (Kadlec and Knight, 1996). Kadlec and Knight (ibid) summarised the
outlet DO concentrations of several continuous flow SSF systems in the US and found it
was often less than 1.0mg/L. They note that intermittent flow operation (fill/drain)
provides the opportunity for direct air oxidation of solid materials and reaeration can
occur. Without such artificial measures it is possible that a SSF system simply
consumes oxygen quicker than it can be transferred from the air. Studies by Stengel et
al. quoted in Kadlec and Knight (ibid) showed a decrease in DO with distance from the
inlet in planted SSF beds fed fully oxygenated tap water with zero BOD and zero total
Kjeldahl nitrogen (TKN). It has been found in the study of hydroponic systems that the
root environments created do not include a significant sediment oxygen demand
(Kadlec and Knight, 1996). Roots are numerous under such conditions and exchange
oxygen along much of their length (Armstrong et al., 1990) although there is
disagreement as to how much. Further, roots become armoured along much of their
length, and oxygen losses occur only in a small apical region (Brix, 1994). Of particular
note to this thesis is the observation by Kadlec and Knight (1996) that “The morphology
and physiology of roots is very different in the anaerobic environment often associated
with treatment wetland soils. Under treatment conditions, the number of roots is
significantly less than in clean soil or hydroponic conditions”.
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Biological Oxygen Demand (BOD5)
BOD5 is one of the most frequently measured parameters in wastewater treatment plants
and their discharges. BOD5 is typically about 150 to 300mg/L in raw municipal
wastewaters and about 20 to 30mg/L following conventional secondary treatment.
Wetland treatment systems have generally not been used for primary treatment and as a
result commonly receive lower inflow BOD concentrations of 10 to 100mg/L,
depending upon the degree of pre-treatment (Knight et al., 1993). A maximum overall
BOD loading should not exceed approximately 112kg/ha/d (Crites and Tchobanoglous,
1998). This rate has been found to be satisfactory with primary effluent applied at an
hydraulic loading rate of up to 50mm/day.
In the wetland database prepared by Kadlec and Knight (1996) which included
approximately half of the existing treatment wetlands in North America at the time, they
found typical BOD mass removal efficiencies near 70% or more at mass loading rates
of up to 280kg/ha/day. Lower removal efficiencies were also found to occur particularly
when mass loadings were less than 50kg/ha/day.
While BOD is being removed in CW systems there is also concurrent BOD production
due to the decomposition of plant and other naturally occurring organic matter. As a
result complete BOD removal is not possible and final effluent background BOD in the
range of 1 to 10mg/L is commonly reported (Kadlec and Knight, 1996; WEF, 2001).
While BOD reduction in other biological processes is generally temperature dependent
it appears only weakly related in SSF constructed wetlands (Werker et al., 2002). A
study over seven years of 21 SSF constructed wetlands for single-family domestic
effluent in Ohio, USA showed only 10% reduction in BOD removal efficiency during
the winter as compared to summer months (Steer et al., 2002).
The rate coefficients for BOD removal, both volume and area based, are not very
indicative of all the transformations occurring within a wetland. For example the
removal of BOD is based upon the assumption that the BOD is contributed by a single
soluble constituent (Crites and Tchobanoglous, 1998). As removal of BOD is attributed
to bioconversion by facultative and anaerobic bacteria on plant and debris surfaces, “the
removal-rate constant for BOD must be related to the plant surface area below the water
surface, and to the plant detrital material present in the wetland” (Crites and
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Tchobanoglous, 1998). Headley and Davison (2003) determined a volumetric reaction
rate coefficient of 0.52/day for BOD (and background concentration of 5mg/L) upon
examining 28 monitoring regimes conducted over eight years on 13 reedbeds in northeastern NSW treating combined domestic wastewater, greywater and laundry
wastewater. They comment on the need for a lower reaction rate when treating atypical
wastewaters that are relatively high in BOD (>250mg/L). Burgoon et al. (1991) found
first order BOD removal rate coefficients of 0.23, 0.28 and 0.20/day in vegetated
submerged beds (VSB) planted with T. latifola, P. australis and un-planted
respectively. In their findings they stated that the “specific surface area of the rooting
substrate in a VSB exerts a significant influence on BOD removal at loads of
15g/m2/day and higher in vegetated systems”. They estimated root-specific surface area
in their mesocosms to be between 3.5-6.6m2 while the surface area of the gravel
substrate was approximately 6.8m2. Their conclusion that “the ability of the plants to
grow and develop extensive root mass in the media may be an overriding factor in
removal of BOD” apparently pertains to their trials using plastic media with lower
surface area than gravel.
Total Suspended Solids (TSS)
Filtration and sedimentation are the two principal mechanisms for TSS removal in FWS
and SSF constructed wetlands (Crites and Tchobanoglous, 1998; Steiner and Freeman,
1989) and as a result substrate type has little impact on suspended solids removal
(Steiner and Freeman, 1989). The role of root surfaces in TSS removal has not been
proven experimentally (USEPA, 1999). The majority of solids either settle out or are
trapped within the first 10 to 20 percent of the bed flow distance (Crites and
Tchobanoglous, 1998) and as a result a build-up of solids within the pore spaces of the
media causing clogging of the inlet (with subsequent surface flow) is often reported
(Crites and Tchobanoglous, 1998; Kadlec and Knight, 1996).
Total Dissolved Solids (TDS)
Total dissolved solids (TDS) is defined as the material which remains after standard
filtration and comprises colloidal and dissolved solids (Crites and Tchobanoglous,
1998) and equates to total solids minus total suspended solids. Electrical conductivity
which is a measure of the number of ions in a solution is however used as a surrogate
measure of TDS and is one of the most important parameters in determining the
suitability (i.e. salinity) of a water for irrigation (Crites and Tchobanoglous, 1998). As
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one of the key aims of this research was to determine the suitability of reedbed-treated
greywater for reuse, its potential for agricultural irrigation was to be assessed.
Guidelines for the interpretation of water quality to allow a determination of suitability
for irrigation are described in Crites and Tchobanoglous (1998) and that for a salinity of
<450mg/L (expressed as TDS) “no restriction on use” is required. TDS is however a
lumped parameter and therefore is unable to give an indication of the specific ions that
make it up, such as sodium and chloride, which would require specific quantification
before large scale application. Sodium in particular is of concern as described earlier.
Seasonal variation is expected with evapotranspiration (ET) concentrating the salt
content and conversely precipitation reducing the outflow TDS due to flushing.
Turbidity
Turbidity is a measure of the light scattering properties of water with respect to the
amount of colloidal and residual suspended matter (Crites and Tchobanoglous, 1998). It
is commonly used to indicate the quality of treated effluents, and natural waters,
although there is no clearly defined relationship between turbidity and the concentration
of suspended solids in untreated wastewater. For secondary treated effluent however a
relationship with the following general form exists:
TSS = f.T

Source: Crites and Tchobanoglous

(2.8)

Where TSS = total suspended solids (mg/L), f = factor between 2.0 and 2.7, T =
turbidity (NTU). Kadlec and Knight (1996) give a value of f = 1.2 (R2 = 0.77) from
studies of riverborne and wetland sediments in the US, but caution that while the
correlation is often good for a specific wetland system, care must be taken in the
extrapolation from one site to another.
Phosphorus (P)
Excess phosphorus in waterbodies, due to wastewater discharges for example, can lead
to eutrophication and algal blooms. In order therefore to protect freshwater aquatic
ecosystems it is recommended that phosphorus inputs be minimised to background
levels which are typically in the order of 0.05−0.005mg/L (DLWC, 1998).

In municipal wastewater phosphorus is generally present as organic phosphorus,
polyphosphate and orthophosphate. Biodegradation results in most organic and
polyphosphate forms being converted to orthophosphate and it is this soluble
component that contributes to eutrophication. The majority (over 88%) of the P in
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greywater is in this form (House et al., 1994). P removal is difficult in any water
treatment technology and even though it is an essential nutrient for plant growth,
wetlands are not efficient in phosphorus reduction (Kadlec and Knight, 1996; USEPA,
1999). The removal of P in wetlands has been described as a two stage process: shortterm and long-term, with the long-term peat/litter accumulation process responsible for
storing up to 80% of the P (DLWC, 1998). In the short-term phosphorus is quickly
removed but this capacity diminishes with time and the wetland substrate may
eventually reach its adsorption capacity.
Nitrogen (N)
Nitrogen compounds are among the principal constituents of concern in wastewater
because of their role in eutrophication, effect on oxygen content in receiving waters and
their toxicity to aquatic species (Kadlec and Knight, 1996). They are also of interest
because of the beneficial and essential role they play in augmenting plant growth. The
nitrogen cycle is very complex with nitrogen removal processes requiring bacteria to
convert ammonia via nitrification and subsequent denitrification to nitrogen gas.
Ammonia nitrogen exists in aqueous solution as either the ammonium ion or ammonia
gas depending upon the pH and temperature according to the following relationship:
NH3 + H2O = NH4+ + OH-

(Crites and Tchobanoglous, 1998)

The general processes of nitrification are:
NH4+ + 1.5O2 = NO2- + 2H+ + H2O
NO2- + 0.5O2 = NO3As nitrification requires oxygen, wetland systems are generally limited in their ability to
perform this process. In particular in SSF systems a lack of oxygen limits any aerobic
microbial processes and hence the nitrification process is considered to be the ratelimiting step for N removal (Tanner et al., 2002) unless the wastewater is pre-nitrified.
Nitrite (NO2-) is an intermediate oxidation state of nitrogen and is not chemically stable
in most wetlands and is generally only found at very low concentrations. Nitrate (NO3-)
is the most highly oxidised form of nitrogen found in wetlands and is chemically stable.
Nitrate can also serve as an essential nutrient for plant growth but in excess leads to
eutrophication of surface water. The current US (EPA) regulatory criteria for nitrate in
groundwater and drinking water supplies is 45mg/L as NO3- (10mg/L as NO3N)
(Kadlec and Knight, 1996).
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Ammonia (NH3)
The level of ammonia in untreated domestic wastewater, for the purposes of comparison
with greywater, has a typical free ammonia concentration of 22mg/L (Crites, 1998). On
this basis the concentration of ammonia in raw greywater is approximately 11% of that
in raw domestic wastewater. Such low levels of ammonia in greywater are to be
expected as the principal ammonia producing constituents of faeces and urea are not
present. While reedbeds for greywater only may be receiving low concentrations of
ammonia in the influent, typically they do not provide reliable removal of ammonia
unless the loading is low, well nitrified and sufficient carbon is available (USEPA,
1999).
Hydrogen ion concentration (pH)
In general, treatment wetland effluent hydrogen ion concentrations are typically
circumneutral to slightly acidic (Kadlec and Knight, 1996). Greywater-only systems are
likely to be alkaline due to the soaps and detergents as described in Section 2.8.
However constructed wetlands for the treatment of acid-mine drainage for example will
have low pH levels as a result of the incoming acidic waters whilst the most acidic
natural wetlands include sphagnum bogs where the pH is around 3 to 4 (Kadlec and
Knight, 1996).
Temperature
Wetland exit water temperatures are approximately equal to the mean daily air
temperature for a given site (Kadlec and Knight, 1996). Whilst any site will be subject
to seasonal and diurnal temperature variation, a tropical site such as Monteverde will
have a reasonably limited range (refer climatic data in Appendix A). This situation in
conjunction with the fact that SSF wetlands intrinsically have strongly dampened daily
water cycle variation (Kadlec and Knight, 1996) suggest that temperature variation will
be minimal.
Water temperature influences the biological reactions for removal of BOD, nitrification
and denitrification (Crites and Tchobanoglous, 1998; DLWC, 1998). This is reflected in
the design model promulgated by Reed however Kadlec & Knight’s model only
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considers temperature significant for nitrogen removal. For constructed wetland design
purposes rate constants are generally given at a standard temperature of 20°C.

2.12 Macrophytes in reedbeds
Macrophytes in SSF wetlands provide the functions of nutrient uptake, oxygen to the
root zone and a large surface area for biofilm formation (Brix, 1997; Crites and
Tchobanoglous, 1998). They can also provide habitat, aesthetic and recreational value
(Knight, 1997). The nutrient uptake capacity of emergent macrophytes, and hence
amount that can be removed via harvesting, is estimated as between 30 to 150kg/ha/year
of phosphorus and 200 to 2500kg/ha/year of nitrogen (Brix, 1997). These levels
however are generally considered insignificant when compared to the total wastewater
loadings (Kadlec and Knight, 1996).
Aquatic macrophytes are also known to release oxygen from their roots into the
rhizosphere which in turn supports bacteria and allow other oxidation processes to occur
thereby stimulating both aerobic decomposition of organic matter and the growth of
nitrifying bacteria (Armstrong et al., 1990). The roots also release organic material as
they decay which in turn can support denitrification (Crites and Tchobanoglous, 1998).
The movement of the roots over time (growth and decay) are thought to prevent
clogging (Brix, 1997). In terms of microbial processing however it is the biofilms on
both the roots and substrate in general that provide the majority of effect (Kadlec and
Knight, 1996).
Plant species commonly used in reedbeds include common reed (Phragmites australis),
cattail (Typha spp.) and bulrush (Scirpus spp.) (Kadlec and Knight, 1996). The
characteristics which make a particular plant suitable for use as an emergent
macrophyte in wastewater treatment are deep root penetration with high oxygen
transport capability, resistance to pests and disease and ease of management (Brix,
1994). Other desirable qualities include being a non-invasive weed, robustness, a high
year round biomass and local availability (Chambers and McComb, 1994). While there
exist several studies in the literature comparing plant species in terms of treatment
performance investigations are inconclusive. From an Ecosan perspective a species
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which also has a productive use for example for animal fodder, building material or the
like is also desirable (Esrey et al., 2001). The plant should also be easy to propagate if
the creation of artificial wetlands is the objective with seed germination and the
transplantation of rhizomes being the two main methods (Chambers and McComb,
1994).
Species which have been identified as being suitable for greywater treatment include
members of the families Cyperaceae, Juncaceae and Typhaceae (Mars et al., 1999) and
Musaceae, Heliconiaceae and Zingiberaceae families (Del Porto and Steinfeld, 1999).
Phragmites, which apart from having roots capable of puncturing reedbed liners
(Davison et al., 2004), does not thrive in greywater-only systems (Marshall, 1999). The
potential for the wetland vegetation to penetrate the liner is an important consideration
and the US EPA (USEPA, 1999) recommend providing adequate soil cover and depth
for this purpose.
In the design of reedbeds, the depth of the bed is generally given as 400-600mm deep
“reflecting the depth of root penetration” (Kadlec and Knight, 1996). It may be more
robust however to construct reedbeds according to the known depth of the plant roots.
This has twin advantages of ensuring that overly deep reedbeds are avoided which
allow short circuiting and by-passing of the root system, and allowing for more compact
systems where plants with longer root systems are used.
In Monteverde, wetlandsand native wetland plantsare virtually non-existent due to
the region’s steep topography. Commonly used species such as Phragmites australis
and Typha domingensis do exist in Costa Rica but both are considered noxious weed
species (Haber and Zuchowski, 2000).
2.13 Media in reedbeds
The substrate in reedbeds is defined to include the bed media (usually gravel), roots and
plant rhizomes (WEF, 2001). The purpose of the media is:
•

to provide a substrate with high hydraulic conductivity around which the
wastewater can flow;

•

to provide a surface area for biofilm growth (periphytic attached-growth
microorganisms);
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•

to assist in the removal of fine particles by sedimentation and filtration;

•

to provide support for the roots of emergent plants.

(DLWC, 1998).
Typically, the media for reedbeds consists of sand, gravel or crushed rock. This is
generally excavated locally to minimise haulage costs and represents the exploitation of
a non-renewable resource. In the US the cost of imported gravel was found to be
between 40 to 55% of the total construction cost. This range was dependant upon the
distance the gravel is hauled and whether an artificial liner was also required (USEPA,
2000). From an economic viewpoint, this high cost of the media represents the single
largest disadvantage SSF wetlands have over FWS systems (Crites and Tchobanoglous,
1998; WEF, 2001). An alternative low-cost media for SSF wetlands has the potential to
greatly increase the uptake of this technology, particularly in developing countries.
The gravel used in SSF systems typically varies in size from 3mm to 38mm. The
requirements of a gravel-based substrate are that it be clean, hard, durable and capable
of retaining its shape and maintaining permeability of the wetland over the long term
(USEPA, 2000). It should also presumably be inert. The flow of wastewater through a
reedbed will be determined by the hydraulic gradient, hydraulic conductivity, size and
porosity of the media. Typical media characteristics are given in Table 2.12.
Table 2.12 Characteristics of typical media
Media type

Effective size d10, (mm)

Porosity, η

Hydraulic conductivity,
K (m3/m2/day)

Medium sand

1

0.30

500

Coarse sand

2

0.32

1,000

Gravelly sand

8

0.35

5,000

Medium gravel

32

0.40

10,000

Coarse gravel

128

0.45

100,000

Source: (Crites and Tchobanoglous, 1998; WEF, 2001)

For design purposes it is recommended to downrate the actual hydraulic conductivity to
account for the volume lost to biofilm development, root mass and the accumulation of
organic and inorganic sediments (DLWC, 1998). Ten percent of the value has been
recommended (Crites and Tchobanoglous, 1998). A further refinement of this based on
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several studies (USEPA, 1999) is that as K will be less in the first 1/4 to 1/3 of the
reedbed it is recommendable to use 1% of K in the first 30% of the reedbed and 10% of
K thereafter. These measures are intended to reduce the potential for clogging, as is the
common practice of placing larger diameter gravel (30 to 150mm) at the inlet (Crites
and Tchobanoglous, 1998; USEPA, 2000). This practice is also derived from the
finding that coarse angular rocks will inhibit root penetration (Kadlec and Knight,
1996). Clogging is the most common failure of SSF systems, resulting in odours,
surface flow and thus short-circuiting, and requires careful attention at the design stage
to inlet structures, flow distribution and substrate selection (Blazejewski and MuratBlazejewska, 1997; Crites and Tchobanoglous, 1998; DLWC, 1998).
It is worth noting that Kadlec and Knight (1996) consider “the media cost and
permeability to be the principal design considerations for SSF wetlands”. This is
probably a result of their observation that in the US SSF wetlands are frequently
observed to flood due to clogging of the media and improper hydraulic design. They
attribute the underlying cause of such hydraulic failure to “the ad hoc procedure of
designing to guessed values of hydraulic parameters”. Fortunately they note that the
“SSF technology has been rescued by the fact that the hydraulically failed mode of
flooded operation is the FWS wetland, which is nearly as efficient as the SSF wetland”.
In porous media the immobilisation of microbial cells is strongly influenced by grain
size, loading rate and the extent of clogging (Stevik et al., 2004). Garcia et al. (2003)
found 0.7−3.4 log removal of fecal coliform removal in tertiary reedbeds using finer
grained media (2−13mm) as compared to 0.1−2.7 log removal in coarser grained media
(5−25mm). They mention difficulty in achieving removal greater than 3 log-units in
their study. They also found that microbial inactivation increased with HRT up to a
saturation value of generally three days. Environmental factors available to the designer
of SSF systems therefore include hydraulic retention time (HRT), granular medium and
plant type.
The use of artificial media to provide a substrate with a very large surface area for
biomass attachment for numerous different wastewater treatment systems is well
documented and include non-woven textile chips and absorbent plastic foam such as the
Waterloo biofilter (Crites and Tchobanoglous, 1998). Column studies showed loading
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rates up to four times greater were achieveable with the Waterloo biofilter over a
conventional recirculating gravel filter. Most of these media systems however are
proprietary and as a result tend also to be expensive. The use of waste or recycledand
hence lower costmaterials as alternative media for wastewater treatment systems
appears to be increasing.

The successful use of recycled glass fragments in

recirculating filters is described by Elliot (2001) and car tyre ‘chips’ have been used in
the US as a low-cost alternative to gravel in leachfields (Grimes et al., 2003) and
reedbeds (McKenzie, 2003). Plastic soft drink bottles have also been successfully used
in unplanted filters for the treatment of domestic greywater in the West Bank, Palestine
(Surani, 2003). Proprietary (Jaegar Products) plastic trickling-filter media was trialled in
vegetated submerged-bed (VSB) microcosms described by Burgoon et al. (1991). They
found that when using Phragmites, which grew well in both gravel and plastic media.
There was no difference in performance between media type at BOD loads up to
13g/m2/day. At higher loadings BOD removals with the plastic media were more
variable, and generally lower. The results of this study showed that the specific surface
area of the roots for a given plant may be large enough to significantly increase the
specific surface area available for microbial colonisation. They estimated the rootspecific surface area as between 1.8–3.3cm2/cm3 while the river gravel was 3.9cm2/cm3
and the two plastic medias 2.8cm2/cm3 and 1.4cm2/cm3. They concluded that root mass
development can enhance pollutant removal. This is in agreement with the findings of
investigations carried out in Thailand by Khatiwada and Polprasert (1999), who state
that root mass development plays a major role in organic matter degradation and is most
pronounced in SSF systems (as compared to FWS wetlands).
Burgoon et al. (1991) comment that plastic media merits further consideration due to its
potential to reduce clogging and increase hydraulic conductivity. The US EPA (1999)
list several alternative media but concluded that there is inadequate data to make a
recommendation for or against their use. Despite these recommendations, little further
work with artificial media is found in the literature apart from some recent studies
conducted in Australia by Davison and Bayley (2002) who used reedbeds planted with
Phragmites to treat primary settled sewage and found similar performance (TSS, fecal
coliform and BOD removal) using an artificial plastic media (Bioblock®) to gravelbased media reedbeds. Unfortunately the media is expensive and the Phragmites
rhizomes had difficulty penetrating the Bioblock® after a certain stage of growth
(Davison, 2004).
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2.14 Summary
The use of reedbeds for greywater treatment has not been investigated in Costa Rica and
minimal use of constructed wetlands of any type for wastewater treatment has taken
place in Latin America in general. This is surprising given that constructed wetlands
enjoy the twin properties of low maintenance and low cost both of which have been
described as essential for future wastewater treatment technologies in Latin America. It
is the property of low maintenance which holds the key to the longterm sustainability of
any alternative treatment system. They are also biological systems which makes the
technology ideally suited to humid tropical regions. The literature has also revealed that
subsurface flow wetlands, or reedbeds, are able to avoid any potential mosquito and
odour issues by design, but these benefits come at an increased financial and
environmental cost when conventional media, typically gravel, is used. A low cost
alternative media has significant potential to increase the affordability and hence uptake
of this technology.
Pathogen removal is paramount in any sanitation system and reedbeds have
demonstrated their ability to achieve significant pathogen reduction. If with appropriate
design they are able to achieve levels that permit wastewater reuse, without incurring
significant increase in complexity or expense, then their utility and value is
simultaneously increased.
Ecosan is an alternative holistic approach to sanitation that recognises that any
wastewater treatment technology should attempt not only to close the water and nutrient
cycles but also to consider those who it is intended to serve. This philosophy drove the
initial research for this thesis which was devoted to the gathering of data on water
consumption and sanitation practices, and water quality issues, in the research site of
Monteverde in Costa Rica.
The available literature has demonstrated the potential for reedbeds designed according
to Ecosan principles to provide a low cost, low maintenance technology for greywater
treatment in rural Latin America and this has formed the basis for this research.
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Chapter Three
Materials and Methods
3.1 Introduction
This chapter describes the materials, methods and experiments common to Chapters
Four, Five and Six and address the three key aims of this research described previously
in Chapter One. The methods used in Chapter Four described here are investigative in
nature and encompass several community surveys as well as water sampling in the
Guacimal River catchment. For Chapter Five the overarching design considerations and
materials and methods common to all the five individual case study systems installed
are presented. For Chapter Six the methods describe predominantly analytical
techniques used for water quality and nutrient analysis in the experimental reedbed
cells.
3.2 Survey of water consumption in Monteverde
The criteria used by both the local water supply organisations (Acueductos) in
Monteverde (and including Santa Elena) for water supply design are presented in
Appendix A. In order to verify these criteria two independent surveys, one focusing on
domestic consumption and one focusing on hotel consumption were carried out as part
of this research. They are described as Survey 1 (domestic) and Survey 2 (hotel) and the
methodology used is presented as follows. It is acknowledged that surveys such as these
have limitations however they are able to provide a general overview of typical
domestic and hotel water consumption and practices. Repeating the surveys throughout
the year at periodic intervals would improve their reliability.
Survey 1: Domestic water consumption
In this survey the typical household water consumption in nine homes in Monteverde
over a one-week period during the wet season was monitored with the assistance of
students from the College of Architecture State of New York. The survey form (refer
Appendix B, Section B.1) was designed by myself and required students to read the
water meter daily, note the number of people residing in the house each day, estimate
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typical water consumption by fixture and to discuss with the family their typical water
useage. It was presented in both Spanish and English which allowed the students who
were billeted locally at the time to discuss the issue of household water use with their
homestay family. Students also gathered information relating to typical water usage
practices within their home and typical means of wastewater disposal.
Survey 2: Hotel water consumption
In this survey three local hotels of different styles were monitored over five one-week
periods from August 2001 to August 2002 in collaboration with the University of South
Florida Globalization Research Center and the results of this study presented in
Appendix B, Section B.2 (Dallas, 2002). The survey instrument was developed by
myself with input from fellow staff members at the Monteverde Institute. The hotels
were selected on the basis of their representativeness of the area’s accommodation and
willingness to participate. The three hotels surveyed consisted of two typical higher-end
hotels (hotels A & B) and one typical backpacker-style hotel (hotel C). Meters were
read at the same time each day during the week and hotel occupancy on each day over
the same period taken from the hotel’s visitor registration book.
3.3 Survey of relative contributions of greywater and blackwater in Monteverde
In order to quantify the typical domestic volumes of grey and blackwater and their
relative contribution to the total wastewater stream, two separate household surveys
were conducted. The methodology was devised by myself and was the same in each
case: householders were given a numbered ticket booklet and requested to include one
with each flush of the toilet. Knowing the volume of the toilet cistern allowed the daily
volume of blackwater to be calculated. Water meters were read at the beginning and end
of each survey period and a fixed percentage of 7% deducted from this total volume as
water which was ‘lost’ i.e. would not become wastewater. This was based on the figure
estimated by Montiel (2001) given in Appendix A (Section A.13, Table A.10), personal
observation and discussion of householders’ habits, particularly in regard to garden
watering and washing of motor vehicles. The nature of the survey required a level of
sensitivity and confidentiality that meant a broader and longer-term survey was not
pursued, however, it was judged that the level of accuracy was sufficient for the
research purposes intended here.
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Survey 1:
Two of the participating households in the Santa Elena Case Study 3 described in
Chapter Five assisted in this survey over a one-week period in October 2002.
Survey 2:
The householders connected to the Monteverde Institute Case Study 4 reedbed system
described in Chapter Five participated in this survey over an 11 day period in June
2003.
3.4 Water, health and sanitation survey
In May 2003 a survey of households and businesses was undertaken to collect data on
social and economic development in the broader Monteverde region (or ‘Zone’ as
described in Appendix A). It was developed by staff of the Globalization Research
Center, University of South Florida, in conjunction with the Monteverde Institute and
the local Chamber of Tourism (GRC, 2002). The survey, the largest of its kind to ever
have been undertaken in the area, was part of a larger study to determine the
relationship between ecotourism, biodiversity and development in general. Water is
recognised as playing an essential role in the development of Monteverde and one of the
principal outcomes of the survey was to triangulate the three key factors of health,
development and water. Sanitation necessarily enters this equation. Water, sanitation
and hygiene interventions are typically the three key components of programmes that
target diarrhoeal disease in developing countries. Yet of these three, there is typically
less data available on sanitation interventions (Fewtrell et al., 2005) even though the
relative order of significance is typically water supply (quality), sanitation followed by
hygiene (Azurin and Alvero, 1974; Esrey et al., 1985).
The household survey consisted of a stratified representative sample of homes using all
the nine communities comprising the Monteverde Zone. As a result 532 homes (78% of
all homes) were visited by researchers contracted by the MVI and householders were
interviewed in either English or Spanish. The questionnaire is given in Appendix C and
consisted of 55 questions in total, 19 of which pertaining to water, health and sanitation,
were developed by me. While a quantitative risk assessment programme would be ideal
in this situation they are recognised as being both time-consuming and subject to
uncertainty (WHO, 2001).

Indeed a quantitative risk estimate may take years to
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develop. Risk management however should not necessarily await the outcome of such
an assessment and it is reasonable that a more simplistic risk assessment be undertaken
initially. This was the intent of the survey conducted here. It is well known that the
incidence of diarrhoea in children for example is affected by poor personal hygiene and
environmental sanitation, and also by reduced resistance in malnutrition (Esrey et al.,
1985). If the incidence of child diarrhoea reported from the survey was notable then
attention could be made to the possible causes. It was not possible to arrange for trained
personnel to physically inspect the wastewater disposal systems in place at each
individual household although this would obviously be ideal. As a result the 19 survey
questions were designed firstly to confirm the current domestic water and sanitation
hardware and secondly to elicit any anecdotal evidence of links between family health,
water and sanitation. Specifically these questions had the following objectives:
1. confirm and quantify where possible the type of water and sanitation systems
most widely used (Qs 37-39, 45-47, 50, 55);
2. gather anecdotal evidence on the current status and performance of these
systems in terms of perceived quantity and quality (Qs 40-43, 48a, 51);
3. determine the perceived need, if any, and willingness to pay for any
improvements (Qs 44, 48b, 49, 53);
4. ascertain any perceived health impacts associated with the current water and
sanitation systems (Qs 52, 54);
5. provide baseline data and a framework for possible future surveys by which any
significant changes can be detected (all questions).
The summary of responses is given in Appendix C. The questions were designed to be
as simple and unambiguous as possible for two main reasons. Firstly, it was expected
that it would take one to two hours per household to complete each survey and therefore
questions were kept as short as possible both in terms of framing and answering the
question. Secondly, it was not possible to know the average householder’s level of
understanding of the domestic water and wastewater systems and it was therefore
considered prudent to eliminate as much technical detail and jargon as possible. As a
result most questions consisted on average of five to 15 words with ‘tick the box’ type
answers consisting of between two and five possible options. In this way the gathering
of quantitative data could be maximised, however several questions requested
additional qualitative explanation.
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3.5 Method for water quality sampling of streams in the Guacimal River
catchment
Ten sites within the Guacimal River catchment were sampled once per month on
average with three physical samples taken each time (refer Chapter Four for sample site
locations). Sample bottles (90mL) were firstly rinsed three times with sample site water
before a sample was taken. The parameters of temperature, total dissolved solids (TDS),
pH and dissolved oxygen (DO) were taken on-site, while biological oxygen demand
(BOD), fecal coliform, turbidity, nitrates and orthophosphates were analysed by myself
at the Monteverde Institute laboratory. The specific analysis and procedures used are
described in the following section (3.6). Laboratory analysis was not carried out on all
samples due to financial constraints and some laboratory equipment was not available at
commencement. The focus of the sampling regime was directed at four specific sites
which best represented both pristine sites (Maquina River sites: QM300, QC300) and
sites impacted by human activities (Sucia River sites: QS100, QS200). Sampling from
March 2000 to September 2001 was carried out alternately by the author and a
colleague while samples from September 2001 to August 2003 were collected and
analysed by the author only.
3.6 Water sampling and analysis
The methods used to analyse river water, wastewater and treated wastewater samples
that were common to the Guacimal River catchment monitoring program, the Case
Study reedbeds (Chapter Five) and experimental cells (Chapter Six) are described here.
Any variations to these methods and sampling frequency are described in the
appropriate sections.
Dissolved Oxygen (DO)
DO was determined with a portable Cole-Parmer DO meter with automatic temperature
compensation (model EW-05946-70) which has a resolution of 0.1ppm. The probe was
immersed into the sample and slowly rotated with a reading taken after two minutes
when the reading had stabilised. The DO meter membrane surface was rinsed with
deionised water between readings. The probe was calibrated against saturated water of
known temperature and adjusted for altitude and atmospheric pressure according to the
manufacturer’s instructions.
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Biological Oxygen Demand (BOD)
The BOD of raw greywater (or mixed wastewater) samples was determined with a
HACH 2173B manometric unit according to the manufacturer’s operating instructions.
A sample of 157mL of wastewater was added to the 500mL standard bottle along with
3-4 pellets of potassium hydroxide suspended in a rubber cup in the bottle neck. The
apparatus maintained constant mixing of the samples throughout the five day period and
readings of the barometric tubes were plotted daily. A temperature of approximately
20°C was maintained in the laboratory. After five days had elapsed the readings had
generally tended to asymptote to a final value which was recorded as the five day BOD
in mg/L. The BOD of river water and treated wastewater samples was calculated by
measuring the dissolved oxygen (DO) content of a sample before and after a five day
incubation period. A 10mL of sample was diluted with 55mL of spring water of known
DO level in 65mL glass bottles which were then placed in a dark cupboard at 20°C
(±1°C). The BOD of a particular sample was then back-calculated according to the
dilution used.
Fecal coliforms (FC)
FC concentrations were determined by suction filtering a known volume of sample at
two different dilutions through sterile Millipore 0.45µm filters. The filter was then
placed in a petri dish containing m-Endo agar LES prepared according to the
manufacturer’s instructions and the standard procedure described in APHA (1995) and
incubated for 24 hours at 44.5°C. Individual colonies formed a metallic sheen and the
resulting number of colony forming units (cfu) per 100mL of sample was recorded as
minimum, maximum and average values. Two replicates at each dilution were
conducted.
Turbidity
Turbidity was determined using a Hach 2100P portable turbidimeter (range 0 to
1000NTU). A freshly agitated sample (10mL) at room temperature was analysed twice
and the average of the two readings reported in nephelometric units (NTU).

Temperature
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Temperature was recorded on site with a standard laboratory alcohol-filled
thermometer. The thermometer was placed with the bulb a minimum of 50mm below
the water surface for a minimum of two minutes before a reading was taken to ±0.5°C.
Total dissolved solids (TDS)
TDS was measured in the field with a Hach digital conductivity meter which provided
readings in units of mg/L.
pH
pH was measured in the field with a Hach digital pH meter and calibrated regularly
using pH standards of 4.0 and 7.0.
Phosphorus
Phosphate-P, as orthophosphate-P, was determined by the ascorbic acid method using
powder pillows and HACH kit PO-19. This method is described in the HACH manual
(1999).
Total phosphorus
Total phosphorus in both plant and water samples was measured by the NATA
accredited Marine and Freshwater Research Laboratory at Murdoch University
according to the Standard Methods for the Examination of Water and Wastewater
procedures no. 4500 and 4700 respectively. Nine water and greywater samples were
also tested by the accredited CEQIATEC laboratory at the Costa Rican Institute of
Technology according to the Standard Methods for the Examination of Water and
Wastewater, 1998 procedure no. 4500-P.C.
Ammonium
Ammonium nitrogen was determined using Nessler’s Reagent and HACH ammonia
nitrogen test kit model NI-8. This method is described in the HACH manual (1999).
Nitrate
The nitrate nitrogen concentration was determined using the cadmium reduction method
using powder pillows and the HACH nitrate test kit NI-11. This method is described in
the HACH manual (1999).
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Total nitrogen
Concentrations of total nitrogen in water and wastewater samples were measured by
both the NATA accredited Marine and Freshwater Research Laboratory at Murdoch
University according to the Standard Methods for the Examination of Water and
Wastewater procedure no. 2700 and the accredited CEQIATEC laboratory at the Costa
Rican Institute of Technology according to the Standard Methods for the Examination
of Water and Wastewater, 1998 procedure no. 4500-N.C.
Total Kjeldahl nitrogen (TKN) was measured in plant samples by the NATA accredited
Marine and Freshwater Research Laboratory at Murdoch University according to the
Standard Methods for the Examination of Water and Wastewater procedure no. 2600.
A limited number of plant samples were also tested for total nitrogen via combustion in
a Leco nitrogen analyser furnace at the CSBP Soils Analysis Laboratory, Bibra Lake.
Plant samples
Where plant samples were required for analysis (nutrients or weight) they were divided
into their components of roots, stems, leaves and seeds. Roots were thoroughly washed
to remove any soil or aggregate. All samples were firstly weighed (wet weight) to 0.1g
then dried for three days at 104°C, allowed to cool, re-weighed and then ground to a
fine powder and kept in sealed plastic bags for analysis.
3.7 Reedbed design considerations
The properties of subsurface flow constructed wetlands which render them suitable for
wastewater treatment, particularly for use in developing countries, are described in
Section 2.10. The development of site-specific systems needs to take into account the
prevailing local conditions such as terrain and soil type, cost of materials, local climate,
wastewater type and volume amongst others. The initial dominant design criterion in
this instance was cost. Low cost technologies were described in Section 2.5 as essential
for future wastewater treatment in Latin America (PAHO, 2001b). The first reedbed
system installed at the Community Art Centre (Case Study 1, Section 5.1) for example
was severely limited by budget. This provided an important incentive to achieve lowcost designs as it was recognised that any subsequent systems had to be affordable
otherwise they ran the risk of simply being considered unviable options for domestic
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greywater treatment. The situation is exacerbated by the fact that there is no
requirement for householders in Monteverde to treat their domestic greywater as is the
case in much of Latin America.

It has been stated that, “for a technology to be

applicable, beyond academic interest, it must at least be as cost effective as existing
technologies” (Batchelor and Loots, 1997). While Costa Rica has the highest per capita
income (US$13,589, refer Section 2.4) in Central America (MDG, 2003), monthly
average salaries in rural areas such as Monteverde were typically US$400-500/month in
2000. The cost in 1990 to install a reedbed (30−36m2) for a single household in the US
for example was estimated at between US$2,000 and US$4,000 (US$61−$121/m2)
depending upon the amount of work done by the home owner (Steiner and Combs,
1993). The theoretical direct translocation of this technology would therefore represent
some four to five months salary in rural Costa Rica, and more in neighbouring
countries. Local uptake would be extremely low as a result. Cost considerations alone
therefore required the use of low-cost, locally available materials and installation that
would not require skilled labour as far as possible. In addition to cost, it was considered
equally important that these systems could be built and maintained over the long-term
by the owner. For simple installation and in order to be low maintenance, it was
necessary that all systems were gravity flow only (no pumps) with no complex
plumbing or pipe fittings.
Where funding is available, such as for the Santa Elena system (Case Study 3), or where
an institution is responsible (e.g. Case Studies 4 & 5) then cost may not be as critical,
however, for domestic systems, which are the focus of this research, cost is likely to be
the most significant criterion for uptake. Emphasis was also given to cost as it was
responsible for driving the research on alternative low-cost media and suitable locally
available macrophytes. These two key design components and other pertinent design
criteria are described below.
3.8 Prescribed design criteria
Typical design guidelines and criteria for subsurface flow wetlands and reedbeds are
described in Section 2.11. The rationale behind the adoption of the Costa Rican
guidelines for wastewater reuse in lieu of any other pertinent water quality criteria for
the discharge of domestic wastewater in Costa Rica is also explained in Section 2.7.
These limits are fecal coliform ≤ 1,000cfu/100mL and BOD ≤ 40mg/L for restricted
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reuse. As a result hydraulic retention time (HRT) becomes the dominant design
criterion. The potential for achieving a treated wastewater suitable for reuse was also
considered highly desirable.
Once average and any projected flows had been estimated, the size of the reedbed
system was determined. All reedbeds were sized upon a minimum hydraulic retention
time (HRT) based upon the estimated inflow, and these are discussed with each case
study. Estimates of the expected daily inflow were done for each situation either from:
domestic water meter readings and then deducting any non-wastewater uses; estimates
based on water consumption per person (refer Section 4.2 for typical water usage
determined in Monteverde); or best utilisation of the available space.
In all of the case studies described in Chapter Five, site-specific modifications to
materials and design were made in response to the local prevailing conditions and were
monitored where possible for their performance and sustainability. In general,
modifications were made in order to simplify the system, reduce cost and the need for
maintenance.
3.9 Reedbed media
In the case study reedbeds where crushed rock (known as piedra cuarta, nominally
20mm granite) was used as the media it was typically the single most expensive
component. This is typical of SSF systems. In the first experiment developed (Case
Study 1) a very limited budget dictated that the conventional approach of using crushed
rock for media material was prohibitive. As a result, PET drinking water bottles were
investigated as an alternative. The properties of media suitable for SSF constructed
wetlands are described in Section 2.13.
Due to its relative isolation and attraction as an ecotourism destination Monteverde
suffers from a glut of waste products including plastic (PET) drinking water bottles.
Collection is expensive and time consuming due to Monteverde’s geographical location
and the poor condition of the roads. While there exists a storage facility for recyclables,
it is regularly overwhelmed with waste products particularly during the tourist high
season (Jan−May) and until 2001 there existed no service for PET plastic recycling. An
ecological approach to this situation was to consider this abundantly available waste
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product as a potential resource and that perhaps in some manner the PET bottles could
be used for reedbed media. Using the bottles whole, while the most expedient, was
likely to create ‘dead-ends’, i.e. once full of water they would become stagnant with
minimal surface area available for bacterial growth and no flow-through. Initial
experiments were constructed by cutting up bottles into various sizes to maximise
surface area whilst minimising the work involved. Subsequently a bag of mixed type
and size plastic drinking water bottles was obtained from the recycling center from
which a ‘mini-reedbed’ was constructed in a discarded ice chest (approximately 80L).
Smaller bottles (600mL) were cut into two halves while the larger 1 litre and 1.5 litre
bottles cut into thirds approximately. The screwcaps were removed and the bottoms cut
off to remove any potential ‘dead ends’ as shown in Plate 3.1.

Plate 3.1. PET segments during reedbed construction for 12 experimental cells

In order to have a stable reedbed surface which prevented mosquitoes from accessing
the water and was of conventional appearance, crushed rock was placed on top of the
bottle sections. In order to achieve this, five to six sheets of overlapping newspaper
were placed over the entire reedbed on top of the bottles to support approximately 40 to
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100mm of the crushed rock. Holes were then made through the rock/newspaper layer to
insert the plants’ root ball. This layer is nominally at the reedbed’s internal water level.
The arrangement proved viable at this scale and was then up-scaled to a full size
reedbed. PET bottles were used in two operating reedbed experiments as well as in the
12 experimental cell trials, and the results described in Chapters Five and Six. While the
PET fragments are very lightweight, handling can become problematic if they must be
transported to the reedbed site. In addition an effort was made to find some type of
permanent, yet permeable, container which could remain in the reedbed. This would
benefit not only transport and handling but would allow them to be subsequently
removed from the reedbed for maintenance if required. Various readily available
containers were investigated including plastic fruit/vegetable crates and polyproylene
plastic string bags (onion bags). The plastic crates were uneconomic ranging in price
from US$6 to $9 for crates between 45 and 100L in size. Plastic string bags however
were readily available free of charge in Monteverde and their use as permanent
permeable containers is described in Section 6.4.
3.10 Macrophyte species selection
Macrophyte species typically used in constructed wetlands for wastewater treatment are
described in Section 2.12 of the literature review. The unsuitability of the common reed
(Phragmites australis) particularly to treat only greywater, and cattail (Typha) for CWs
in Costa Rica meant that an alternative macrophyte was required. In addition to the
requirements that would make a species suitable (described in Section 2.12), the species
would ideally already exist in the Monteverde region and be native to Costa Rica.
From creeklines, roadsides and local depressions in the Monteverde Zone five different
potential plants were taken to resident botanists for identification. At least one of these
specimensa member of the ginger family (Zingiberaceae) was excluded, which
although prevalent in the region, had a very superficial and matted rhizomic root
structure. One specimen, located in a small creek below what is known locally as the
Pig Farm, was identified as Job’s Tears (Coix lacryma-jobi) or commonly as Lagrimas
de San Pedro in Spanish. This species was confirmed to be ‘naturalised’ and relatively
non-invasive (Haber and Zuchowski, 2000) and is known to occur throughout Costa
Rica on both the Pacific and Atlantic sides from sea level to 1450m altitude (INBIO,
1997). While wind pollinated, its seeds are not wind-dispersedan important factor in
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assessing a plant’s potential invasiveness. Its seeds are used by local artisans throughout
Costa Rica including at the Monteverde Community Art in jewellery and are purported
to have nutritional as well as medicinal qualities (Armstrong, 2000).
Coix lacryma-jobi is a wild grass native to tropical Asia and now described as
“pantropical as cultigen and weed”, and “tall roadside grass that grows like a weed
throughout the Old and New World tropics” (Armstrong, 2000). The name ‘Job’s Tears’
refers to the droplet or tear-shaped, pearly white ‘beads’ with reference to the biblical
man of the Old Testament although the names David’s tears, St Mary’s tears and
Christ’s tears are also to be found. The term lacryma is in reference to the lacrimal
glands located in the eyes. Job’s Tears and corn/maize are both species belonging to the
Grass Tribe Tripsaceae (the family is Poaceae). Its use as a bead in jewellery dates back
thousands of years as the ‘tear’ or beadlike structure has a naturally occurring hole
through its centre. While it appears to be a seed it is in fact a hard, hollow structure
(involucre) which contains a fertile female flower and two sterile flowers. Some
cultivars are used as a cereal crop (soups, bread, pastries, drinks, alcohols) and it
reportedly has a higher protein content (15.4g/100g) than most cereals [Duke J.A (1983)
in (Armstrong, 2000)]. The leaves are fodder for goats (personal observation). It is
annual in temperate regions and perennial, for example in Monteverde, in regions where
frost is absent or mild. It is also found in Australia. In monsoonal regions it is
propagated by seed sown at a rate of 6−10kg/ha and achieves a height of 1−2m
(Armstrong, 2000).
The root structure of the Coix lacryma-jobi specimens shows many individual long
roots up to 600mm in length and possibly longer. A juvenile specimen is shown in Plate
3.2. A deep penetrating root system allows for maximum contact with wastewater, a
trait considered favourable for emergent macrophytes (Brix, 1997). On this basis it was
decided to trial Coix lacryma-jobi and only reconsider other species if it was found
unsuitable. The performance of this species as a suitable macrophyte for reedbeds is
described in Chapters Five and Six.
Mature plants were sourced from two sites—a nearby farm and a public space along a
small creek immediately downstream of the Pig Farm. Collection was strenuous and
involved digging up as much of the plants’ rootball as possible. The plants were then
heavily pruned, as much mud and soil removed from the roots as possible as shown in
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Plate 3.3, and transported by vehicle to the site. In this manner some 40 to 50 plants
could be collected in half a day with three people. The plants were transplanted into the
reedbeds at a density of approximately 3−4 plants/m2.

Plate 3.2 Juvenile specimen of Coix lacryma-jobi showing root growth

Plate 3.3 Coix lacryma-jobi collected from Pig Farm creek site prior to pruning
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3.11 Structural features
The principal structural elements of SSF wetlands for wastewater treatment are
described in Section 2.11 of the literature review. Specific features that have been
developed as part of this research and which are either novel or key to the success of the
reedbed systems are described here. General design layouts are presented in the
following figures and other details are given by case study in Chapter Five. In general,
any modifications to conventional design were made in order to simplify the system,
reduce cost and the need for maintenance.
3.11.1 Liner
The very permeable soils typical of the Monteverde region, described in Appendix A,
require that reedbeds be lined. Efforts to locate suitable pond-style liners, generally
synthetic polyvinylchloride (PVC) or polyethylene type, within Costa Rica were
unsuccessful. Importation was prohibitively expensive and undesirable as a solution in
any event. As a result the locally available and conventional builder’s plastic (200µm)
was chosen for the liner material and applied in a double layer. This was readily
available for between US 25−35cents/m2 and was generally supplied in rolls of 4m
width. A double layer therefore resulted in a cost of US 50−70 cents/m2. Reedbeds were
designed in order to avoid seams or joints in the liner and as result were generally no
greater than 2.4m in width as this allowed for a minimum of 0.2m surplus liner either
side of a 0.6m deep reedbed. Failure was observed to occur where reedbeds
incorporated joined lengths of liner.
To avoid puncture of the liner, either during construction when the crushed rock is
placed, or later by root growth either from inside or outside the reedbed, protective
materials including disused carpets, tarpaulins, newspapers and soil were trialed.
Ultimately a manufacturer of geotextile fabric was located in the capital San José and a
‘sandwich’ configuration developed whereby the two layers of builder’s plastic were
sandwiched between layers of geotextile. The lightest grade of geotextile (T-19) could
be purchased for US$0.85/m2 excluding transport. A complete lining system of
relatively high integrity could therefore be achieved for US$2.30/m2. The use of
geotextile significantly adds to the cost of the liner system (an additional US$1.70/m2)
and while recommendable, may not be essential in all cases.
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3.11.2 Plumbing
The region’s topography meant that all the case studies systems were able to operate by
gravity. This is an important natural feature as the use of pumps would likely preclude
the viability of reedbed systems on the grounds of cost and complexity. However where
septic systems are installed, which is in the majority of rural households, some level of
natural drainage exists which suggests that reedbeds may also be suitable.
Piping was eliminated wherever possible due to cost and complexity. Connections
between reedbeds and ponds all utilised plastic-lined, gravel filled drains in lieu of
piped connections. This avoided the need for any pipes to pass through the liner which
was found to be a problematic detail and a frequent source of leakage, as noted by
others (Steiner and Combs, 1993).
3.11.3 Inlet and outlet devices
The early case study systems used the bottomless-drum inlet structure described by
Marshall (1999) where greywater is introduced below the reedbed surface. Later
systems generally used surface/sub-surface systems whereby greywater was spread
evenly across the width of the inlet region.
Reedbed outlets were simply low points at the end of the reedbed. The disadvantages of
this arrangement include limited water level control, water exits from the top rather than
the bottom of the reedbed and an inability to drain the system if required. This was seen
as a definite drawback, however the potential for leakage, and to a lesser extent the
increased cost of an outlet fixture were considered too great a risk to merit their use.
3.11.4 Bottom slope
The bottom slope should theoretically match the slope of the water level to maintain a
uniform water depth throughout the reedbed. However as the hydraulic conductivity
varies with time and location the US EPA (1999) recommend incorporating bottom
slope purely for draining purposes. As drainage is not possible with the outlet design
described here only minimal fall, if any, was used.
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3.11.5 Construction
All reedbeds were dug manually using unskilled labour. Machinery was only required
in the form of truck/vehicle for the delivery of crushed rock.
3.11.6 Costs
Costs have been provided for all case study reedbed systems based on materials and
labour only using US dollars at 2000 values. Allowances for ‘shadow pricing’ such as
land, water and opportunity costs of the capital for example which are used in decisionmaking at a national level have not been made. This is because the systems described
here are aimed at domestic consumers who it is hoped will embrace the technology
knowing that they do so without any municipal or governmental subsidies or support.

3.12 General design drawings
Figures 3.1 to 3.3 represent the general configurations and layouts for the case study
reedbeds. Variations according to each individual site are described with the relevant
case study in Chapter Five.
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10cm min. to allow for
tropical rainfall

Inlet bucket

Outlet drain
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greasetrap
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50cm
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Bottom slope 0-1%

Length of reedbed - variable

Figure 3.1 Typical reedbed longitudinal cross-section
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Inlet bucket

Reedbed
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Pond Outflow

Figure 3.2 Typical domestic reedbed schematic layout (plan)
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Ensure year round
solar access

Typical initial ground slope
(3-15%)

10cm min. to allow for
tropical rainfall

Coix lacryma-jobi

total

Compacted bund wall

60 cm depth

Media

Topsoil layer (approx. 10cm) to
be removed and replaced over
any disturbed soil

Plastic liner (two layers) sandwiched
between geotextile

Width generally 1.0 to 2.0m and max. 2.4m
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Chapter Four
Water, Sanitation and Health in Monteverde
4.1 Introduction
In this chapter an analysis of the current state of the potable water supply, wastewater
disposal and prevailing water-based sanitation technologies in Monteverde is presented.
This was the first aim of this research and was specified in Chapter 1. It includes an
examination of the available water resource and its management, wastewater and its
disposal, associated health risks and environmental impacts, water consumption
projections and an assessment of possible future scenarios. Analysis of the complete
water cycle from production to consumption and ultimately wastewater disposal was
undertaken with two main objectives in mind. Firstly, that in accordance with the
Ecosan principles described in Section 2.6, a more holistic approach to the water cycle
be undertaken in order to find ways to turn what is currently a strongly linear
relationship into one that more closely resembles a closed loop. This is the first time in
Monteverde that an attempt to consider water and sanitation as jointly related matters
has been undertaken. The strongly compartmentalised nature of current water and
wastewater management, not only in Monteverde but Costa Rica as a whole (water
supply only with limited, if any, wastewater collection or treatment) is described in
Appendix A. Secondly it was felt that an analysis of the broader water and sanitation
picture may provide insight into cultural practices, technologies and community values
which may aid in the long term sustainability of any alternative sanitation proposal
made as a result of this research.
The data presented here is a culmination of written and oral information provided by
local organisations and individuals; three and a half years researching water and
wastewater practices in Monteverde in conjunction with a water quality monitoring
program of local streams; and an extensive water, health and sanitation survey.
The purpose of this chapter is to demonstrate the impact that current sanitation is having
upon Monteverde in terms of water consumption, contamination of the environment and
public health risk. It is the premise of this thesis that a continuing reliance on this
paradigm in conjunction with further unchecked growth will ultimately be
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unsustainable, will exacerbate the already existing environmental impacts and will bring
increasing public health risks. While Monteverde has indeed suffered from accelerated
growth largely due to tourism, implicit in this argument is that this is a scenario
symptomatic of the prevailing sanitation paradigm in much of rural Latin America.
4.2 Water consumption in Monteverde
The results of the two surveys to verify domestic water consumption and hotel water
consumption are presented as follows.
Survey 1: Domestic water consumption
The results of the measured water consumption are presented in Table 4.1. The average
household consumption was found to be 805L/day with 4.9 people per household
consuming 178L/person/day. Water use outside the home for gardens etc. would have
been minimal during this wet season period.
Table 4.1 Results of domestic water consumption survey
House

Average household

Average number of

Average consumption

No.

consumption

people in household

(L/person/day)

(L/day)
1

733

5.8

126

2

688

6

115

3

1000

2.8

357

4

1233

5

247

5

1000

6

167

6

560

6

93

7

267

4.5

59

8

967

4

242

9

800

4

200

Average

805

4.9

178

Std dev.

286

1.2

93

These figures however include one student per household, and while international
student homestays are common in Monteverde, they are generally seasonal according to
the North American academic year. Deducting the student from the data indicates an
average household consumption of 627L/day with an average of 3.9 people per
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household. It is interesting to compare these figures to the design criteria used by both
Acueductos of 150L/person/day and 6 people per household (900L/household/day).
Anecdotal evidence suggests that fewer people per household is reasonable and an
increased standard of living would concur with the increased per head water
consumption as has been envisaged for the nation’s metropolitan area (AyA, 2001). It is
probably fair therefore to conclude that while the basis of the Acueductos’ criteria
appears to be out of date, their resulting figure of 900L/household/day, is satisfactory
for design purposes given that the frequency with which students are residing with local
families is great enough to result in an average daily household consumption in the
order of 800 L/day. Design based upon population growth projections only however
will underestimate the actual future demand in the order of 19%.
Survey 2: Hotel water consumption
The results are presented in Table 4.2. It became quickly apparent that there was
significantly greater water consumption in the higher-end hotels not only in total
volume but in consumption per guest. These hotels also have more expansive gardens
and irrigation during the dry (and high) season contributes to these consumption figures,
however Hotel A has a separate and private water supply for irrigation purposes. The
seasonal variation in the high-end hotels is also marked with high season consumption
of the order of 3 to 5 times greater than low season consumption.
Table 4.2 Results of hotel water consumption survey
Hotel A

Hotel B

Hotel C

(27 rooms)

(40 rooms)

(9 rooms)

(m3/day)

(L/guest/day)

(m3/day)

(L/guest/day)

(m3/day)

(L/guest/day)

Jan/Feb

70.1

2156

199.6

605

-

-

Feb/March

49.6

1018

31.2

672

3

205

April/May

87.4

5321

14.6

786

3.9

214

July/August

-

-

22.1

648

-

-

August/Sept

16.0

1252

14.7

659

3.4

347

Average

2437 ± 1984

674 ± 67

255 ± 80

Perhaps of most concern is the consumption per guest per day (albeit including other
uses such as irrigation, kitchens, etc) in comparison to domestic per person consumption
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of 178L/person/day described previously. While the average daily consumption per
guest for the backpacker-style hotel was 255L, the higher-end hotels had averaging
consumptions ranging from 3.8 to 13 times greater than domestic figures. These figures
are in line with data on water consumption in other developing tourist areas, for
example Grenada, where tourists use seven times more water than local residents (UN,
2003).

4.3 Prevailing sanitation in Monteverde
As described in Appendix A, it is commonplace in Monteverde for household, and often
commercial and hotel, greywater to be disposed of directly into the environment
without treatment. Septic tanks are only installed for the blackwater. That this is indeed
the case was confirmed in the survey of 532 households described in the following
section. Research carried out as part of this thesis into the practice of greywater
discharge and its effects are presented here.
4.3.1 Greywater
The discharge of untreated greywater directly into the streets and steams of Monteverde
is not done in a covert manner. In many cases the discharge pipes may happen to be
hidden from view by grass and vegetation, however blatant examples are a common
sight as shown in Plates 4.1 and 4.2. All household greywater is disposed of directly
onto the ground surrounding the dwelling and directed to the nearest stream or street.
The only local publication, Agua Pura,

published by the Santa Elena Acueducto

describes the situation thus “precisely one of the problems, is the wastewater which we
have started to notice, running down our streets and roads, pouring directly into the
streams and rivers...” (Villalobos, 2000). While laws do exist regarding the disposal of
untreated greywater into the environment [Asamblea Legislativa (1995), Ministerio de
Salud (1995)], the fines are so small as to be insignificant, the likelihood of enforcement
remote and the practice so widespread that any change to this situation is unlikely in the
forseeable future (Villalobos, 2001). The Santa Elena Acueducto (Villalobos, 2002) has
expressed concern about this situation which has deteriorated with additional growth
and poses public health problems.
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Plate 4.1 Greywater discharge from rear of commercial premises in Santa Elena township

Plate 4.2 Typical domestic greywater discharge to roadside in Monteverde

4.3.2 Blackwater
From my observations, septic systems in Monteverde are poorly designed and
constructed, and follow no standards, building code or inspection process which is in
agreement with the findings of Rosales (2003). The septic tanks often only consist of
one unsealed concrete pipe (approx. 0.75m diameter and 1m deep giving a volume of
approximately 500 litres), with no ‘T’s, baffles or compartments, connected to a single
leach drain which is often up to 2-3m in depth and filled with large river rock (typically
200-400mm diameter). In Monteverde these septic systems are used only for the
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blackwater component and as a result septic tanks and leach fields are significantly
smaller than would be permitted, or needed, were greywater and blackwater to be
combined as is usually the case. As a result any attempt to legislate homeowners to
connect their greywater to their existing septic systems would be disastrous. Flush
volumes of cisterns are variable although six litre flush toilets are relatively common in
Monteverde. Toilet paper is generally not flushed but placed in a receptaclean
unsanitary practice which is commonplace throughout Costa Rica and much of Latin
America. The pumping out of septic tanks is an expensive exercise which is exacerbated
by the condition of the roads, and the fact that there is no local contractor. Rates for
pump out are in the order of US$100-200 per system and as a result many householders
simply install another septic tank themselves for a similar cost. In any event it is widely
recognised that septic sludge is rarely disposed of at a wastewater treatment facility and
is often illegally dumped into rivers, swamps and vacant land.
4.3.3 Relative contributions of greywater and blackwater
The results of the two surveys conducted in order to quantify the typical domestic
volumes of grey and blackwater and their relative contribution to the total wastewater
stream are tabulated below.
Table 4.3 Relative proportions of domestic greywater and blackwater in Monteverde
Site

House

No. of

Total ave.

Consumption

Vol.

Relative proportion

#

occupants

Consumption

(L/person/day)

blackwater

of metered water (%)

(L/house/day)

(L/day)
Other

Blackwater

Greywater

St Elena

1

2

414.3

207.1

96

7

23

70

St Elena

2

2

333.3

166.7

80

7

24

69

MV

1

4

339.0

84.8

54.5

7

16

77

7

21 ± 4

72 ± 4

Average

152.9

The relative proportions of domestic greywater and blackwater contrast markedly with
those given by Montiel (2001) in Table 2.10. While the cause of this difference is not
known, the proportion of 41% for blackwater cited by Montiel appears relatively high
and as a result the percentage as greywater (52%) relatively low. Unfortunately the
average daily consumption per person was not given for Montiel’s data as this may have
indicated whether typical per person water consumption in Monteverde (MV) is higher.
If this was the case the relative percentage of greywater would increase on the basis that
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the volume of blackwater generated per house remains constant but that consumption
for other uses (i.e greywater) increases. Note that the average water consumption per
person (152.9L/p/day) determined here is 25.1 litres less (but still within one standard
deviation) than that found in the survey described in Section 4.2. The household at the
MV site had significantly less consumption per person than the two Santa Elena
households which may be due to a reasonably strong water awareness ethic in that
household. Nevertheless the relative proportions of greywater and blackwater are well
maintained with a standard deviation of only 4% in both cases. If the MV house is
removed from the calculations an average per person figure of 184.3L/person/day
results {(179+207.1+166.7)/3} which also strongly agrees with the figure of
178L/person described in Section 4.2. Assuming the relative proportions of greywater
and blackwater as shown in Table 4.3 and excluding the MV site then the following
daily per person wastewater figures result:
Greywater

= 128.1 litres (184.3 x 69.5%)

Blackwater

= 43.0 litres

(184.3 x 23.5%)

Other

= 13.0 litres

(184.3 x 7.0%)

4.3.4 Current and projected total volumes of greywater entering the environment of
Monteverde
On the basis of the above relative proportions of grey and blackwater and the current
(2001/02) and projected growth rates cited in Sections A.12, the following current and
projected volumes of domestic greywater entering the environment are estimated in
Table 4.4. For clarity the average consumption and percentage as greywater figures
have been rounded.
On this basis there are presently (2001/02) some 133,000m3 per annum of untreated
domestic greywater being discharged into the streams and creeks of Monteverde. At a
continued growth rate of 7% per anum (refer Appendix A, Section A.12) this can be
expected to quadruple by 2022.
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Table 4.4 Projected daily volumes of domestic greywater entering the environment of Monteverde
Year

No of

Growth

No.

Consumption

Greywater as

Total

houses

rate

people/house

(L/person/day)

% of

greywater

consumption

(L/day)

%
2001/02

644

-

4.5

180

70

365,148

2011/12

1267

7.0

4.5

180

70

718,389

2021/12

2492

7.0

4.5

180

70

1,412,964

Note: These figures do not include any greywater contributed from hotel and other commercial premises
which may be significant.

4.4 Water, health and sanitation survey
The discussion presented below represents analysis of the 19 water, health and
sanitation questions asked as part of the wider survey. A complete analysis of the full
survey data has not as yet been undertaken. Of note was the finding that the average
household size was approximately 4.5 people/house which strongly agrees with the
finding of 3.9 people/house from Survey 1 (Section 4.2).
4.4.1 Potable water supply: Nine questions No. 37-44, 55
The majority of households (70.1%) are connected to one of the public water networks
(Acueductos) with nearly all water coming from local springs (91.4%). Nearly one third
of all homes (28.2%) however are part of private systems (either group or individual)
which historically are also generally unchlorinated, a statistic which is supported by the
finding that 30.1% of all supplies are not chlorinated. Responses to the perceived supply
and quality of water indicate a relatively high level of satisfaction (97.2% drink water
directly from the tap, 82.1% said they never received poor quality water, only 2.3% said
that their water supply was less than satisfactory). While responses to the question
regarding frequency of water outages was reasonably high (‘sometimes’ 38.9%,
‘frequently’ 1.3%), recent major roadworks in the area accounted for 10 of 39
explanations with pipe breakages cited eight times. Pipe breakages are relatively
common due to the topography and heavy seasonal rainfall, and particularly on private
systems. While eight of 39 explanations related to water shortages during the dry
season, it was not possible to ascertain what percentage of the total figure (38.9%) this
represented. Despite the relatively high level of satisfaction expressed with the water
supply (97.2%), but perhaps due to the frequency cited for water outages as
‘sometimes’ (38.9%), nearly one quarter of households (24.2%) store water in the
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home. Reasons for this were generally ‘for emergencies’, ‘precautionary’ and if/when
the water goes out. Most households (42.3%) feel the monthly charge for water supply
is reasonable while 26.1% feel it is a lot and a further 21.2% pay no regular fee
whatsoever (these are private systems, however contributions are generally sought for
upgrades when required).

4.4.2 Wastewater and sanitation: Seven questions No. 45-51
The majority of households (99.0%) have at least one flushing toilet (96.8%) which is
connected to a septic system (96.1%). There were 11 households in total (2.1%) with
latrines, or dry toilets, while one had both a latrine and a flushing toilet. Household
greywater is disposed of either to a ‘drain’ (25.8%) or directly to either the street
(11.5%), stream (7.7%) or on to the ground (49.2%). Only 1.1% said that their
greywater went to the septic tank. If the term ‘drain’ is taken to mean simply a ‘drain
pipe’ away from the dwelling, rather than a ‘drainfield’ (see note below), then
approximately 94.2% of all domestic greywater can be considered to be discharged
directly into the environment without treatment.
Note: unfortunately translation of the term drain, intended to be ‘drainfield’, was
rendered as the spanish ‘desague’ (drain) when in fact the term ‘drenaje’ (drainfield)
was intended. From observation, it is unlikely that a quarter (25.8%) of households in
the Zone have drainfields for greywater disposal. Allowing for a generous 5-10% of
households that may have drainfields, then at least 85% of all greywater is still
discharged without treatment.
These findings are in line with the expectation that typically, most households in
Monteverde have flush toilets connected to a septic tank whilst greywater is discharged
without treatment into the environment.
In terms of the management of these sanitation systems (septic tank systems and
greywater disposal), householders did not report having many problems with them
(85.0% ‘never’ and only 10.0% ‘sometimes’). When septic tanks were full 44.2% of
households had them emptied by pump (presumably septage hauler), 5.1% emptied
them themselves, 15.4% installed another tank (rather than de-sludge the full tanka
situation which is relatively common as described earlier) while the remainder either
didn’t know (16.0%) or did not respond (13.9%). An attempt to determine whether the
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practice of installing another tank rather than pay to have the full tank de-sludged was
unsuccessful, as this practice was in fact less widespread (15.4%) than originally
thought.
In terms of householders’ attitudes towards the practice of greywater discharge, over
90% (90.8%) said they would like to see this situation improved and also that they
would be willing (83.8%) to pay for improvements. Of special note were the 57
individual comments received in regard to this question decrying the situation in terms
of public health and its impact upon the environment.

4.4.3 Health related to water and wastewater: Three questions No. 52-54
In question 52 only 18.2% of householders responded that they had health concerns
regarding their water and wastewater services. While the question was designed to elicit
any concerns householders held in regard to these services, unfortunately the responses
were not clearly ascribed to either ‘water service’ or ‘wastewater service’. The majority
of responses were in regard to the quality of the water supply, including comments that
the water is not treated, or contains too much chlorine and that it may contain parasites.
Comments specific to wastewater included contamination of the streams, that greywater
runs in the streets, its potential to harm children as well as the potential for diseases
such as dengue.
In regard to any changes in the state of health of family members in the last five years
65% responded that it was the same and 21.4% indicated that it had in fact improved.
This suggests that the general quality of life has improved for many residents with the
development of Monteverde and that poor environmental sanitation has not, as yet,
impacted public health.

4.4.4 Summary
Residents in general expressed satisfaction with the potable water supply system and the
cost charged to provide this service. This would concur with the performance of the
local Acueductos and the recognition that they have provided a high standard of service.
Water quality is the primary factor in diarrhoeal disease and the relatively high quality
of Monteverde’s water has ensured that any public health risk from this source is not
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currently an issue. This is confirmed by the health clinic statistics presented in
Appendix A, Section A.6. Perhaps the greatest threat to this status lies in the years
ahead with the dual pressures of increasing demand on a limited resource, particularly
during peak times, in conjunction with increased volumes of unregulated wastewater
discharge. The citizens of Monteverde are fortunate that their freshwater is drawn from
sources situated higher in the landscape than their wastewater disposal sites.
Communities immediately downstream are the most at risk from both contamination of
their groundwater supplies and direct contact with Monteverde’s wastewater in any of
the local streams and rivers. The results of this survey and the Monteverde Institute
health survey conducted in 2003 on three downstream communities in conjunction with
the statistics from the local health clinic (Appendix A.6), indicate that there do not
currently appear to be any adverse health impacts beyond the statistical norm directly
associated with the discharge of untreated greywater in Monteverde.
In summary the survey confirmed quantitatively many of the anecdotal understandings
in terms of domestic water, wastewater and sanitation practices. For example nearly all
homes have a flush toilet and associated septic tank system but only for blackwater,
while in at least three quarters of all cases untreated greywater is disposed of directly
into the environment. Over 85% of households reported that their wastewater systems
operated without problems however over 90% indicated that they would like to improve
their greywater systems and, significantly, over 83% indicated they would be prepared
to pay an additional tariff to achieve this improvement. There were over 450 comments
in reply to question 53b which asked the householder to explain whether they would
like to improve their greywater system. The vast majority of these responses expressed
concern and displeasure at the sight and smell of greywater running in the town streets
and the associated potential health risk and environmental contamination. Such a high
level of community preparedness to commit to improving the current greywater
situation would indicate that any effort to remedy the situation would be strongly
supported. Unfortunately no such initiative is being shown by any of the local
organisations such as the Acueductos, Progress Associations and the like.
The information gathered during this extensive survey can form the basis of a risk
assessment programme and will provide valuable baseline data for monitoring and
comparing Monteverde’s state of health in the years ahead.
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4.5 Water quality in the Guacimal River catchment
4.5.1 Sampling sites
A joint research initiative between Smith College and the Monteverde Institute to
conduct a long term water quality monitoring program of streams in the upper Guacimal
River catchment was established in March 2000. The ten stream sites are indicated in
Figure 4.1 and water quality data for four sites is presented in Table 4.5. The sites were
chosen on their suitability as being representative of sub-catchment land use and
therefore include reference sites ranging from headwater streams in pristine forests
(Cuecha and Maquina streams, QC300 and QM300), to sites known to be polluted with
greywater (Sucia, QS100 and QS200; Maquina, QM200; Guacimal, RG200 and
HB100) and lower sites such as the Socorro (QSO100) and Guacimal (RG100) rivers as
they pass through the main communities. An additional site was later established on the
San Luis River (RSL100) to compare with the significantly more developed Guacimal
River catchment. It is not shown on Figure 4.1 but is located on the San Luis River
immediately before its juncture with the Guacimal River near RG-100. A site (QCA200) on the Cambronero River is shown in Figure 4.1 but was not used. All these rivers
are tributaries of the larger Guacimal River which discharges ultimately into the Pacific
Ocean.
4.5.2 Estimated flow rates
Hydrologic data (Kim E et al., 2002) for site RG-200 (Community Arts Centre) on the
Guacimal River some 700 metres downstream of QC300 show “a strong hydrologic
response consistent with the watershed’s small size (2.12km2), steep topography and
strong seasonal changes in precipitation patterns”. This sub-catchment of the Guacimal
River is shown in dark outline in Figure 4.1. Estimates of the dry season flow at this
lower site indicate an average flow in the order of approximately 25L/sec or 90m3/hour
(Rhodes, 2003). It was determined from the data gathered at this site that the proposed
irrigation scheme described in Appendix A.8 would draw nearly all, if not exceed, this
dry season flow. Peak flood flows at this site in excess of 1,000L/sec during the wet
season are not uncommon (Rhodes and Guswa, 2003). From observation the remaining
three streams described here can be expected to exhibit relatively similar hydrologic
characteristics but with lower flow rates. Estimates of typical dry season flow rates
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made at the Sucia River site (QS100) using cross section averages and average
velocities of a floating object gave a flow rate of approximately 7.9 ± 1.0L/sec. These
data indicate average dry season flow rates at the QS100 site to be approximately one
third of those at the lower Guacimal River (RG-200) site. From observation little
additional flow enters the Guacimal River, during the dry season, between the RG-200
site and the upstream QC300 site. It is thus assumed that the average dry season flow at
QS100 is approximately one third of that at the QC300 site. The extreme variability in
flow rates during the wet season makes any generalisation during this period extremely
difficult.

Figure 4.1 Sampling sites within the Guacimal River catchment
(note gridlines at 1km spacings)
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Table 4.5 Average water quality by season of four streams in the Monteverde Zone (January 2001 –
August 2003).
Parameter

Dissolved Oxygen (mg/L)
Wet Season (May-Nov) (n=17)
Dry Season (Dec-April) (n=17)
Biological Oxygen Demand (mg/L)
Wet Season (n=12)
Dry Season (n=16)
pH
Wet Season (n=17)
Dry Season (n=17)
Temperature (° C)
Wet Season (n=17)
Dry Season (n=17)
Fecal Coliform (cfu/100mL)
Wet Season (n=6)
Dry Season (n=8)
Nitrate-N (mg/L)
Wet Season (n=4)
Dry Season (n=3)
Orthophosphate-P (mg/L)
Wet Season (n=4)
Dry Season (n=3)
Total Dissolved Solids (mg/L)
Wet Season (n=17)
Dry Season (n=17)
Turbidity NTU
Wet Season (n=17)
Dry Season (n=17)
Notes:

QM300

QC300

QS100

QS200

Pristine

Pristine

Contaminated

Contaminated

7.4 ± 0.6
7.5 ± 0.4

7.3 ± 0.6
7.3 ± 0.4

6.9 ± 0.6
7.2 ± 0.6

6.9 ± 0.7
6.6 ± 0.8

0.7 ± 0.5
0.7 ± 0.5

0.9 ± 0.6
0.3 ± 0.3

2.4 ± 1.0
2.9 ± 1.0

2.5 ± 1.5
1.6 ± 1.2

6.3 ± 0.3
6.5 ± 0.4

6.1 ± 0.5
6.3 ± 0.4

6.6 ± 0.2
6.8 ± 0.2

6.5 ± 0.4
6.6 ± 0.2

16.7 ± 0.6
15.6 ± 0.9

16.5 ± 0.8
15.6 ± 0.7

19.3 ± 0.9
18.3 ± 1.3

18.6 ± 0.6
17.6 ± 1.0

74 ± 67
282 ± 192

117 ± 127
281 ± 384

5474 ± 5740
451 ± 252

6918 ± 8078
534 ± 428

Nil#
Nil#

Nil#
Nil#

1.4 ± 1.1
NA

0.85 ± 0.46
NA

0
0

0
0

1.1 ± 0.8
0.9 ± 0.2

0.5 ± 0.1
0.7 ± 0.1

22.5 ± 7.1
27.5 ± 4.2

12.0 ± 4.2
16.7 ± 5.8

74.4 ± 14.3
80.0 ± 20.0

57.5 ± 18.4
60.0 ± 8.9

2.7 ± 1.4
*

5.1 ± 7.1
*

29.9 ± 61.6
21.1 ± 54.6

75.6 ± 241.7
6.2 ± 2.6

1. For simplicity the transition season (Nov-Dec) has been ‘distributed’ between wet season
(May-Nov) and dry season (Dec-April) with the following respective percentages of total annual
rainfall 86.4% and 13.6% using records of Campbell and Pounds (1998)
2. “Nil#” indicate below level of detection
3. “*” indicate readings >60cm as measured by turbidity tube

4.5.3 Discussion
River pollution can be classified according to the four class system developed in the UK
(IETC, 2002). Under this system the rivers of Monteverde with an average BOD
<3mg/L would be Class I (“unpolluted”). However it is likely that water quality at
QS100 in particular, with a dry season average of 2.9mg/L, would frequently reach
Class II (“doubtful”) quality. Class IV where BOD >12mg/L is considered grossly
polluted. While there is some seasonal variation in BOD between streams there does not
appear to be any consistency. Of note however is the approximate threefold increase in
84

BOD of the contaminated steams in comparison to the pristine streams. The fate of
contaminants released to the environment is governed by transport and transformation
processes (Crites and Tchobanoglous, 1998). The rivers of the Monteverde region are
fortunate insofar as the terrain through which they flow maintains a high level of
dissolved oxygen. The rocky streambeds and relatively steep topography of a
mountainous location ensure that this is the case and, despite the high levels of
contamination in the Sucia River for example, the levels of dissolved oxygen remain
‘reasonably’ high (6.6–7.2mg/l year round). Further, the series of waterfalls
immediately downstream of the main population centres means that significant reoxygenation takes place shortly after wastewater enters the streams ameliorating any
oxygen sag. In addition the flushing effect of the wet season’s daily rainfall means that
wastewater is rapidly diluted and transported downstream. It is the dry season when the
situation is most deleterious to water quality as a result of BOD, low streamflow and
simultaneous increased wastewater volumes due to tourism. The Sucia River has been
observed during the dry season to reach the point of putrefaction as a result of oxygen
depletion expressed as turbid, dark water with the emission of the anaerobic byproducts, hydrogen sulfide and ammonia. This is set to be exacerbated in the years
ahead and is a likely scenario for many of the other local streams.
While the microbiological levels of contamination are not in themselves unduly high,
the microbiological criteria as measured by fecal coliform exceed the U.S.
Environmental Protection Agency (EPA) guidelines of 200 cfu /100ml for recreational
(bathing) water bodies (USEPA, 1992). The significant difference that exists here and
between other studies on water quality is that in general other studies are concerned
with sewage contamination (WHO, 2003) whereas the contamination in Monteverde is
largely greywater only as confirmed visually and via the survey (4.4.2). That is, there is
no substantiated direct blackwater input although seepage from faulty or overloaded
septic systems is quite likely. Elevated levels of nitrates are an indicator of blackwater
contamination and the average wet season levels of 1.4 and 0.85mg/L at the two Sucia
river sites suggest this may in fact be the case. More recent guidelines such as those
prepared by WHO (2003) use mean pathogen densities (where intestinal enterococci are
the index organisms) in sewage, and the subsequent dilution in recreational waters, to
estimate health risk. These guidelines (WHO, 2003) for recreational water bodies are
also only applicable where “recreational water is used for whole-body contact recreation
(i.e., where there is a meaningful risk of swallowing water)”. This does not generally
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apply in the Monteverde area where little to no swimming takes place in the local
streams and the shallowness of the streams themselves largely precludes full-body
immersion. Some level of risk however would still remainsmall children playing in
streams, inadvertent contact, animals, etc. There is some reported anecdotal evidence
that downstream rivers are used for swimming (MVI, 2003). However fecal coliform
levels at the lower Guacimal site (RG100) for example, determined as part of this
research, indicate that while contaminated upstream tributaries such as the Sucia drain
into the Guacimal River, die-off and dilution at present appear to have reduced bacteria
levels by that stage.
Of interest are the background levels of fecal coliform in the pristine streams,
approximately 100cfu/100ml in the wet season and 280cfu/100ml in the dry season. The
elevated dry season levels are presumably due to animals coming to drink, and defecate,
at fewer water sources through these months. Conversely, the contaminated streams
exhibit approximately 1/12th the level of fecal coliform contamination in the dry season
(approx. 500cfu/100ml) as compared to the wet season (approx. 6,200cfu/100ml). This
is presumably due to less overland flow of greywater, and possibly septic overflow,
arriving at the streams in the dry season due to evaporation and infiltration. In addition,
elevated levels of bacteria during rainfall and thus the wet season are expected as
pathogen accumulation and remobilisation from stream sediments have been cited as
potential significant pollution sources (WHO, 2003). This effect does not appear to
apply to pristine streams in the wet season as fecal levels are then diminished.
Orthophosphate-P is below the level of detection in the pristine streams but downstream
rises quickly to levels consistently between 0.5 to 1.0mg/L year round due to the
substantial greywater input. To avoid downstream eutrophication of water bodies total
phosphorus levels of less than 0.05mg/L are recommended (DLWC, 1998).
4.6 Summary
The principal findings of this chapter are:

•

Daily water consumption is typically greater per person (178 ± 93L/person/day),
and average number of occupants per house less (3.9-4.5 people/house), than the
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equivalent figures used by the local Acueductos for water system design
(150L/person/day, 6.0 people/house);
•

Daily water consumption per guest for high-end hotels was between 3 and 13
times greater than typical domestic per person consumption;

•

Approximately 70% of domestic water is discharged as greywater. The
remaining components consist of blackwater 20% and ‘other’ 10%;

•

At least 85% of all domestic greywater is discharged untreated directly into the
environment;

•

The vast majority of residents are concerned about the greywater situation and
over 80% of those surveyed indicated they would be willing to pay to remedy
this situation;

•

Presently there are no detectable signs of any significant negative health impacts
due to the current sanitation paradigm in Monteverde;

•

The greatest health risk occurs during the wet season when the contaminated
streams have at least 60 times the fecal coliform level of the uncontaminated
streams (approx. 6,000 versus 100cfu/100mL);

•

Stream water quality is poorest during the dry season when dilution is least and
greywater volumes are greatest.

The residents and visitors of Monteverde currently enjoy abundant, high quality water
at low cost. This is largely due to the competent management of the natural water
resource by the two local Acueductos. These represent successful examples of the type
of community-managed water systems (ASADAs) which are supported by the national
water authority (AyA). The local Acueductos and the role they play in managing the
local water resources of Monteverde is described in Section A.8. The development of
Monteverde as a world-class tourism destination has been underlaid by its well
managed water supply system which in turn has brought a level of economic prosperity
to the majority of its residents. Access to an adequate and safe water supply in
conjunction with an increased standard of living has brought about health gains and
increased per capita water consumption. The downside however has not been
insignificant. The local Acueductos face an uncertain future of ever-increasing demand
with both limited natural freshwater resources and limited finances.
Water consumption in Monteverde is set to increase for the foreseeable future. This will
not only be in terms of litres per person (due to increased standards of living) but also in
87

absolute terms (more hotels, increasing population, etc) as the system is still currently
able to meet demand. Problems of supply however will firstly become noticeable during
the latter half of the dry season when demand is still high but the spring supplies are
tending towards their annual lowest output. Such instances are already occurring in the
Cañitas neighbourhood but are likely to become much more severe with greater public
outcry when large hotels are faced with restrictions and water shortages. Water quantity
shortages can also increase the likelihood of water quality issues as reduced water
pressure allows contamination via contaminated groundwater ingress into pipelines. The
incidence of households storing water to protect against this eventuality is likely to
increase along with the incumbent health risk associated with this practice.
There are currently no on-going water conservation education or awareness programs in
Monteverde. Nor is there any promotion, let alone awareness, of water efficient
appliances and fixtures. Such initiatives would have the dual benefits of reducing both
freshwater demand as well as wastewater generation during the critical dry and peak
tourist season. The peaks in high season hotel water consumption were described in
Section 4.2 and illustrate the large draw that is placed upon the water network at a time
when the springs are least able to provide for it. It is the combined effect of the tourist
high season and climatic dry season described in Section A.10 that define the critical
period for Monteverde’s water supply. The current situation is exacerbated by the
prevailing water tariff structure (described in Section A.11) which positively reduces
the incentive for hotels to reduce their water consumption. Without significantly
increased support, financially, politically and from their customers, the local
Acueductos face an extremely difficult task in meeting future demand.
The condition of Monteverde’s local streams described in Section 4.5 indicate the rapid
deterioration in stream water quality as a direct result of greywater discharge. This
longterm water quality monitoring program is endeavouring to establish baseline data
which can serve as a reliable indicator for any future water quality changes. For the
foreseeable future these streams will continue to deteriorate, particularly as the volume
of greywater entering them is set to quadruple by 2022, increasing the public health risk
and damage to the river ecosystems. The condition of these streams also contradict the
values of a community that prides itself on, and is world-renowned for, its pristine
environment.
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From a sanitation perspective it is likely that the typical solution of collecting and
piping Monteverde’s greywater further downstream, without treatment, will ultimately
prevail. Wastewater collection and discharge downstream may clear Monteverde’s
streets and local streams of raw greywater which in turn may have some beneficial
health outcomes, by reducing incidental contact, but as a result it is the communities
downstream of Monteverde who will face a future of increasingly contaminated water
quality and subsequent increased health risk.
While Costa Rica has been quick to embrace water-based sanitation, with less than 4%
of its municipal sewage nationally receiving any treatment it has continued to ignore its
responsibility for wastewater treatment. Indeed domestic wastewater treatment in
Monteverde has been left to the individual with blackwater treatment questionable and
greywater disposal totally unregulated as a result. The Acueductos are seemingly unable
to address this issue, as is their parent institution nationally, which in hand with the lack
of any municipal enforcement has allowed the situation to run unchecked. A majority of
local residents are concerned by this state of affairs and have indicated their
preparedness to pay extra to remedy the situation as revealed in the household survey.
It is in light of the above findings that research into low-cost greywater treatment
systems suitable for domestic installation was initiated. It is the premise of this thesis
that ecological sanitation (Ecosan) technologies are viable alternatives to the
unsustainable water-based sanitation paradigm that currently exists in Monteverde.
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Chapter Five
Case Studies: Reedbeds for Greywater Treatment
The second aim of this research was to determine if reedbeds, designed according to the
principles of Ecosan, could provide a healthier, affordable and more sustainable
sanitation alternative for rural areas of Latin America. Five reedbed systems used as
full-scale case studies are described in this chapter with additional detail given in the
appendices. The main objectives were firstly to design and implement full-scale reedbed
systems that would operate under actual field conditions, and secondly to monitor and
evaluate them from a practical standpoint. They therefore represent more than what
would be considered a typical case study in the usual sense (Yin, 1984) in that they are
not simply the study of existing systemsthey are full-scale systems which have been
designed, built and monitored as part of experiments within this research work. As fullscale operating systems there were limitations on the time and resources available,
which in turn impacted the amount of data which could be feasibly obtained. The
implications of this are described on a case-by-case basis. The reedbed systems are
presented chronologically according to their construction date as this best illustrates the
technology development process and they are structured according to the following
format:
1

Objective of experiment

2

Planning of experiment

3

Implementation of experiment

4

Results of experiment

5

Discussion of results

6

Conclusions

In order to facilitate meaningful analysis and evaluation of each system, emphasis has
been placed upon the following aspects: design, construction details, cost, operation and
maintenance, and technology transfer. These are features of appropriate technology and
ecological sanitation that informed the design criteria described in Chapter Two.
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In summary, through the study of these five full-scale reedbed systems this chapter is
attempting to answer the following two principal questions:
1

What is a viable and cost-effective design for reedbeds for the treatment of
greywater in Costa Rica?

2

What are the lessons learnt which would enable the wider implementation of
reedbeds in Costa Rica?

Note: A total of ten reedbeds were constructed in Monteverde during the period of this
research, seven reedbeds (which includes one outside of Monteverde) were as a result of
my direct involvement, while a further four were installed by other parties who had
witnessed the systems I had installed at some of the other sites. I was able to assist in
the diffusion of reedbed technology to these interested parties by sharing my experience
gained in their design, installation and operation. A brief summary of these other
reedbed systems is given in Section 5.6.
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5.1

Case Study 1

Site:

Community Art Centre, Monteverde

Type:

Day use, commercial

Owner:

Monteverde Institute (the “Institute”)

Construction: March 2000
5.1.1 Objective
The objectives of this experiment were:
i)

To determine the viability of reedbeds for the treatment of greywater in
Monteverde;

ii)

To assess the feasibility of PET bottle sections as an alternative, low-cost
substrate;

iii)

To demonstrate at a public venue an environmentally-friendly alternative
technology for wastewater treatment and reuse;

iv)

To address the development and uptake of appropriate technologies.

5.1.2 Planning
The impetus for this project stemmed from the Institute’s desire to include
environmental technologies at the Institute’s Community Art Centre (the “Centre”)in
particular those with an emphasis on water conservation. The reedbed was to operate in
conjunction with a dry vermi-compost toilet that was also installed at the same time, in
order to provide an holistic low-cost and environmentally-friendly sanitation alternative
at the site. Funds were severely limited for this project, which nevertheless was to
provide a realistic scenario if these technologies were to have any chance of being more
widely adopted. The philosophies of Ecosan and permaculture were integral to the
project and these concepts were promoted to students, visitors and Institute staff.
Reused and recycled materials were used wherever possible not only to reduce costs,
but also to demonstrate the use of what would otherwise be waste material.
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This was the first reedbed to be installed in Monteverde and was therefore an
experimental system. However as a demonstration project in a public space there was a
certain gravitas beyond its experimental nature, as a poorly functioning system would
be detrimental to any chance of community uptake of this technology.
The site chosen for the reedbed is shown in Plate 5.1 and was an unused grassy sloping
area of approximately 10m x 5m immediately adjacent to the existing ceramics studio
and where the greywater was currently being discharged. The site received good solar
access for most of the day year round. It was also adjacent to an existing public path
entry from the river side.

Plate 5.1 Site of Case Study 1 reedbed system

The Centre has three main sources of greywater and two piped outlets: the first pipe
including the kitchen sink and handbasin in the toilet and the second pipe being the
wash-up water from the ceramics studio. It was also proposed initially to connect a
urinal directly to the reedbed in addition to the leachate from the toilet tank. The
original flush toilet (with septic tank and leachfield) was disconnected and removed
from the building and a separate free-standing vermi-compost toilet built. The wash-up
water from the ceramics studio was, according to the Centre’s managers, most likely to
contain clay dust and particles, and other liquids such as paint, solvents, dyes and
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detergents. Its volume was highly variable and could be expected to range from nil to
several hundreds of litres/dayduring a workshop for example. From this information
as well as the location of the two pipe outlets it was decided to introduce the Ceramic
studio greywater into the reedbed at the halfway point. Bilingual notices above all sinks
were posted explaining that as the new greywater treatment system was a biological
process, non-biodegradable substances should be disposed of appropriately.
Arrangements with the managers were put in place to handle this as best as possible.
The volumes of greywater from the kitchen and toilet handbasin were likely to be
reasonably small, much more consistent and only during working hours. There was
some discussion of the potential for a small, daytime-only café in the future which was
borne in mind. The Centre receives potable water from one of the original spring-fed
water supplies in Monteverde and is not metered.
In addition to these design questions ([users present and future], estimated volumes, and
possible toxic/non-biodegradable chemicals), were the issues of the cost of materials,
the effect of climate and rainfall, suitable plants, and maintenance once operational.
The main concerns at the planning stage were:
i)

As the greywater would be high in carbon with a high pH would there be a
need for nitrogen addition? Direct connection of the urinal and the
possibility of installing a urine-diverting toilet were being anticipated in this
event.

ii)

Would the volumes of water from the studio cause problems such as
clogging from the fine clay particles?

iii)

What plants would be suitable emergent macrophytes?

iv)

Would the plants tolerate high alkalinity? Would they survive in the longer
term with minimal attention and maintenance?

v)

Would the commonly used soaps (generally hard or powder as compared to
liquid types), detergents and cleaning products cause plant stress? Would a
sodium filter be required?

vi)

How long would the system take to establish before greywater could be
introduced? Would the reedbed need to be inoculated for example with
aerobic nitrobacter ?

vii)

Would the required amount of crushed rock at US$20/m3 prove prohibitively
expensive?
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viii)

Would the system be able to cope with heavy tropical rain?

ix)

What liners, if any, were available, at what cost and what were possible
alternatives?

x)

What geotextiles, if any, were available and at what cost and with what
possible alternatives?

xi)

Would the reedbed support mosquito habitat?

xii)

Would odour be an issue?

xiii)

Could the treated water be reused?

xiv)

Would the reedbed perform satisfactorily with minimal maintenance and be
affordable for Costa Rican families?

The twin items of potential mosquito breeding sites and odour (xi and xii) have been
important public nuisance issues in Monteverde’s history. The facultative lagoon
system constructed in the early 90s to treat greywater from the nearby Pig Farm (run by
the local cheese factory) has been blamed by local residents for introducing mosquitoes
to Monteverde and it continues to receive many complaints regarding odour. Any
attempt to install further free water surface wastewater treatment systems was likely to
be subject to strong public opposition.
Reedbed design
As the greywater volumes were likely to be highly variable the design was essentially
driven ‘backwards’that is the available space and total cost would dictate the reedbed
dimensions. While the site allowed approximately 50m2 of useable space it was also
considered essential to include the following features: a small pond after the reedbed in
order that the quality of the treated greywater could be easily observed for
demonstration purposes; and a soakage basin where useful plants could be grown so as
to demonstrate the potential for greywater reuse as part of the philosophy of Ecosan and
where excess water could infiltrate the soil. A reedbed with dimensions as shown in
Table 5.1 was finally determined. The effect on retention time with a range of typical
daily greywater volumes and an assumed porosity of 0.5 for the crushed rock is also
shown. These were considered maximum retention times as the impact of the studio
wash-up water entering the reedbed at the halfway point, rainfall and long-term
reduction in pore space were likely to reduce the reedbed’s available volume. Design
drawings followed those given in Section 3.12 and a schematic of the system is shown
in Figure 5.2.
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Table 5.1 Design parameters and reedbed dimensions
Estimated greywater

Dimensions

Total

volume (L/day)

L x W x D (m)

volume

Porosity

3

Available

Maximum

volume

Retention

3

(m )

(m )

(days)

2.75

27.5

250

2.75

11

500

2.75

5.5

100

7.7 x 1.3 x 0.5 +

5.5

0.5

2 x 0.5 x 0.5

Note: Studio wash-up water not included

1.
2.
3.
4.
5.
6.
7.
8.
9.

1

1
3

Art Centre buildings
Existing plumbing
New plumbing
Inlet bucket
Reedbed (and internal
baffle wall shown dotted)
Outflow drain
Pond
Soakage basin
Settling tub

1
2

4

9

5
6
7

8

Figure 5.2 Schematic of Case Study 1

The cost of the volume of crushed rock (approx. US$100 in total for 5m3) was
considered beyond the available budget and also likely to be beyond the average
househoulder’s budget. This imperative drove the investigation of possible alternative
low-cost media material as decreasing the size of the reedbed was not considered
prudent. The Monteverde recycling centre had several thousand plastic drinking water
bottles which at that stage were not being recycled due to the freight cost. The issue of
solid waste management is particularly critical in Monteverde due to the expense
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associated with transport to the nearest landfill some two hours’ drive and with no other
more local alternatives. Subsequent experimentation with PET plastic bottle segments
resulted and is described in Section 3.9.
Pretreatment
No specific pretreatment was used in this system as the amount of solids and greases
was expected to be minimal, however for the studio component a large cast-iron bath
tub was used as a sediment trap.
Macrophytes
Investigations to locate a potential emergent macrophyte for this reedbed are described
in Chapter Three, Section 3.10.
5.1.3 Implementation
Construction commenced in late March 2000 with significant volunteer input at all
stages. The site was firstly cleared of weeds and an existing disused ceramics kiln
structure. A concrete slab believed to be the kiln’s foundation was found beneath 30cm
of soil in the location where the pond was planned. With some of the soil removed from
the reedbed it was possible to build up enough depth for a shallow pond to be laid
directly on top of the slab.
The reedbed was excavated by hand to approximately 7.7m long, 1.3m wide and 0.6m
deep although the shape was not completely rectangular. A massive boulder which
intruded some 500mm into the reedbed was left in place due to its size. An existing rock
retaining wall was extended and used as one side (on the downslope) of the
reedbedthis was the most complicated of all the reedbeds as it was located partially
above ground whereas all the others were completely below groundlevel. A percolation
test carried out on the proposed soakage basin indicated very permeable soils.
The excavation of the reedbed, forming of the pond and shaping of the soakage basin
were completed by the end of March. One particularly heavy rainfall event in early
April (60mm in 12 hours with a total of 95mm in 24 hours) was a salutory reminder of
the potential of the humid tropics. A gutter was installed along one side of the ceramic
studio roof to divert this runoff from entering the reedbed. Further periods of heavy rain
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during construction caused problems such as flooding of the reedbed trench, erosion
and ponded water in the lined reedbed (prior to its completion) which allowed
mosquitoes to breed. As there was no drain in the reedbed and attempts to kill the larvae
with disinfectant were unsuccessful it was emptied by bucketing out the rainwater.
The reedbed lining system consisted of the following in order of installation: old
blankets to line the trench, first layer of plastic liner, a disused carpet, second layer of
plastic liner, final layer of second-hand tarpaulin material. The plastic liner consisted of
whole (no joints) sheets 9m x 4m in dimensions. The large amount of rock and buried
rubbish at this site was a significant cause for concern due to the potential for liner
puncture. A central baffle wall was installed as shown (dotted line) in Figure 5.2 to
increase the flow path, and as the outlet was at the midpoint of the downslope wall. This
was a length of plastic attached with adhesive tape to the floor of the reedbed.
Completion of the reedbed was delayed until mid-May due to the labour-intensive
process (approximately 100 manhours) of cutting the plastic bottles into appropriately
sized segments (see Plate 5.2). Approximately 4m3 of PET segments were required for
the bulk of the reedbed and 2m3 of crushed rock were required to complete the reedbed
surface. It is worth noting that this material can often contain a large percentage of sand
and rock dust as it is often sold under the same name for complete cement mix. This is
only a concern where the entire reedbed is to be filled with crushed rock.
Approximately 30-40 plants (Coix lacryma-jobi) were collected from the Pigfarm creek
site requiring a vehicle and half a day’s work for three people. These were planted out
in the reedbed during the last week of May. This was achieved by manually pushing
back the crushed rock, making a hole through the newspaper and depending upon the
size of the root bundle removing some of the PET bottle sections. The plant’s root
bundle was then inserted into the hole, ensuring that all the roots would be below the
final crushed rock surface and replacing the newspaper and rock. Some rock is
necessarily lost during this process as it falls through any gaps in the newspaper layer.
The pond’s final dimensions were 2m in diameter and 0.15m deep with a central island
created with a disused truck tyre and planted with a member of the ginger family
(Zingiberaceae). It was lined with two layers of plastic and a thin layer (25-50mm) of
soil. Several floating aquatic plant species, namely local specimens of water lettuce
(Pistia stratiotis) and ‘patita’ (Heteranthera reniformis), were introduced to assess their
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performance in addition to three goldfish for mosquito larvae control. The soakage
basin was also planted with cuttings of sugarcane, two types of bamboo, lemongrass
and banana seedlings.
A 12mm diameter polyethylene pipe was installed to connect the compost toilet
leachate to the reedbed inlet. This was subsequently removed when fecal coliform was
detected in the pond water.

Plate 5.2 Reedbed showing PET bottle sections

5.1.4 Results
5.1.4.1 Costs
The total direct costs for this Case Study are given in Table 5.2. The volume of crushed
rock used at this site was in fact greater than that required to simply cover the surface of
the reedbed to a depth of 10cm (surface area = 11m2). This was largely as a result of
conservative measures taken to ensure sufficient gravel was delivered only once due to
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the cost penalty of a second delivery and also to safeguard the experiment should the
proposed gravel surfacing prove problematic (e.g. breakthrough of gravel into the
reedbed).
Table 5.2 Case Study 1 Direct costs
Item

Crushed rock

Quantity

Cost/unit

Total

Percentage of

(US$)

(to nearest US$)

total (%)

26.80

67

58.8

72m2

0.26

19

16.7

minor

3.00

3

2.6

13.00

15

13.2

0.26

10

8.7

114

100.0

2.5m

3

(delivered)
Plastic liner
(reedbed)
Pipe and fittings
Plastic bottles transport
Plastic liner (pond)

40

Total direct cost

Labour

Est’d 200 hours

Site visit, design &

Est’d 100 hours

supervision

5.1.4.2 Plant growth
The reedbed plants quickly regenerated following heavy pruning at transplantation
showing new tips by mid-June. Where reedbeds have been connected to the greywater
system immediately after the installation is complete poor plant growth has resulted
(refer Section 5.6). In this instance a combination of heavy rain and low greywater
inflows at startup probably allowed the reedbed plants time to stabilise. On October 13
(4.5 months after planting) one plant was carefully removed from the reedbed and is
shown in Plate 5.3. This revealed a mat of fine roots in the gravel layer with the main
roots passing through and binding 12 bottle sections together. The plant was 200cm
total in height consisting of 140cm above ground and 60cm of root length below
ground. The root ball mass was approximately 35cm in diameter. All plants in the
reedbed were cut back approximately annually to roughly one third of their height (from
1.5-1.75m to approximately 0.50-0.75m). The amount of biomass removed through this
procedure was typically 8-10kg wet weight. The mature reedbed is shown in Plate 5.4.
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Seeds for jewellery-making at the Arts Centre were routinely harvested from the
reedbed.

Plate 5.3 Root growth of Coix lacryma jobi through PET segments

Several local specimens of water lettuce (Pistia stratiotis) introduced into the pond
disappeared over the course of several months seemingly unable to compete with the
local ‘patita’ (Heteranthera reniformis).
The banana and taro were the most successful plants in the soakage basin while the
sugarcane failed to sprout from cuttings. Ponded water was only ever observed in the
soakage basin after very heavy rainfall and had usually dissipated within 48 hours if
there was no additional rainfall.
5.1.4.3 Reedbed performance
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Both the reedbed and pond had a slight odour in the initial one to two months but this
disappeared as the system matured. The water quality of the pond (shown in Plate 5.4)
rapidly improved and introduced goldfish thrived. The clarity of the pond water
remained high over three years and throughout the dry season. Some cloudiness
occurred following heavy rain events mainly due to runoff from the pond surrounds.

Plate 5.4 Mature reedbed system with pond in foreground (note white inlet bucket on left-hand side). A
mural painted by volunteers on the art studio wall gives a graphic explanation of how the system
functions

Due to the highly variable volumes of greywater that this system treated no long-term
water quality monitoring of the treated greywater was undertaken. Four grab samples of
pond water taken at random over three years (2001-2003) indicated a pH of 6.9±0.8, a
relatively high temperature of 28.5±3.5°C due to the shallow nature of pond, dissolved
oxygen 6.3±1.8mg/L, BOD 2.2±0.5mg/L, fecal coliform 154±121cfu/100mL. Care was
taken to ensure sampling did not occur within 48 hours of any rainfall. One-off
measurements of TDS were 90mg/L and turbidity 6 NTU. It became apparent that the
levels of fecal coliform in the pond water had not been due to the compost toilet
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leachate line but were typical background levels in the environment due to animal
droppings.
The structural integrity of the PET segments/newspaper/crushed rock layering system is
demonstrated in Plate 5.5 where the reedbed is shown supporting the weight of an 80+kg
adult. This photo was taken three years after the reedbed was completed, and yet the
reedbed was in fact quite stable after two to three months and could bear human load
within four to six months. It was not possible visually to tell the difference between a
reedbed constructed in this manner and one consisting entirely of crushed rock. It was
observed that over time the newspaper broke down as was expected, and that the plant
roots structurally stabilised the entire system.
5.1.4.4 Maintenance
Maintenance included occasional (two to three times/year) de-sludging of the ceramic
studio bathtub silt trap depending upon the level of use and de-sludging three to four
times/year of the raw greywater greasetrap bucket. While the amount of solids entering
the reedbed was expected to be minimal it was in fact sufficient to cause a buildup of
food scraps and grease which was problematic. As a result, a simple solids settling
chamber (10L bucket) and greasetrap was installed on the inlet pipe prior to the inlet
bucket. This ultimately was also unsatisfactory due to its insufficient volume as it still
allowed solids to wash through into the reedbed inlet bucket. As maintenance was likely
to be inconsistent the bottom of the settling bucket was finally removed with the
intention that earthworms would be able to migrate up through the soil (clayey sand) to
access and digest the settled solids. Small flows were observed to percolate into the soil
and therefore not enter the reedbed while medium to large flows were sufficient to enter
the reedbed. The success of this arrangement over the longer term is not known but a
vermi-processing greasetrap is worthy of further investigation.
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Plate 5.5 Mature reedbed system (recently cut back) demonstrating load-bearing capacity

5.1.4.5 Technology transfer
As the project took several months to complete and due to its public location it received
a large amount of attention from local residents and overseas students and volunteers.
Many of these were also involved in its construction. For example in order to engage
the community and to help with construction at an early stage a one-day community
busybee at the Art Centre was arranged which was attended by some 30-40 residents
and students as shown in Plate 5.6. This provided an excellent opportunity to explain
the project and reedbed system in some detail to community members and this was
positively received.
Other visitors included the manager and staff of the local water authority (Acueducto
Santa Elena) who visited the site to observe the project during construction and express
their support. The role played by the Acueducto and the challenges they face in
Monteverde are described in Appendix A.
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Plate 5.6 Community members assisting with reedbed construction

The reedbed system (and vermi-compost toilet), continues to be used regularly by the
Monteverde Institute as a fieldsite for its college students where they are introduced to
the issues associated with greywater, biological wastewater treatment and the role
reedbeds can play in tropical developing countries.
This reedbed system was the stimulus for all the other reedbeds subsequently installed
in the community including Case Studies 2 and 3. In these instances the owners were
two women who both felt strongly about the impact greywater was having in Costa Rica
and who wished to support this technology. They both felt strongly about the need for
education and awareness on such issues, if the practice of discharging raw greywater
into the streets and streams of Costa Rica was to stop.

5.1.5 Discussion
Many of my original concerns described at the planning stage (Section 5.1.2) were
unfounded, although some of these took several months and indeed years to confirm.
Issues with alkalinity and salinity have not appeared to be an issue from the limited data
(pH and TDS) available. It is suspected that the acidic nature of the local groundwater is
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minimizing any adverse alkaline problems and the wet season rainfall providing
sufficient flushing of any salt build up. Odours and mosquitoes have not been a problem
which was critical from a public acceptability point of view.
In terms of cost a total direct figure of US$114 was considered very reasonable. While
the PET bottle segments were able to displace approximately 4m3 of gravel and over
US$80 in cost, some 100 hours in volunteer labour cutting up the bottles into suitable
sizes were required to achieve this. Even at the prevailing manual labour rates of US$12/hour this is not cost-effective. A mechanized system for cutting up bottles is worthy
of investigation. Nevertheless it does indicate the order of cost achievable for
homeowners who are willing to install such systems themselves. The overall low cost
and use of waste materials, in conjunction with a biological system using local plants,
enhanced its suitability. Visitors often made comments such as ‘anyone could afford to
build one in their own backyard’. The need to curb the direct cost expense, mainly the
cost of crushed rock, drove experimentation with the PET bottle segments. This PET
media proved to be very satisfactory for its purpose (plants were able to root and
flourish), was structurally sound and the result was visually identical to a conventional
reedbed. It is also likely that the PET segments had less potential for liner puncture than
gravel which in turn lessens the requirement for geotextiles and the like. The potential
for reedbed clogging is also likely to be significantly reduced.
The use of plastic-lined, gravel-filled connecting drains between the various
components (reedbed/pond/soakage) proved to be satisfactory and significantly reduced
the cost, potential for leakage and overall complexity by eliminating pipes and flanges.
The greatest drawback of this arrangement however is the inability to drain the reedbed
should it be required, except by siphon. The standing water level in the reedbed can be
adjusted (albeit with some difficulty) by raising or lowering the soil underneath the liner
at the outflow ‘spillway’.
The single greatest maintenance issue was the build-up of solids at the reedbed inlet.
The need to clear this buildup became more frequent with time as a more persistent
slime/sludge matrix built up in and around the inlet bucket as surface flow increased in
frequency and volume. A more substantial settling tank and greasetrap prior to the inlet
are required and while the bottomless inlet bucket arrangement as recommended by
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Marshall (1999) avoids any visual or physical contact with raw greywater, alternative
inlet structures may be more appropriate in the longer term.
While some of the useful plants planted in the soakage basin succumbed, the strong
growth of the banana and taro plants in particular was sufficient to demonstrate the
successful reuse of treated greywater. A range of native fruit, vegetable or other
productive plants could be trialed.

5.1.6 Conclusions
This case study was able to successfully achieve the four key objectives of the project.
That is, it was able to demonstrate that a simple reedbed design using a locally available
macrophyte species could be a viable, low-cost technology for the treatment of
greywater in Monteverde. This was achieved through the reuse of an otherwise waste
product (PET bottles) which was able to successfully fulfill the role of reedbed media.
The reedbed system described here was not only the stimulus for all the other reedbeds
subsequently installed in Monteverde but also in Costa Rica. This claim is made on the
basis that:
a) no other reedbeds previously existed in Costa Rica and;
b) the dissemination of this technology as a result of the UNDP sponsored
workshop described in Case Study 5 resulted in the installation of at least three
more reedbeds in other parts of the country.
The purpose of this initial case study was not to generate significant quantitative data,
but to firstly confirm the design approach, construction technique, suitable materials
and viability of, as well as stimulate interest in, reedbeds as a suitable technology. This
was achieved. Subsequent research and the development of reedbeds in Monteverde in
terms of cost, media type, water quality treatment, performance, technology uptake and
other parameters are described in the following case studies.
In addition it was thought that the PET media as used in this reedbed system, may in
fact be superior in performance, and not only in cost, to conventional gravel media
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reedbeds. Experiments to investigate this theory using 12 reedbeds with differing media
and plant configurations are described in Chapter Six.
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5.2

Case Study 2

Site:

San Isidro de Heredia, Central Valley

Type:

Domestic

Owner:

Ileana and Diego

Construction: May 2001
5.2.1 Objective
The objectives of this experiment were:
i)

To conduct a hands-on training workshop in the installation of a reedbed for
household greywater treatment in one day using unskilled, volunteer labour;

ii)

To determine the feasibility and cost associated with the complete
construction of a reedbed in one day;

iii)

To determine the performance of a reedbed outside Monteverde;

iv)

To provide a reedbed for greywater treatment closer to Costa Rica’s capital
city, San José which could be used for demonstration purposes and student
learning

5.2.2 Planning
The initial contact for this experiment was made in early 2001 when two students from
the Institute for Central American Development Studies (ICADS) were volunteering to
assist my greywater projects at the Monteverde Institute. ICADS is an educational
program dedicated to social and environmental issues in Central America (ICADS,
1986). Its students and instructors are aware and supportive of environmental
technologies in the context of ecologically sustainable development. Their instructor
was informed of my work and visited me in Monteverde where the idea of constructing
a greywater reedbed for educational purposes was born. The instructor (Ileana)
suggested the possibility of running a weekend workshop at their property with
volunteers to build the system which could subsequently be used for site visits and
projects for future ICADs students, particularly as it would be close to San José and
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hence convenient for students and others to visit. All costs would be borne by the
instructor and the potential for an educational experience for some 10-20 people was
promising. The challenge would also be to install a complete reedbed system in one day
thus allowing the participants to experience all the necessary facets of reedbed
construction.
This property is located in a semi-rural part of Costa Rica’s central valley some 50km
northwest from the capital of San José. It is at approximately the same altitude as
Monteverde and shares a similar climate.
The proposed site for the reedbed was 25m from the house at the top of a steep (approx.
1:3 slope which increased in severity downslope) pasture near a row of mature Cypress
trees where the greywater presently flowed out onto the open ground. This meant the
existing piping could be used with little additional cost due to plumbing. The soil was
typical rich loam and easily diggable.
The household consisted of eight family members who used approximately
150L/person/day based on previous water meter readings of approximately 1,200L/day
total. From discussions with the owner the water usage was highly variable according to
whether the family’s two children were at school or on vacation and according to the
season. A down-rating to 75% of the total daily average water consumption resulted in a
daily estimate of 900 L/day of greywater however a contingency of 10% was considered
the minimum prudent, resulting in a design figure of 1,000L/day of greywater.
The site was inspected some two weeks prior to the planned workshop on May 8, 2001.
The principal concerns at that stage were the availability of suitable plants, namely Coix
lacryma-jobi and whether the site could be accessed by truck for delivery of the crushed
rock. Approximately 12 to 15 volunteers in total were anticipated. A list of the
necessary tools and materials was faxed to the owners the week prior to the workshop.
A two page document was prepared in Spanish by myself and the hosts which
summarized greywater, its impacts and how reedbeds can provide a possible solution.
This was distributed to the workshop participants.
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5.2.3 Implementation
Reedbed design
The design followed those given in Section 3.12 with the length of the reedbed
constrained to a maximum of 10m due to the site. The principal dimensions are given in
Table 5.3 and the schematic layout is shown in Figure 5.3
Table 5.3 Design parameters and reedbed dimensions
Estimated greywater

Dimensions

Total

volume (l/day)

L x W x D (m)

1000

10 x 1.2 x 0.5

Available

Retention

volume

volume

(days)

(m3)

(m3)

6.0

Porosity

0.5

3.0

3

Pretreatment
Three existing cajas or small inspection pits allow for a level of solids removal. An
additional solids filter custom-made for this system was also installed in the inlet bucket
to the reedbed.
Construction
Due to the significant ground slope all the excavated soil was used to create the
downslope embankment which was compacted using simple handmade wooden
compactors common to Costa Rica. Roots from the adjacent Cypress trees were
encountered which slowed excavation. The excavation was lined with newspapers
followed by two layers of building plastic and a layer of protective soil prior to filling
with crushed rock (piedra cuarta) in teams using wheelbarrows (See Plate 5.7). The
owners also expressed their interest in trialing PET plastic as a media but were unable
due to the time and people required.
Planting
Approximately 30 plants (Coix lacryma-jobi) were transplanted into the reedbed and
heavily watered in some 48 hours after their removal from a nearby creekline. Further
planting was proposed to increase the density from the initial 2.5 plants/m2.
Outflow
The treated greywater flowed downhill via a plastic-lined rock-filled drain to a shallow
(approx. 30cm) soakage basin approximately 2m in diameter.
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1.
2.
3.
4.
5.
6.
7.

1

House
Existing plumbing
New plumbing
Greasetrap
Reedbed
Outflow drain
Soakage basin

2

3
4

5

6

7
Figure 5.3 Schematic of Case Study 2

Commissioning
The reedbed was connected immediately to the greywater system as it had replaced the
existing discharge site.
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Plate 5.7 Reedbed prior to backfilling. Note inlet pipe being installed

5.2.4 Results
The total direct cost for the reedbed was US$148 (2001) and the breakdown is tabulated
below in Table 5.4.
Table 5.4 Case Study 2 direct costs
Item

Crushed rock
Plastic liner

Quantity
7m3
96m

2

Cost/unit

Total

Percentage

(US$)

(to nearest US$)

of total (%)

13.64

95

64.2

0.25

24

16.2

Pipe and fittings

1 x 6m, 2 elbows

1/m and 1.50/elbow

9

6.1

Buckets

1 x 50L, 1 x 20L

10 and 5

15

10.1

5

3.4

148

100.0

Misc.

Mesh for filter, rivets
etc

Total direct cost

Labour
Site visit, design &

Est’d 80 hours
40 hours

supervision
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Unskilled labour is typically US$1-2 and an additional cost of US$80-160 would have
been incurred had the reedbed been built with paid labour. A site visit, reedbed design
and supervision by a consulting engineer at nominal rates of US$15-25/hour would
significantly impact the affordability of such a project.
Unfortunately no water quality data is available from this system and there has been
limited feedback from the owners although this has included the observations in June
2002 that the plants had not thickened out and cleaning the filter was proving onerous.
Positive feedback was received from both participants and hosts both in terms of having
successfully met the challenge of completing a reedbed in one day and also as a positive
learning experience in terms of ‘what is one possible solution to the greywater
problem’.
5.2.5 Discussion
From a technical point of view the design and installation of the reedbed, on a site with
steep terrain and remote from Monteverde for US$150 achieves one of the objectives of
this experiment. It is noted that approximately two thirds of the total materials cost was
for the crushed rock despite the significantly cheaper price per cubic meter at this
location as compared to Monteverde at US$20/m3. As no water sampling has been
undertaken and little feedback obtained from the owner it is impossible to ascertain the
performance of the reedbed in treating greywater.
Ideally the reedbed should have been sited further from the trees to avoid roots during
excavation however the slope of the site limited the possible locations. Further, root
penetration of the liner is also a possible risk and a geotextile would have been prudent
in this case. Unfortunately a suitable, affordable geotextile had not been sourced at the
time of this installation yet this cost should be factored in at the feasibility stage.
It was not confirmed whether additional plants had been transplanted into the reedbed.
Commissioning the reedbed immediately upon installation, while having the benefit of
providing water to the recently transplanted plants, may have jeopardized the
development of suitable biofilm/bacteria in the substrate.
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5.2.6 Conclusion
From a technical perspective given a suitable site (downslope of house, access etc) it is
feasible to install a reedbed for household greywater in one day for a materials-only cost
of less than US$150 using volunteer unskilled labour. It is strongly recommended that a
geotextile be used particularly where there exists the risk of root intrusion. Where
previously all the greywater (approximately 1000L/day) was disposed of untreated
directly into the environment it is now receiving biological treatment prior to discharge.
Despite numerous attempts to contact the owner to enquire as to the reedbed’s
performance only very limited feedback was obtained. It has not been possible to assess
the reedbed’s performance.
In terms of implementation the workshop provided an excellent means for education
and diffusion of the technology with over 15 people introduced to the theoretical and
practical aspects of reedbed construction.
In this instance due to the site’s semi-rural location it is unlikely that any direct benefits
in terms of improved health or sanitation outcomes will occur. The most valuable
outcome can perhaps only be expressed qualitatively in terms of the educational
experience and technology awareness for the workshop participants.
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5.3

Case Study 3

Site:

Private residence, Santa Elena

Type:

Four-household reedbed system for the treatment of domestic greywater

Owner:

Patricia Jiménez and Gary Diller

Construction: March 2001
5.3.1 Objectives
The objectives of this experiment were:
i)

To develop a real scale case study whose performance could be used
to validate that predicted by experimental models;

ii)

To develop a biological greywater treatment system that would
provide improved health outcomes over the prevailing sanitation
paradigm;

iii)

To construct a larger reedbed which could treat the greywater from
upto four homes in Santa Elena;

iv)

To provide a demonstration greywater treatment system in a typical
Costa Rican community that could serve as model of sustainable,
low-cost greywater treatment;

v)

To develop a system whereby those households connected to the
reedbed system paid a nominal maintenance fee;

vi)

To reduce the impact on local streams (quebradas) from the
discharge of untreated greywater;

vii)

To achieve the Costa Rican standards necessary for treated
wastewater reuse.

5.3.2 Planning
The reedbed system at the Community Art Centre (Case Study 1) demonstrated the inprinciple viability of reedbeds for greywater treatment in Monteverde, but did not
represent a typical domestic situation. A site was required which received ‘typical’

116

Costa Rican household greywater and ideally was also in an area which was suffering
from the disposal of untreated greywater.
Local resident, artist and active community member Patricia Jiménez Diller had through
her relationship with the Community Art Centre, the opportunity to observe the
development of the greywater treatment project. Jiménez had lived in Santa Elena for
over 20 years and had witnessed the rapid development of the zone first-hand. “About
seven years ago, a great number of people came to Monteverde. These people bought
little pieces of land where they could build homes. And since there wasn’t any
government here to regulate growth—and there still isn’t—people did as they liked. So,
I started getting worried about the dirty water that was running in front of my house
from other houses” (Podren, 2002). Jiménez suggested that she would be amenable to a
system on her property if funding could be found: “Why not at my house? I have
enough land, and I would like to be part of this experiment”. The case study described
here could not have eventuated without the support and enthusiasm of Jiménez who
championed the cause.
The proposed design was based upon the Community Art Centre model, but sized with
sufficient capacity for up to four households using crushed rock (piedra cuarta) as the
reedbed media. To replace this volume of rock with PET segments would have required
a suitable mechanised device which at the time was not available and is a
recommendation of this research.
Design volumes
The average total water consumption of the four homes was determined from the
average of 13 monthly meter readings kindly supplied by Acueducto Santa Elena from
February 2000 to February 2001 and are given in Table 5.5.
Table 5.5 Average monthly water consumption by household
Jiménez

N’bour 1

N’bour 2

N’bour 3

TOTAL

No. of occupants

2

10

4

2

18

Ave consumption

12

41

14

8

75

Ave consumption (m3/day)

0.4

1.377

0.456

0.282

2.515

Ave consumption

200

138

114

141

139

3

(m /month)

(L/person/day)
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From this data it can be seen that the average number of occupants/household was 4.5
with an average water consumption of 139L/person/day. At the time of this project no
data, either locally or nationally, was available on the relative percentages of greywater
and blackwater as a proportion of the total water consumption. Therefore proportions of
75% and 25% respectively were assumed, and a conservative figure of 2,500L/day of
greywater resulted which provided for 25% overcapacity in the design. Sizing of the
system was done on a rule of thumb basis allowing for a minimum hydraulic retention
time of two days. This was on the basis that one log reduction could be achieved in two
days (Bavor et al., 1989) while a saturation value in microbial inactivation was likely at
three days retention (Garcia et al., 2003). As for Case Study 1, this system was to be a
community demonstration system and it was therefore considered essential that the
potential risk of odour, mosquitoes or ponding greywater be an absolute minimum. The
potential for reedbeds to flood during wet season downpours had also not by this stage
been fully investigated. Thus the design incorporated what was felt to be a generous
safety margin.
For a minimum hydraulic retention time of two days an effective (available) storage
volume of 5m3 was required. On this basis the system design, taking into account the
site constraints, was for the first reedbed to be 14m long, 1.2m wide (L:W = 11.7:1) and
0.6m deep (17m2) and the second approximately oval in shape 6m by 3m and 0.6m deep
(13m2). The second reedbed was to have internal plastic baffle walls to extend the flow
path to approximately 12m (L:W = 10:1). These dimensions allowed an increased
hydraulic retention time of 2.4 days and effective volume of 6m3 based on 0.5m
effective depth and a porosity of 40% for the locally available crushed rock (nom.
20mm) of which 15m3 was required. A schematic of the system is shown in Figure 5.4
and the detailed design layout is given in Appendix D.
System Design
The site is shown in Plate 5.8 and while there was sufficient available area it contained
numerous trees and was relatively steep (approx 1:3). While this allowed for the system
to easily accommodate flow by gravity it required a split system for the reasons
described below. The resulting design comprised a 500 litre settling tank, two reedbeds
in series and a final polishing pond (approx. 2.5m3) for additional aeration, exposure to
sunlight and nutrient removal. The pond was also incorporated into the overall design
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both for aesthetics and as a simple visual demonstration to visitors of the system’s
performance.

1a

10.
11.
12.
13.
14.

Neighbours’ houses
Jimenez’s house
500L settling tank
Inlet drum
Reedbeds (and internal
baffle walls shown dotted)
15. Outflow drain
16. Pond
17. Soakage basin

2
1b

Existing plumbing
New plumbing/drains

1c
3

Water sampling site
Valve

5
4

6

Slope 1:3

5

To street
7

8
To stream

Figure 5.4 Schematic of Case Study 3

Two reedbeds were used for a variety of factors: length (in respect to width) can be
better accommodated running across slope; the two reedbeds allowed a switchback to
take place (to descend the slope); minimisation of earthworks (less cut to fill), the
potential for one reedbed to be rested if required; and to trial plastic-lined rock drain
connections thus allowing water to come into contact with air whilst flowing between
reedbeds and pond. So that the system could be taken off-line at any time, such as for
maintenance, plastic valves were installed where the neighbours’ greywater pipes
crossed into the Jimenez’s property. This was to allow greywater to be re-directed back
to the street through the neighbours’ pre-existing piping if required.
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A small tributary of the Quebrada Sucia ran along the bottom of the property into which
the treated greywater would drain after passing through the pond. Use of this water for
flood irrigation of a small vegetable patch was also planned.

Plate 5.8 View of site (facing East) with first reedbed excavated

5.3.3 Implementation

Funding was the major constraint to developing this experiment so grant applications
were prepared in Spanish and fortunately the project proposal received an award of
US$2,500 from the Ford Motor Company’s first environmental awards in Costa Rica in
December 2001 (Odio, 2001). The project was to also include a novel Environmental
Services Contract (ESC), that is, a legal contract whereby any household connected to
the system would be required to pay a nominal monthly fee, for operation and
maintenance, to the provider of the system. In this instance this would be to the owners
of the property.
Once funding had been secured the conceptual design was developed to a final design
as described previously. Numerous on-site meetings with Jiménez took place to
determine the best location for the system, where the settling tank and pipe should be
located, trees to be removed or pruned etc. Discussions with four of Jiménez’s
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neighbours were also held to ascertain their willingness to participate. The key concepts
of how a demonstration community-based greywater treatment system might work, how
a contract (formal/informal) could work with a small monthly payment to Patricia, how
it would prevent the rivers from further deterioration and in fact help clean them up
were discussed. All of the neighbours expressed their concern with the current
greywater situation in Santa Elena and the majority were very receptive to the project.
Whilst the total required size of the reedbed had been calculated, the size and shape of
the two individual reedbeds was further determined by the available space, slope and
trees on the site. This resulted in the first bed being long and straight, the second kidney
shaped (with internal baffle walls to preserve L:W ratios) and finally an oval shaped
polishing pond with overflow to the creek. Test holes were dug to check for tree roots
and rocks and any trees that needed to be removed marked and discussed with Jiménez.
Work commenced in mid-February 2001 and construction followed the procedure
described in Chapter Three with the following variations: a short section of subsoil
drain (2m of 100mm slotted pipe) was put in at a low point below the first reedbed to
intercept any subsurface groundwater; 50-60mm of soft soil put on bottom of reedbed
(in lieu of geotextile) and crushed rock wheelbarrowed in using timber planks over the
soil; a 200L HDPE drum with the bottom removed and a steelmesh screen insert was
used for the inlet structure on the first reedbed with larger rocks and concrete blocks
placed around (shown in Plate 5.9) ; internal baffle walls were placed in the second
reedbed using lengths of plastic held in place temporarily with adhesive tape prior to
placement of gravel; and short lengths of pvc pipe (50mm) were installed vertically in
the middle of each reedbed in order to monitor water levels.
The first reedbed was completed (minus plants) in three weeks (March 7) by two people
working 20 to 30 hours/week, the bulk of the work being the placement of the gravel as
it had to be wheelbarrowed some 40 metres uphill from the roadside stockpile to reach
the system. Sand was apparent in the crushed rock upon delivery but it was not washed
due to the additional work this would require. The first house (Jiménez’s) was
connected on April 4 via a temporary greasetrap. Also mains water was run into the first
reedbed ready for planting up which took place on April 7 with the help of volunteers.
Volunteers also assisted in the collection of approximately 100 plants (Coix lacrymajobi) which were sourced from below the Pig Farm creek which took five people
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approximately half a day to collect. The bulk of the work (excluding connection to the
neighbours and settling tank) was complete by the end of May.

Plate 5.9 Inlet drum structure in first reedbed (facing West)

The polishing pond was stocked with fish (13 Tilapia fingerlings and several minnows
were put in to the pond on 15 June) to consume any mosquito larvae, in addition to
several locally available aquatic plant species including water hyacinth (Eichornia
crassipes), water lettuce (Pistia stratiotis) and local 'patita' (Heteranthera reniformis).
The soakage basin and surrounds were planted with varieties of local bamboo and
banana plants. Minor landscaping and erosion control work took place in the following
weeks with some urgency as the wet season had started. This also helped fill the
reedbeds with freshwater allowing the transplanted reeds time to stabilize. Within the
first few months it was noticed that dogs had been playing in the pond and damaging
the plastic liner and so it was decided to line the pond with smooth river rocks (nom.
150 to 300mm) and fence the pond. Seven Tilapia were still alive in October despite
this trauma. Plate 5.10 shows the watertight 500L concrete liner with ‘T’s, fine steel
mesh cage used for solids entrapment and valves which were installed at the end of
August. With one of the participating neighbour’s assistance the remaining homes were
connected on 8th October. In total 12 people were connected to the system at this stage,
six fewer than the original design estimate.
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Plate 5.10 Settling tank in operation showing solids basket, pipe connecting neighbours and associated
valves

5.3.4 Results
5.3.4.1 General System Performance
In general the reedbed system has performed satisfactorily and the condition of both
reedbeds in November 2001 is shown in Plate 5.11. Whilst the system was designed to
treat the combined greywater input of four households it has had only three homes
connected at any one time since commissioning and the total estimated greywater
volume was reduced to approximately 755L/day determined from periodic meter
readings. This implied a revised retention time of 7.9 days total (4.5 days reedbed one,
3.4 days reedbed two). Relative percentages of grey and blackwater were subsequently
estimated from a questionnaire distributed to two of the househoulders as described in
Chapter Four. These indicated approximately 70% of the total metered consumption
was greywater, with 23% blackwater and 7% lost. These findings supported the initial
assumption of 75/25% relative contributions made in the initial design.
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Plate 5.11 Reedbed system in November 2001 looking downhill. Note second reedbed in top left corner

5.3.4.2 Treated water quality
The reedbed system was sampled periodically at the four sites shown in Figure 5.4
which were:
1

Greywater at inlet drum (after settling tank)

2

Treated greywater at end of first reedbed

3

Treated greywater at end of second reedbed

4

Treated greywater leaving polishing pond

It was presumed that water quality would improve as greywater moved from site 1
through 4. Raw greywater and treated greywater quality from these various sites
through the reedbed system is presented below in Table 5.6. This data has been
analysed according to wet and dry seasons and represents sampling taken over the
period March 2002 to August 2003 with all data given in Appendix D.5.
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Table 5.6
Case study 3: reedbed performance and monitored parameters
DO

TDS

TSS*

NH4-N

PO4-P

Total P+

(mg/l)

(mg/l)

(mg/l)

(mg/l)

(mg/l)

(mg/l)

6.3 ±
0.8

1.0 ± 1.5

342
±115

15.0 ±
7.1

8.4 ± 4.6

7.6 ± 5.9

1.6

20.1 ± 1.2

6.0 ±
0.2

0.6 ± 0.8

310.0 ±
36.9

13.0 ±
9.9

0.9 ± 0.3

7.7 ± 5.8
-12.5%

30,000 ±
45,200
99.999%

20.4 ± 1.1

5.8 ±
0.2

1.5 ± 1.4

253.0 ±
61.4

6.0 ± n/a

1.1 ± 0.2

2.3 ± 1.6
56.3%

1±1
99.4%

16 ± 30
99.999%

20.1 ± 0.6

7.0 ±
0.4

7.0 ± 0.5

256 ± 63

10.0 ±
8.5

0±0

3.6 ± 5.2
31.2%

2±2
97.9%

3±5
98.2%

122 ± 266
99.999%

20.1 ± 0.7

6.5 ±
0.3

6.8 ± 0.5

170 ± 51

n/a

0.1 ± 0.2

0.9 ± 0.6
81.3%

n=5

5±1

3±2

65 ± 90

21.1 ± 1.5

8.0 ± 2.9

n/a

1.7 ± 1.6

3±2

2±2

198 ± 494

20.5 ± 1.0

250^ ±
n/a
198 ± 49

28.0

n=8

7.3 ±
0.5
6.8 ±
0.6

28.0

0.4 ± 0.1

0.9 ± 0.6

Sampling Site (#)

Turbidity

BOD

Fecal coliform

Temp.

(NTU)

(mg/l)

(cfu/100ml)

(oC)

n = 11

96 ± 39

167 ± 47

1.5 x 108 ± 4.6
x 108

21.1 ± 1.3

n=6

8±4
91.7%

7±2
95.8%

6,300 ± 6,900
99.999%

n=5

7±3
92.7%

10 ± 6
94.0%

n=7

2±2
97.9%

n=7

Pond
Dry Season
Wet Season

#1

Inlet

#2

1st Reedbed
Dry Season
Removal #1 to
#2
Wet Season
Removal #1 to
#2

#3

#4

2nd Reedbed
Dry Season
Removal #1 to
#3
Wet Season
Removal #1 to
#3

pH

5.0 ± 3.1

3.6

1.5

Note: #1-4 refer to sampling points through system. Refer Figure 5.4. All raw data rounded to nearest whole unit. Standard deviation shown following ±. * No. of samples for TSS is
two

only.

+

No.

of

samples
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for

total

P

is

one

only.

All

nitrate

readings

<1mg/L.

^

n=1

only.

5.3.4.3 Total construction cost
A total of US$2,500 was received from Ford Motor Company’s Environmental Awards
which was $700 more than the original estimated budget in the grant submission which
did not include any indirect costs. Table 5.7 provides a breakdown of expenditures. The
final cost of construction excluding indirect and miscellaneous costs was US$1,220. A
range of costs such as the purchase of tools, some travel, negotiations with lawyers, etc
have not been included as they represent one-off expenses which are not likely to be
incurred on subsequent projects.
Table 5.7 Case Study 3 direct costs
Item

Crushed rock (delivered)
Plastic liner (reedbeds and

Quantity
15m3
480m

2

Cost/unit

Total

Percentage of

(US$)

(to nearest $)

total (%)

25.00

375

30.7

0.30

145

11.9

400

400

32.8

2.50

300

24.6

pond)
Pipe, fittings and 500L tank
Labour
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(Tools, transport and misc).

(292)

Total direct cost

1220

Volunteer labour

Est’d 50 hours

Design & supervision

Est’d 150 hours

100.0

The labour costs were greater than expected due to the effort required to wheelbarrow
the crushed rock uphill to the reedbeds, which it had been hoped could be avoided. In
this instance the percentage contribution of the crushed rock is approximately one third
of the total cost as its contribution is reduced due to the relative high cost of the labour
and in particular the plumbing required to connect the neighbours’ houses.
5.3.4.4 Plants
The reeds in both beds had reached an average height of 0.75m by March 2002 and
have stabilised at an average of approximately 1.5m (refer Plate 5.11). The reeds in the
first stage reedbed were also much healthier (a darker green, more foliage and thicker
clumps) than those in the lower bed. One area of the second reedbed has become barren
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(approx. 30%) possibility due to a combination of shading, falling water level and
nitrogen deficiency. Over a period of 14 months it became apparent that the water level
was gradually dropping (some 8.5cm in this time) and has continued to fall. It is
possible that a liner join which unfortunately was required half way up the wall of the
reedbed (due to its width) may have failed and/or roots have ruptured the liner, possibly
at this point.
5.3.4.5 Maintenance
The most onerous maintenance requirement has been the manual de-sludging of the
settling tank. This has been carried out generally once a year by the owner’s son at a
cost of ¢2,000 (US$6.70) and involved approximately three hours’ work. The sludge
was buried in the owner’s garden. A removeable reinforced mesh basket the full depth
of the tank has since been installed in an effort to simplify this task (refer Plate 5.10).
Emptying of the Jimenez’s greasetrap is also required as their house was not connected
to the main settling tank due to the distance involved. It is preferable if all houses are
connected to one main settling tank from the point of simplified maintenance.
Other maintenance tasks include occasional weeding of the reedbeds, pruning of
overhanging branches, removal of leaves and rubbish from the pond, and thinning of
aquatic plants, all of which are relatively straightforward and are not time consuming.
One of the principal objectives of the Environmental Services Contract (ESC) was to
create a mechanism through which sufficient funding, via fees, could be generated to
cover the on-going operation and maintenance. The development of the ESC which is
the first of its kind in Costa Rica is described in Appendix D.1. The tariff of
¢100/month per house (US$0.30), while minimal, would have been sufficient
(3x12x¢100 = ¢3600) based upon the number of homes originally anticipated.

5.3.5 Discussion
The first reedbed is treating approximately 755l/day of greywater (approximately 30%
of the original design capacity) from seven people with a surface area of 16.8m2 with
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4.5 days retention. On this basis the first reedbed has a greywater person equivalent
(PE) of 2.4m2/PE (4.5 days HRT) and the total system 4.3m2/PE (7.9 days HRT).
The overall performance of the reedbed system can be observed from the general health
of the plants (refer Plate 5.11) after one year, and the treated water quality (Table 5.6).
The total cost to build was US$1220 and on-going maintenance costs have been of the
order of US$5−10 per annum.

5.3.5.1 Treated water quality
It is unlikely that the system would have achieved the limit on fecal coliform
(<1000cfu/100mL) for wastewater reuse if it had been receiving the volume of
greywater originally estimated (2,500L/day, 2.4 days HRT). Nevertheless the two
reedbeds in series, with a greywater flow of approximately 755L/day currently achieve
a level of treatment that exceeds the requirements of the Costa Rican standards for
wastewater reuse on all samples which was one of the objectives of this study. A BOD
average of less than 10mg/L in either season was achieved in the first stage, and fecal
coliform average of 122cfu/100mlLin the wet season was achieved after the second
stage. The system is also required to treat what are relatively high fecal coliform levels
in the raw greywater at this site (ave. 1.5 x 108cfu/100mL). While the first reedbed
alone is sufficient to satisfy the BOD limit (BOD <40mg/L) and despite fecal coliform
removal efficiencies of greater than 99.999%, it is insufficient to meet the fecal
coliform limit of <1000cfu/100mL. This is similar to the Nicaraguan experience
(Platzer et al., 2002) described in Section 2.11.2 where <1,000cfu/100mL was only
achieved when the HRT was increased from 3.5 to 6.3 days with the addition of a
second stage.
Outflow levels of fecal coliform are greatly increased (four to eight times) during the
wet season which is likely to be due to reduced retention times as a result of
significantly greater rainfall during this period. Increased levels of fecal coliform at the
pond outlet (#4) indicate some additional contamination has taken place (even after
fencing), most likely by animal droppings.
The organic loading on the total system averages 0.133kg BOD/day or 44.3kg
BOD/ha/day (4.43g/m2/day). A mass loading rate of 112kg BOD/ha/day (11.2g/m2/day)
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is recommended as an upper loading rate which should not be exceeded (Crites and
Tchobanoglous, 1998). If however only the first reedbed is considered a loading of
79.2kg/Ha/day or 71% of the recommended limit results. Heavy organic loading,
particularly if not evenly distributed, will cause odour which, in conjunction with the
potential for clogging, has implications for inlet structure design.
Nutrient removal is not one of the Costa Rican wastewater reuse criteria and removal
may be limited in SSF systems in any event. If the treated effluent is to be used for
irrigation then nutrient removal is likely to become unnecessary. Nitrate nitrogen was
found to be at trace levels and there may in fact be some nitrogen deficiency occurring
in the second reedbed as plants are less robust and paler than in the first reedbed. The
levels of phosphate were highly variable and may be a result of pulse doses (such as
clothes washing during sunny periods) whereby large volumes of phosphate rich
greywater pass through the reedbed system with little phosphate removal.
An average turbidity of less than 10 NTU in all seasons was achieved by sample site #2
indicating effective suspended solids removal at an early stage in the first reedbed. High
levels of TDS will affect crops irrigated with treated wastewater, however, no increase
in TDS took place here and the outflow levels of 250 to 350mg/L are not problematic
(Crites and Tchobanoglous, 1998). The effect of the relatively acidic nature of the local
water (ave. pH 6.2) is unknown, however, the treated water has returned to a neutral
state by the end of the second reedbed. Substantial re-oxygenation of the water has
taken place by the outlet of the second reedbed.
The pond has provided little, if any, improvement in the treated water quality. Some
sequestering of phosphorus likely due to algal and aquatic plant uptake may be
occurring. Fecal coliform levels increase in the pond to a similar level to those found in
some of the local uncontaminated streams monitored as part of the Guacimal River
catchment program described in Section 4.5 (refer Table 4.5). From a public health
perspective, it is therefore possible to say that the health risk posed by the treated water
at the final stage of the greywater treatment system is equivalent to some of
Monteverde’s most pristine streams. Indeed the water quality in terms of fecal coliform
immediately after the second reedbed (prior to the pond) is in fact superior during the
dry season, and approximately equivalent during the wet season, to Monteverde’s
pristine streams.
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The pond contained no mosquito larvae presumably as a result of the introduced fish
and also frogs which have colonized the pond.
5.3.5.2 Construction
Installation was straightforward however the following key details emerged:

•

Placement of the crushed rock media was strenuous and time consuming. Sand
and fines mixed in with this rock was not removed in this instance due to the
difficulty in doing so. Pre-washed or well screened material is strongly
recommended.

•

Some clogging near the inlet in the first reedbed was noticed in 2003. Likely
causes include insufficient reedbed width for the given hydraulic conductivity,
insufficient solids/grease removal at the Jimenez’s greasetrap (and possibly the
settling tank), and gelling of the substrate which may have been exacerbated by
the amount of sand and fines in the crushed rock.

•

The leakage discovered in the second reedbed highlighted the importance of
avoiding joints in the liner and also the need for a geotextile layer to protect the
liner, or the use of a more robust liner. These latter two both have cost
implications.

•

All the required work can be done with unskilled labour and no mechanical
equipment is required.

•

Any open water bodies need to be fenced to exclude dogs.

•

Erosion control can be quickly effected with the quick growing local peanut
grass (mani).

5.3.5.3 Cost
The total cost of the system described here including all plumbing materials, crushed
rock, plastic liner and labour, but excluding design, supervision and miscellanous, was
approximately US$1,220. This represents a cost of US$407/household for three
connected households or US$305/household based on the original four. This also does
not include the value of the land which is effectively sacrificed. For comparison
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purposes, the cost locally for the installation of a typical and very basic septic tank (not
conforming to standards) and small drainage field is approximately US$250-300 (5075% of average monthly salary) therefore suggesting that a dedicated reedbed system
for greywater (and excluding surface land requirements) is unlikely without
subsidization and/or restrictions on untreated greywater discharge.
The crushed rock, while being only one-third of the total cost in this instance, still
represented the single largest individual cost item. The need for by-pass valves and the
distances involved in connecting the neighbours meant the plumbing cost was
significant. In addition the configuration of the site required the crushed rock to be
hauled uphill which also added significantly to the labour costs.
While a thicker liner and/or use of geotextile is recommended this also adds to the
overall cost. In 2003 a low-cost (<US$1/m2) locally available geotextile was finally
sourced and this has been used in the most recent installations to ‘sandwich’ the plastic
liner so as to safeguard against internal puncture and tree root penetration.

5.3.5.4 Plant growth
The transplanted plants rapidly became established in both reedbeds and have remained
in a good condition in the first reedbed. The state of the plants in the second reedbed
however may be due to shading from nearby trees, some level of nitrogen deficiency
and also water stress due to falling water levels as a result of leakage. While selective
pruning of overhanging branches from trees and shrubs was undertaken to maximise
sunlight entry it appears to not have been sufficient. Nitrogen deficiency is suspected
due to the role this plays in plant leaf colour (second reedbed plant leaf is very pale
green) whereas Coix lacryma-jobi in a mixed wastewater (black and grey) reedbed
system described in Case Study 4, has achieved a greater height (to 2.5 metres) with
healthier, darker green foliage.
5.3.5.5 Maintenance
The maintenance required for this system has been minimal and the cost involved in desludging the settling tank (the largest maintenance item conducted annually) would be
covered by at least two fee-paying households. The ESC is a viable arrangement with
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which to formalise this arrangement, although the means by which to collect fees
remains the single largest difficulty.
5.3.6 Conclusions
The success or otherwise of this experiment in terms of meeting the objectives listed at
the beginning of this section are discussed here.
(i) To develop a real scale case study whose performance could be used to validate that
predicted by experimental models
This system closely approximates a typical Costa Rican domestic greywater situation
and was used to validate the performance as predicted by experimental reedbed models.
This is described in Chapter Six
(ii) To develop a biological greywater treatment system that would provide improved
health outcomes over the prevailing sanitation paradigm
The greywater treatment system achieves reductions in the level of bacteriological
contamination (as measured by fecal coliform), which would suggest significant
reductions in the public health risk as compared to the level of risk posed by the
discharge of untreated greywater.
At present domestic greywater is discharged untreated into the streets and streams of
Monteverde. Fecal coliform measured in the greywater at the inlet to the reedbed (after
the settling tank) averaged 1.5 x 108cfu/100mL and was reduced on average by five
orders of magnitude after the first reedbed and six orders of magnitude after the second
reedbed. The system was consistently able to produce a treated water of microbiological
quality equivalent to Monteverde’s pristine streams. The reedbed treatment system is
thus able to positively demonstrate its effectiveness in reducing fecal coliform in
greywater.
(iii) To construct a larger reedbed which could treat the greywater from up to four
homes in Santa Elena and;
(vii) To achieve the Costa Rican standards necessary for treated wastewater reuse
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The reedbed system as it is currently operating was able to achieve a level of treatment
that met the Costa Rican standards necessary for treated wastewater reuse with three
homes connected (755L/day). In was not possible to confirm however that the system
would be able to treat satisfactorily the greywater from four homes (2,500 L/day) due to
changes in the number of households participating. The level of ‘treatment’ is
ambiguous in the context of greywater treatment in Costa Rica. While these standards
were adopted in this instance in order to demonstrate best practice and to avoid
contravening the national health act there are substantial cost implications for greywater
treatment systems if the Costa Rican standards are to be the sole criteria for assessment.
For example systems are likely to require two stages as was demonstrated here. Given
that greywater is currently permitted to be discharged untreated into the public
environment perhaps a less stringent level of bacteria removal which allows affordable
systems to be installed be considered.
(iv) To provide a demonstration greywater treatment system in a typical Costa Rican
community that could serve as model of sustainable, low-cost greywater treatment
The system received numerous visitors including groups and individuals and drew the
attention of several local and national newspapers: Las Palabras en Acción, (Brenes,
2003); The re-greening of graywater in Monteverde, (Podren, 2003) and the local
newsletter Tecnologías Eco Sanitarias: Soluciones practicas y económicas, (AyA,
2001d); and Tecnologías Eco Sanitarias para Monteverde, (AyA, 2000b). This system
also led to the UNDP sponsored workshop described in full in Case Study 5 which in
turn was a direct result of the article by Podren (2003) published in the national English
language newspaper The Tico Times.
The system has functioned successfully during its first three years of operation. Its
sustainability however may need to be assessed over a longer time frame. It is also
possible that, as with any new technology, modifications may be required during the life
of the system. Recent signs of clogging at the inlet for example, which appears to be
developing as an issue, may compromise the further uptake of this technology if the
problem cannot be remedied either by design modification or maintenance.
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The potential uptake of this technology through the domestic sector will be largely
dictated by costnot only the actual installation cost but also the cost to the owner of
‘losing’ the necessary land. With land at a premium in Santa Elena, subterranean
systems such as septic tanks have a significant advantage over surface treatment
systems such as reedbeds. Unless, and until, the treated water has some economic value
(either in its own right or through its ability to displace increasingly expensive potable
water) there will be no other cost benefit achievable. This situation tends to lend itself
towards community-based systems.
The use of conventional crushed rock raised several significant issues listed as follows:

•

incurred 30% of total cost;

•

increased labour costs in handling this heavy material;

•

increased potential for clogging if sand present in the crushed rock;

•

difficulties in any necessary remedial work e.g. unclogging inlet sections.

These factors are in addition to limitations imposed by its relatively low porosity and
hydraulic conductivity as described in Section 2.13. These disadvantages have been
significant stimuli for further research into the use of PET plastic bottle segments as an
alternative lightweight media.
(v) To develop a system whereby those households connected to the reedbed system
paid a nominal maintenance fee
An environmental services contract was successfully developed to achieve this
objective and represents a first in Costa Rica. It indicated people’s desire to see the
problem of greywater tackled in their community which was expressed through their
willingness to participate and indeed pay for the service. Sufficient on-going funding to
cover the operation and maintenance of wastewater treatment systems is critical for
their long-term sustainability. The fee was sufficient to cover the annual cost of
maintenance although collection of the maintenance fee can present difficulties.
(vi) To reduce the impact on local streams (quebradas) from the discharge of untreated
greywater
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The final treated water quality significantly reduces the impact on the local streams
principally through the reduction of BOD, increased level of DO, reduced fecal
coliform, TSS and turbidity as shown in Table 5.6. Nutrient removal was variable.
In conclusion the results of this experiment indicate that it may be possible to optimise a
reedbed system for domestic greywater treatment in terms of cost and size subject to the
required, or mandatory, standards. This is described further in Chapter 7. At present the
Costa Rican guidelines for wastewater reuse indicate that the design criteria for the
treatment of greywater using reedbeds be guided by pathogen removal.
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5.4

Case Study 4

Site:

Monteverde Institute property

Type:

Two-household reedbed system treating septic effluent and greywater

Owner:

Director, Monteverde Institute, Nathaniel Scrimshaw

Construction: June 2001
5.4.1 Objectives
The objectives of the experiment were:
i)

To trial a combined wastewater (black and grey) reedbed;

ii)

To observe any differences between this system and greywater-only
reedbeds particularly for fecal coliform levels;

iii)

To determine the acceptability and cost effectiveness of combined
wastewater reedbeds;

iv)

To trial wastewater reuse via flood irrigation;

v)

To incorporate a biological wastewater treatment system into a functioning
demonstration and research site for environmental technologies.

5.4.2 Planning
In order to trial a reedbed to treat domestic combined wastewater a secure site was
required due to the perceived health risk. When a planned overhaul of the failing septic
system at the Director’s residence housing two adults and two children (on Monteverde
Institute property) took place the opportunity was seized to concurrently install a
reedbed. In addition to the blackwater (after settling in the septic tanks) the system was
to receive the greywater from both the Director’s residence and a nearby cabin which
occasionally housed two people. This was made on the basis of improving the treatment
of wastewater for the whole site. This experiment had the potential to expand the use of
reedbed technology beyond greywater-only treatment which was pertinent given the
extremely high number of poorly functioning septic tank systems throughout Costa
Rica.
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Ample suitable cleared land existed downslope of the two residences that were to be
connected to this system: all wastewater from the main residence (septic effluent and
greywater) and greywater only from a smaller cabin. The septic system for the cabin
was relatively new and would have been problematic to connect to the proposed system.
Following treatment in the reedbed the effluent would then discharge to a polishing
pond for further treatment before any excess would overflow to flood irrigate several
proposed crops. Design and construction details were similar to the earlier reedbeds
(crushed rock as media) however due to the blackwater contribution an increased
retention time for pathogen die-off was calculated. In this experiment internal plastic
baffle walls similar to those described in Case Study 3 were also installed to extend the
flow path in order to trial greater length to width ratios (L:W). This was to compare to
results of studies by Mars (2000) and Bounds et al. (1998).
Design volumes
The average total water consumption was not known at the time of design as neither
dwelling was metered so the following estimation (Table 5.8) was made based on the
Acueducto design volumes of 150L/day/person of total water consumption. This project
commenced prior to the surveys described in Chapter Four were conducted. A
schematic of the complete system is shown below in Figure 5.5.
Table 5.8 Design parameters and reedbed dimensions
Contribution

Estimated

Hydraulic

Effective

Total

Reedbed

wastewater

retention time,

volume

volume

dimensions

volumes (L/day)

HRT (days)

required (m3)

required

(m)

3

(m )
Main residence

4 @ 150 =600

(grey + black)
Cabin (grey

2 @ 150 x 75%

only)

= 225

Total

825

6

4.95

12.4

14 x 1.8

Note: 4 people in main residence, 2 in cabin. Proportion black:grey assumed 25%:75%. Porosity = 0.4.
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18.
19.
20.
21.
22.

8

8
2
3

Main residence
Cabin
Settling tank for greywater
Inlet bucket
Reedbeds (and internal
baffle walls shown dotted)
23. Connecting/outflow drain
24. Pond
25. Existing and additional
new septic tanks
Existing plumbing
New plumbing/drains

1

Water sampling site

4

5

Valve

6
7
Figure 5.5 Schematic of Case Study 4

5.4.3 Implementation
Work commenced in June 2001 with the manual de-sludging of the main residence’s
only septic tank which was also suffering from significant tree root intrusion.
Concurrently an additional tank (500L) was installed with sanitary ‘T’s giving a total of
1000L capacity and increased solids settling. Both greywater lines (main residence and
cabin) had 25 litre plastic buckets installed in-line near the houses to act as rudimentary
greasetraps. All piping was done in 50mm pvc and all three lines (2 x greywater, 1 x
blackwater) were run separately, with the main residence greywater and cabin
greywater joining together approximately 2m before the reedbed, while the main
residence’s septic effluent entered the reedbed directly (after passing through the two
septic tanks) as shown in Figure 5.5.
Work on the reedbed itself commenced in mid-June with two labourers working fulltime. Some language and communication difficulties resulted in the topsoil not being
saved and a ‘step’ of some 15cm across the full width and halfway along the reedbed.
The possible effects of this ‘step’ are discussed later. The reedbed surface was also
designed to be 15-30cm below the existing groundlevel to provide an additional
‘freeboard’ safety margin in the event of extreme rainfall. The trench was lined with
two layers of builder’s plastic and approximately 5cm of soil placed over the bottom of
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the plastic to prevent puncture when the crushed rock was brought in. The rock had to
be delivered to the site by four wheel drive vehicles in 2m3 loads due to the state of the
access road and rainfall (wet season) making it very slippery. The rock was placed in
the reedbed by wheelbarrows entering down a plank into the trench and then using a
tipping front, used to avoid running the wheelbarrow over the soil/plastic layer.
Delivery of gravel slowed construction (some days were too wet to allow vehicular
access). However the pond and a piped drain (reedbed to pond) were installed and
erosion control plantings (maní and lemon grass) made during this time. The bulk of the
gravel placement was done by one volunteer who also coordinated filling the reedbed
around the two baffle walls (see Plate 5.12). These were taped to the bottom of the
trench (0.6m apart) and complicated filling as they must be draped side to side
alternately as the trench is filled. The reedbed was filled by the end of July and planted
up with transplanted reeds.
5.4.4 Results
5.4.4.1 General system performance
The system has performed very satisfactorily since installation with no odour or
mosquito issues. The mature system can be observed in Plate 5.13. The reedbed system
was completed by August 2001 and intensive monitoring took place through 2003 when
a sampling port (perforated bucket with lid) was installed at the outlet of the reedbed.
This was due to several reasons including an allowance for plant maturation, damage to
the pond liner due to animals and delay in obtaining a suitable flow meter. Some initial
sampling took place at the outlet to the pond, but this data was not considered reliable
when animal damage to the liner was persistent and significant rainfall events tended to
flood the pond. The system was intensively monitored for water quality and quantity
from February 2003 to August 2003 and a summary of this data is presented in Tables
5.9a and b and the complete data set is given in Appendix E. Occupancy of the cabin,
and to a lesser extent the main residence, varied throughout this monitoring period. A
domestic water meter (ABB V100) was installed on February 12, 2003 immediately
after the communal storage tank to meter the total water consumption of the two
dwellings. The meter was read weekly and consumption was approximately 551L/day
(SD = 357L/day, max. = 2,243L/day, min. = 99L/day). The resulting total greywater
(and septic effluent) flow into the reedbed was determined to be 491L/day. This took
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into account reductions of 60L/day and 120L/day when greywater was diverted to the
reedbed experiment trials described in Chapter Six. The cumulative water consumption
and wastewater volumes are shown in Figure 5.6. On the basis of an average inflow of
491L/day the hydraulic retention time increased to 10 days, some four days greater than
the original design estimate (six days).
On the basis of 25:75% (1:3) proportions of septic effluent to greywater and the
contributions of each from the two dwellings the final wastewater mixture entering the
reedbed is in the ratio of 1:4.5 septic effluent to greywater.

Plate 5.12 View of reedbed facing East soon after completion showing inlet bucket and internal baffle
walls prior to trimming of plastic. Note pond immediately downslope
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Fig. 5.6 Cumulative water consumption and calculated wastewater volumes

Plate 5.13 View of mature reedbed facing West. Note the freeboard set down

5.4.4.2 Treated water quality
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Results from the reedbed at various sampling points (refer Fig. 5.5) are given in Table
5.9a. Areal rates of BOD and fecal coliform removal are given in Table 5.9b. A fuller
discussion of water treatment is presented in Section 5.4.5.1.
5.4.4.3 Total construction cost
Table 5.10 provides the breakdown of expenses. The final cost of construction
excluding indirect and miscellaneous costs was US$535. There was no labour cost in
this instance as it was all done by volunteers. Installing the reedbed at the same time as
overhauling the failed septic tank enabled savings to be made as all materials were
purchased and delivered at the same time, excavation and installing pipe and the
additional second septic tank were all carried out at the same time. The cost to install
one additional septic tank and de-sludging of the original tank is not included.
Table 5.10 Case Study 4 direct costs
Item
Crushed rock (delivered)
Plastic liner (reedbed, baffles
and pond)
Pipe, fittings and 200L drum
Labour

Quantity
15m3
200m2

Cost/unit
(US$)
25.00
0.30

Total
(to nearest $)
375
60

Percentage of
total (%)
70.1
11.2

100

100

18.7

535

100.0

(~50 hrs)

Total direct cost
Volunteer labour
Design & supervision

Est’d 100 hours
Est’d 50 hours

In this instance the percentage contribution of the crushed rock is approximately twothirds of the total cost. The situation most closely resembles that of installation by a
homeowner where there is no direct labour cost. The pipe and fittings comprised 18.7%
of the total cost, which included dedicated pipes for greywater and septic effluent. In
this instance two homes are sharing the reedbed system which, excluding the cost to
install septic tanks and labour, represents a cost of US$268 per household for treatment
of all greywater and one household’s septic effluent.
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Table 5.9a
Case study 4: reedbed performance and monitored parameters
Sampling
Site (#)

Sample
size

Turbidity
(NTU)

BOD

Fecal coliform
(cfu/100ml)

Temp
(oC)

pH

DO

TDS

TSS

NO3-N
(mg/L)

NH4-N
(mg/L)
2.9 ±
2.4

Total
N
(mg/L)
11.3 ±
4.2

PO4P
(mg/L)
2.9 ±
2.0

Total
P
(mg/L)
7.5 ±
5.7

Inlet greywater

n = 15

103 ± 36

254 ±
84

7.7 x 107 ± 8.0
x 107

22.1 ±
2.2

5.2 ±
0.5

(mg/L)
1.0 ±
0.8

(mg/L)
204 ±
68

(mg/L)
33.5 ±
9.2#

<1

Inlet blackwater

n=1

81

95

Min. 5 x 108
Max. 3 x 109

21.0

7.4

1.3

945

n/a

0

200

n/a

15.3

n/a

Reedbed
Dry Season

n=4

15 ± 4

20 ±
8

7,600 ± 3,400

19.3 ±
1.5

5.7 ±
0.3

1.1 ±
0.8

285 ±
37

n/a

0±0

17.3 ±
1.0

n/a

8.1 ±
3.0

n/a

Wet Season

n=7

6±2

7±8

1,900 ± 2,900

18.3 ±
0.4

5.5 ±
0.2

1.0 ±
0.5

167 ±
41

10.0*

1.5 ±
2.6

13.5 ±
4.9

12.6 ±
2.1

1.8 ±
1.6

3.2 ±
3.3

Note: Refer to sampling points through system Fig. 5.5. All raw data rounded to nearest whole unit. Standard deviation shown following ±. # No. of samples for TSS is
two. * No. of samples for TSS is one only. No. of samples for total P and total N is two.

Table 5.9b
Reedbed mass balance results for BOD and fecal coliform (excluding septic contribution)
Season
Dry season (21 April – 31 May)
Wet season (15 July – 16 August)

BOD inflow

BOD outflow

Percentage

Fecal coliform Inflow

Fecal coliform

(g/m2/day)

(g/m2/day)

removal (%)

(cfu/m2/day)

Outflow (cfu/m2/day)

4.75

0.38

92

9.33 x 109

1.48 x 106

3.8

98

10

5

4.4

7.77

0.16
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1.08 x 10

4.77 x 10

Log removal

5.4.4.4 Plants
The plants reached an average height of 1m by December 2001 and stabilised at an
average of approximately 1.5−2.0m and a density of some 6-7 plants/m2 by mid 2002 as
shown in Plate 5.13. There was little variation in the plant leaf density throughout the
year. The plants in this reedbed were noticeably taller, more dense and the leaves darker
in colour than plants in any of the other greywater-only reedbeds as illustrated in Plate
5.14.

Plate 5.14 Typical difference in leaf colour between combined wastewater (left) and greywater-only
(right) reedbeds

5.4.4.5 Maintenance
The maintenance requirement for this system has been minimal. De-sludging of the
individual bucket-style greasetraps (for coarse solids) has been required two to three
times a year. The above-ground 200L settling drum has assisted in solids retention and
could be used as the sole settling device. This drum has a drain (50mm PVC ball valve)
which allows for accumulated sludge to be drained directly i.e manual removal is not
required. Whilst this arrangement is more convenient for maintenance it is somewhat
unsightly. As described in the previous case study it is preferable if all houses are
connected to one main settling tank from the point of simplified maintenance.
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The pond liner was significantly damaged by animals (dogs and other burrowing
animals) as occurred in Case Study 3 and despite fencing of the pond and attempts to reseal the pond with bentonite clay, burrowing animals continued to make this
unsuccessful. The pond was allowed to function as a planted (varieties of juncus)
soakage basin after this point and flood irrigation of downhill crops was not attempted
and did not eventuate during the period of the project.
Other maintenance tasks have included occasional weeding of the reedbed and pruning
of overhanging branches from surrounding vegetation.
5.4.5 Discussion
The overall performance of the reedbed system can be observed from the general health
of the plants (Plate 5.13) and the treated water quality (Tables 5.9a and b), although it is
noted that it is currently treating only 50% of the original design capacity. The system
was relatively inexpensive to install and the crushed rock media was the most
significant component (70%) of the direct cost. Placing the crushed rock in the reedbed
is also the most time consuming part of construction. The maintenance requirement at
this site has been minimal.
5.4.5.1 Treated water quality
Reduction in fecal coliform was between 3.8 and 4.4 log (based on the greywater input
only) with a retention time of 10 days on average. The septic effluent component
contributes a high level of fecal coliform (108 to 109) when compared to the study by
Charles et al. (2004) and would serve to at least maintain the existing levels of fecal
coliform in the greywater. It is therefore feasible that the reedbed is achieving fecal
coliform reduction in excess of five orders of magnitude. Final fecal coliform levels are
higher in the dry season than the wet season, which was not an anticipated result.
Despite an HRT of 10 days the system was unable to achieve the national standards
fecal coliform limit of <1000cfu/100ml for wastewater reuse. A second stage (reedbed
or pond) may be required to meet this limit and unfortunately the pond was unable to
demonstrate if this was achievable.
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BOD outflow is significantly reduced to at least 20mg/L on average and again this is
higher in the dry season than the wet season indicating some correlation with fecal
coliform levels. Removal rates on both a percentage and areal basis are at least 92% for
the dry season and greater than 97% in the wet season. Turbidity displays a similar
trend and this is likely to be due to dilution.
The septic tank contribution (1:4.5) is most clearly visible in terms of its ammonium
nitrogen contribution (a concentration nearly 70 times higher that of the raw greywater),
phosphate phosphorus contribution (approximately five times higher) and TDS (four
and a half times). The effect of these is reflected in the raised output levels of these
parameters following treatment. Nutrient removal appears to be limited and variable. A
mass balance to determine nutrient removal was not made due to the limited data on the
quality and quantity of the septic tank effluent and its high concentration in N and P.
Levels of ammonium nitrogen in the effluent (17.3 and 13.5mg/L dry and wet season
averages respectively) are elevated compared to greywater only systems. The low levels
of nitrate in conjunction with DO levels of one mg/L or less indicate that little
nitrification is taking place.
The effect of the baffles in this reedbed is to create a high L:W ratio of 23:1. The effect
of the ‘accidental’ step-down in the reedbed floor is unknown however it is possible that
this is creating an increased floor slope (albeit non-uniform) which is assisting the
hydraulic performance of the system. This will have a beneficial effect particularly
when the greatest concern of the large L:W ratio is to restrict flow which could result in
surface flow occurring. No surface flow has occurred thus far with this system and the
reedbed is functioning well.

5.4.5.2 Construction
The key details that emerged during installation were:

•

Placement of the crushed rock media was again the most strenuous and time
consuming activity. Internal baffle walls added complexity and increased
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construction time. Sand and fines mixed in with this rock was not removed in
this instance due to the difficulty in doing so.
•

All the required work can be done with unskilled labour and no mechanical
equipment is required.

•

The need for fencing of any open water bodies to exclude dogs and subsequent
damage. Additional liner protection such as geotextile is required where damage
by burrowing animals would be critical.

•

Construction took place during the wet season which is not recommended.
Erosion control can be quickly effected with the quick growing local peanut
grass (mani).

5.4.5.3 Cost
Combined wastewater reedbeds such as this have the economic advantage of replacing
the leachfield required for septic systems. The per household cost of approximately
US$270 for a system capable of treating all wastewater is ‘of the order’ of cost of a
properly sized septic leachfield in Monteverde. A cost comparison between all the Case
Study reedbeds is presented in Section 5.7.
5.4.5.4 Plant growth
The transplanted plants rapidly became established and have remained in a good
condition. The difference in plant leaf colour between this system and a greywater-only
reedbed is due to increased levels of nitrogen in the wastewater due to the septic tank
effluent contribution (Table 5.9). As described in the previous case study nitrogen
deficiency was suspected in the second reedbed.

5.4.5.5 Maintenance
The maintenance required for this system has been minimal and is overseen by the
owner when required. While separate lines for each wastewater stream add to the total
cost it makes any maintenance work such as repairing pipe breakages or clearing
blockages (and identifying and isolating which pipe or source is at fault) much less
daunting and hazardous than if mixed with septic tank effluent.
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5.4.6 Conclusions
The success or otherwise of this experiment in meeting the objectives listed in 5.4.1 are
discussed here.
(i) To trial a combined wastewater (black and grey) reedbed
This system demonstrated that typical residential combined wastewater could be
successfully and safely treated using reedbed technology.
(ii) To observe any differences between this system and greywater-only reedbeds
particularly for fecal coliform levels
This system achieved a reduction in fecal coliform to a level of 7,600cfu/100mL during
the dry season with a retention time of 10 days, which is very similar to the fourhousehold greywater-only system described in the previous case study with 4.5 days’
retention. This would suggest that microbial inactivation becomes limited after a certain
retention time. The lower level of fecal coliform during the wet season was not
expected, but suggests that the retention time is sufficiently long to buffer against
reduced retention times as a result of any rainfall. A comparison of the treatment
abilities of the systems in Case Studies 3 and 4 is presented in Section 5.8.
(iii) To determine the acceptability and cost effectiveness of combined
wastewater reedbeds
The system was welcomed by its users as it provided an improved biological
wastewater treatment system for both households. There were no odour or mosquito
problems associated with the system. The wider uptake of a system that treats toilet
water is likely to be limited, at least for the immediate future in Costa Rica. Constraints
would be due to a combination health department regulations, local government
requirements and cultural issues (Otterpohl, 2001a).
This arrangement demonstrated increased affordability as it provides a cost saving by
eliminating the leachfield commonly used. This saving would only apply for new
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houses where a reedbed to treat all the wastewater can be installed. It also loses the
advantage of wastewater source separation advocated here as part of Ecosan
philosophy.
Nevertheless the crushed rock represents the single largest individual cost item at 70%
of the total cost.
(iv) To trial wastewater reuse via flood irrigation
Unfortunately this objective was not realised due to persistent damage to the pond liner.
The system is currently arranged so as to allow further research to be undertaken into
the treatment by reedbeds of any combination of greywater and septic effluent and
subsequent irrigation of crops with treated wastewater is feasible.
v) To incorporate a biological wastewater treatment system into a functioning
demonstration and research site for environmental technologies.
In a similar manner to the Community Arts Centre system (Case Study 1) this system
continues to be used regularly by the Monteverde Institute as a fieldsite for students,
where they are introduced to the issues associated with sanitation and the role reedbeds
can play in alternative, low-cost biological wastewater treatment in tropical developing
countries. This system is not open to the general public (unlike Case Study 1) and while
it receives more international (by largely US College students and staff) than national
visitors it has received staff and students from the Costa Rican Institute of Technology
(ITCR), participants from the IWA Foundation Workshop on Sustainable Sanitation and
national participants from a UNDP workshop (refer Case Study 5) both organised by
myself and held at the Monteverde Institute.
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5.5

Case Study 5

Site:

High school, Santa Elena

Type:

Reedbed system for the treatment of school canteen greywater

Owner:

Santa Elena College

Construction: September 2003
5.5.1 Objectives
The objectives of this experiment were:
i)

To provide sufficient theoretical and practical knowledge to participants in
this four-day workshop so that they could build their own low-cost
greywater reedbed systems;

ii)

To promote broader awareness of the detrimental impacts of untreated
greywater and possible solutions via the installation of a reedbed system in a
public space;

iii)

To design and install a reedbed system which could treat some, but not all,
of the school canteen’s greywater.

5.5.2 Planning
This case study was funded by the Global Environment Fund - Small Grants Program
(GEF/SGP) which was established in 1993 in Costa Rica and is coordinated by the
Costa Rican United Nations Development Program (UNDP). In January 2003 I was
contacted by the UNDP for Costa Rica about the possibility of holding a workshop in
Monteverde on reedbeds for greywater treatment. The UNDP had become aware of my
work following an article on the impacts of untreated greywater and greywater
treatment in Monteverde (Podren, 2003) which was published in the Tico Timesthe
national English language newspaper. This article included a brief summary of the
reedbed designs and described the reedbed in Santa Elena in Case Study 3. Following
further discussion arrangements began to organise and run a four-day workshop for 23
Costa Rican nationals (12 women, 11 men) from rural eco-tourism community
organisations throughout Costa Rica to learn the theory and practice of reedbeds for
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greywater treatment. A site visit to the system described in Case Study 3 and
presentations on septic tank function and solid waste management by guest presenters
were also included as part of the workshop. The principal objective of the workshop
was to provide hands-on learning for the participants by installing a full-scale reedbed. I
was confident that this could be achieved after the previous successful experience with
the similar one-day reedbed installation described in Case Study 2. The UNDP
organisers were keen for the reedbed to be at a public site for demonstration and so
several potential candidates such as local non-profit organisations were approached.
Ultimately the workshop took place at the local high school as a result of the school’s
enthusiasm for the project, which was an ideal result in terms of the potential for
increasing public awareness of this technology.
In particular the Director of the school had been in contact with the Institute previously
in regard to reedbed treatment systems, as greywater was being dumped illegally onto
school property from nearby houses. The volumes involved for this however were
significant and sufficient funding was unavailable. The workshop proposal however
was fully funded and would allow the school to install, operate and maintain their own
reedbed system prior to undertaking the larger project, should funding be found.
With the support of the school’s Director several potential reedbed sites on the school
grounds were discussed and the various sources of greywater identified. The sanitation
systems at this public school were typical of rural regions in Costa Rica and consisted
of septic systems for blackwater and untreated discharge of greywater. In this instance
the school’s greywater came from several sources (handbasins, canteen, classrooms
with plumbing, etc) all of which discharged via separate pipes to a grassed area west of
the main classrooms (see Plates 5.15 and 5.16). While I was initially reluctant to install
a reedbed system for the canteen’s greywater due to the issue of solids it was the
school’s preference. A satisfactory settling tank system for the solids and grease and an
adjustable by-pass valve were required. While these would require a greater level of
maintenance it was felt that they were essential in this instance despite the additional
cost.
The chief constraints to this project were: financial (materials cost limited to less than
US$500); construction was required to take place in one full day; the workshop was to
be held during the wet season; and the high risk of inlet clogging as the greywater
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contained high solids and grease as it was essentially kitchen washwater with some
additional contribution from the one canteen handbasin.

Plate 5.15 Existing discharge pipe from the school canteen

Plate 5.16 View of proposed reedbed site with classrooms and canteen on the left-hand side and slope
downhill to right.
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In many public facilities such as this the daily volumes can only be at best roughly
estimated and in any event are highly seasonally variable. Domestic situations provide a
much more consistent and reliable greywater discharge. No water meter reading of the
canteen existed and best estimates based on tap flow rates and typical usage patterns
indicated a flow variation of between 100−750L/day for a typical school day was
possible. Due to the highly variable flows expected on a daily, weekly and monthly
basis (i.e. generally no flows on weekends or school holidays) a design which allowed
‘excess’ greywater to bypass the reedbed system was devised. This consisted of an inline by-pass valve which was placed downstream of the settling tank. This was to allow
simple manual adjustment of the percentage of greywater going to the reedbed or to
waste (as previously occurred). In the fully open mode no greywater entered the
reedbed. Pretreatment for solids and grease removal was undertaken by a two-stage
arrangement: a small open sump/greasetrap for gross solids followed by a 500L settling
tank with sanitary ‘T’s and a sludge draw-off drainpipe.
The proposed site was ideal for a gravity-fed greywater system as it was downslope of
the main classrooms, required very little additional plumbing, received plentiful
sunlight and could be used to supply treated greywater for irrigation of the school’s
agricultural department’s crops further downhill if desired.
The remaining funds, once the solids settling and by-pass systems were paid for, were
used to maximise the available reedbed size. The resulting design followed that given in
Section 3.12 with specific design details in Appendix F. The schematic layout is shown
in Figure 5.7.
The length of the reedbed was constrained to a maximum of 7m due to cost. The
principal dimensions are given in Table 5.11.
Table 5.11 Design parameters and reedbed dimensions
Estimated greywater
Dimensions
Total
volume max.

LxWxD

Porosity

volume

(m)

(m )

1000

7 x 2 x 0.5

7.0
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Retention

volume

3

(L/day)

Available

0.4

(m3)

(days)

2.8

2.8

PET plastic bottle segments in plastic mesh ‘onion bags’ were also used in order to
demonstrate this technique, particularly as sufficient labour was available, and to offset
a portion of the cost of imported crushed rock.

8.
9.
10.
11.
12.
13.
14.
15.

1
2
3

4

Classrooms and canteen
Existing plumbing
Settling tank
Greasetrap
New plumbing
Reedbed
Bypass valve
Outlet drain

5

6
8
Corn field

7

Figure 5.7 Schematic of Case Study 5

5.5.3 Implementation
Similar to the one-day reedbed installation described earlier in Case Study 2 and based
on this experience, the entire system was installed in one day. This was feasible due to
favourable weather, all materials being on-site prior to the workshop, sufficient people,
logistical support and no unexpected difficulties such as encountering rock. The 23
participants were asked to divide themselves into sub-groups responsible for the
following activities: settling tank installation and connection, plant collection, trench
excavation and cutting up of bottles. All participants were then involved in hauling and
placing gravel as this was the most strenuous and arduous task.
The plumbing component in this instance required the most finesse as pipe joining was
required as well as pouring cement for the settling tank base and ensuring levels were
accurate.
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The plants were transplanted within four hours and the reedbed heavily soaked with
freshwater. The by-pass valve was left in the fully open mode to ensure no greywater
passed into the reedbed until the plants had stabilised/matured.
Five bags of PET fragments were used in the media to demonstrate this technique and
are shown in Plate 5.17. These bags and approximately one cubic meter of large river
rock (250mm) were placed at the reedbed inlet for maximum hydraulic conductivity in
this region. Greywater was spread across the inlet width through 100mm flexible,
perforated plastic drainage pipe (refer Plate 5.18)

Plate 5.17 Workshop participants in the initial stages of filling the reedbed with crushed rock. Note the
PET segments in onion sacks on right hand side
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Plate 5.18 View of reedbed inlet and by-pass arrangement. Note valve at far end of pipe

5.5.4 Results
5.5.4.1 Total construction cost
The total direct cost for the reedbed was US$500 (2003) and the breakdown is tabulated
in Table 5.12.
The pipe and fittings were relatively expensive in this case due to the changes in pipe
sizing and plumbing for both the greasetrap and settling tank. The two PVC valves were
also an additional expense but were considered prudent in terms of the likely
management and maintenance of this system.
Unfortunately the author’s return to Perth was immediately after this workshop and
while reports to date have been favourable no specific evaluation of the system has been
available.
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Table 5.12 Case Study 5 direct costs
Item

Cost/unit

Total

Percentage of

(US$)

(to nearest $)

total (%)

20

180

36

0.25

24

5

0.25

24

5

4 x 6m, 8 elbows and

4.25/m and

120

24

4 tees

1.50/elbow

Valve (pvc)

2 x 50mm

13

26

5

500L concrete liner

1 x 500L

40

40

8

85

17

500

100.0

Crushed rock &

Quantity

8 and 1m

3

Large rock
Plastic liner
Geotextile
Pipe and fittings
(50mm and 75mm)

96m2
100m

2

with lid
Misc.

Transport, pvc
adhesive etc

Total direct cost

Labour
Site visit, design &

Est’d 100 hours
35 hours

supervision

5.5.4.2 Workshop feedback
All participants were presented with a certificate of participation on behalf of the UNDP
and the Monteverde Institute at the end of the workshop. Participants were asked to
complete a workshop evaluation and 92% rated the workshop reedbed installation as
either good or excellent (UNDP, 2003). A summary of these evaluations is presented in
Appendix E4. The complete form (E6) and evaluations (E5) are presented in Appendix
E as is the complete description (E6) of the four day workshop (UNDP, 2003). This
contains photos of the various stages of construction, a description of reedbeds, their
function and how to build them. This material was prepared by myself in Spanish for
inclusion in the report which was provided to all workshop participants. The document
is also available in electronic format and can be downloaded at no cost from the
website: (http://www.nu.or.cr/gef/programaf.htm).
As a result of the workshop, by December 2003 at least three other reedbed systems had
been installed by participants at various sites throughout Costa Rica (Guereña, 2003).
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Plate 5.19 Workshop participants and completed reedbed

5.5.5 Discussion
This system was designed to incorporate as many modifications to my original reedbed
design as possible. This was not only to trial the most improved design as a result of
experience gained from my earlier experiments, but also to demonstrate to the
workshop participants the broadest possible range of design elements. The sludge drain
for example, while technically adding to the complexity and cost of the system, should
be able to significantly reduce the difficulty and unpleasant nature associated with desludging the settling tank as revealed at the Case Study 3 site. Participants may however
decide that for their needs manual de-sludging is satisfactory. The use of PET segments
in onion sacks at the inlet was to allow for any future de-clogging that may occur at the
reedbeds most vulnerable point and to demonstrate the viability, and particularly the
cost-saving achievable with this technique. The open-ended bucket at the reedbed inlet
as used in all four previous case studies was discarded in this case and replaced by a
more efficient (greywater effluent distributed across the full width of the reedbed) and
easier to install arrangement using readily available flexible slotted drainage pipe.
The key design features of this system were:
•

Bottom opening sludge drain (valve)

•

Variable by-pass valve
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•

PET fragments in bags

•

Perforated flexible 100mm drainage pipe at inlet

•

1% fall to outlet

•

Direct reuse potential

Regular cleaning of the greasetrap and settling tank is likely to be the main issue to
affect the performance of the reedbed due to the high organic solids content of this
greywater. In hindsight, twin settling tanks may have been prudent given the highly
variable nature of the greywater volumes and potential for insufficient cleaning and desludging. Operation and maintenance of the system is the responsibility of the high
school itself and one member of staff was involved throughout the installation. Contact
details were left with the school and this staff member in the event any queries or
problems should arise.
5.5.6 Conclusion
The success or otherwise of this experiment in meeting the objectives listed in 5.5.1 are
discussed here.
i) To provide sufficient theoretical and practical knowledge to participants in this
four day workshop so that they could build their own low-cost greywater reedbed
systems.
This objective was achieved by a combination of theoretical sessions, site visits and via
hands-on construction of a reedbed system at the local high school. This was confirmed
subsequently by the installation of three reedbeds in other parts of Costa Rica by
workshop participants.
ii) To promote broader awareness of the detrimental impacts of untreated greywater
and possible solutions via the installation of a reedbed system in a public space;
The high school is a highly visible site where reedbed function can be observed and
in this instance monitored by school staff and students.
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iii) To design and install a reedbed system which could treat some, but not all, of the
school canteen’s greywater.
While the performance of the reedbed since installation is not known, a system which
could treat some, but not all, of the school canteen’s greywater was installed. It was
made clear to the high school that this system was not likely to be able to treat all the
canteen’s greywater and that adjustment of the by-pass valve and monitoring of the
reedbed performance via the effluent quality will be required to optimise the system.
The school indicated their desire to have a functioning reedbed system that students
could observe and monitor prior to constructing a more ambitious reedbed treatment
system.

161

5.6 Other reedbeds installed in Monteverde
A further six reedbeds were constructed in Monteverde during the period of this
research, two of which were as a result of my direct involvement, while a further four
were installed by other parties and can be considered an example of technology uptake.

•

Monteverde Friends School. A small system for the treatment of the school’s
handbasin and kitchen greywater which I designed. Installed by a local builder
who inadvertently used large river rock rather than the normal smaller crushed
rock. Plants have struggled to establish themselves as a result. Has performed
satisfactorily with no reported problems.

•

Monteverde Institute. A reedbed system I designed for the treatment of the
Institute’s kitchen greywater incorporating two greasetraps and a rockfilled
compensation tank to buffer flows. The reedbed is crescent shaped to blend into
the Institute’s grounds and treated greywater discharges into the stormwater
soakage basin. Initial overloading with greywater caused some odour problems
and slow plant growth. Performing satisfactorily.

•

Stella’s Café. A treatment system for kitchen greywater incorporating two
reedbeds in series before discharging to a local creek. A very constrained site
with large and unknown volumes of greywater with all work carried out by the
owner. A joint in the plastic liner resulted in the first reedbed failing which
required repair. Plants have thrived despite suspected system overloading and
regular grease trap maintenance has proven critical with frequent inlet clogging.

•

Paradise Café. A reedbed system for the café’s greywater which failed as a
result of poor installation. The contractor had attempted to replicate the system
at the Art Centre (Case Study 1) using PET segments but subsequent leaks, lack
of an effective greasetrap and high season overloading resulted in the system
being by-passed by the lessee.

•

Domestic reedbed. A simple reedbed for household greywater (excluding
kitchen) using PET segments installed by a local resident based upon my design
advice. Functioning satisfactorily.

•

Chunches café. A larger PET-filled reedbed for the treatment of laundry
greywater on a constrained site. Installed by the same resident as the previous
domestic system. No information as to performance.
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5.7 Discussion of case study reedbeds
In this section the five case study systems are summarised in an attempt to answer the
following two questions: what is a viable and cost-effective design for reedbeds for the
treatment of greywater in Costa Rica? and, what are the lessons learnt which would
enable the wider implementation of reedbeds in Costa Rica?
The materials and methods common to all these reedbeds were described in Chapter
Three while the design and construction details specific to each reedbed site were
described separately earlier in this chapter. Four of the systems were greywater-only
and one was conventional domestic wastewater (combined black and greywater) for the
purposes of comparison. As stated at the beginning of this thesis design principles were
based on the need to achieve low-cost systems which in turn requires simple, lowmaintenance technology. Investigations were also undertaken to find and trial a suitable
local aquatic plant in mixed-wastewater and greywater-only reedbeds. The issue of cost
was responsible for driving research into the use of PET plastic bottle sections as an
alternative low-cost media suitable for reedbeds.
5.7.1 Design
The first reedbed installed in Monteverde at the Community Art Centre and described in
Case Study 1 established the design fundamentals which were incorporated, with
modifications and improvements, for all the subsequent reedbeds. This consistency has
allowed the various case studies to be compared with one another according to
performance, cost, operation and maintenance. The following principal design features
proved to be successful:

•

a plastic and geotextile liner ‘sandwich’ to provide a low-cost lining system
using available materials;

•

simple reedbed outlet and connecting drains which avoided pipes/fittings
having to penetrate the liner. This had the added benefits of reducing cost,
installation time and complexity;

•

A locally available macrophyte species (Coix lacryma-jobi) which proved
resilient in reedbeds;

163

•

Plastic PET bottle segments as an alternative media to conventional crushed
rock.

These features were key to a simple, low-cost design which could be built from readily
available materials. No pumps were required in any of the case studies and this greatly
reduces the cost and complexity as well as potential for problems such as effluent
overflows during power failures for example which are common in the region. This may
not be possible in low-lying areas. Polishing ponds such as those installed at Case
Studies 1, 3 & 4 ultimately proved to be of little value for water treatment as they
invariably suffered liner damage caused by dogs and other animals. They are however
of particular value in terms of providing a simple demonstration of the reedbeds’
effectiveness by way of visual improvement in water quality to both the public and
owner.
5.7.2 Comparative cost of reedbed systems
A discussion of the relative costs for each case study reedbed system is presented here.
The most significant variations in cost between case studies were generally due to
additional plumbing (Case Studies 3 & 4) and site difficulties, and an additional stage
such as in Case Study 3. Table 5.13 presents the relevant parameters upon which mean
values of cost, size, flow rates and number of people for each reedbed system have been
calculated. While there were differences in intended treatment capacity, complexity of
design and installation between systems all parameters were lumped in order to gain a
general understanding of the overall situation. The mean values show a direct cost of
approximately US$600 (using crushed rock media) for an 18m2 reedbed treating
600L/day of greywater. On a per household basis Case Studies Three and Four revealed
costs of US$305 and US$270 per household. The per metre cost of US$27.5/m2
compares favourably with US$46/m2 (2003 dollars) for SSF wetlands in the US (Kadlec
and Knight, 1996) and an average in 1990 of US$91/m2 for domestic reedbeds (Steiner
and Combs, 1993). These figures are exclusive of the cost of the land. The cost of the
crushed rock media represented the largest proportion of the total cost at 52% (Table
5.14). This figure is typical of most conventional SSF wetlands described in the
literature (refer Section 2.13) and illustrates the significant potential increase in
affordability if a low-cost alternative media such as PET is used. The four case study
reedbeds which used crushed rock are on average half the cost of similar systems in the
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US on a per square metre rate (US$27.5/m2 versus US$46/m2), however the most
significant saving was demonstrated with the PET only system (Case study 1) at
US$10.4/m2.
Table 5.13 Comparative economic analysis of all five case studies
Case
Study

Direct Cost
(US$)

1a
2
3b
4c
5d

114
148
1220
535
500

Reedbed
Size
(m2)
11
12
30
25
14

Comparison
(US$/m2)
10.4
12.3
40.7
21.4
35.7

Design
flow
(L/day)
0-500
1000
2500
825
0-1000

Actual
flow
(L/day)
na
na
775
420
na

No.
people

No. homes

na
8
7 (18)
6
na

Art Centre
1
3-4
2
School
canteen
3.2

Mean
503e
18
24.1e
1015g
598
7
value
601f
27.5f
Notes: a. Majority of media was PET, b. Contained two stages, c. Included septic effluent, d. Had
variable inflow capability, e. All systems, f. Excluding Case Study 1, g. Mean of range used.

Table 5.14 Percentage contribution of media to total cost
Case Study

Media type

Percentage of total cost

1

PET & crushed rock

58.8

2

Crushed rock

64.2

3

Crushed rock

30.7

4

Crushed rock

70.1

5

Crushed rock

36.0

Mean value

52.0

Both final treated water quality and cost are functions of the size of the reedbed. For a
given volume of greywater a larger reedbed will produce water of higher quality than a
smaller one. A plot of cost against area for all five case studies is given in Figure 5.8
and a line of best fit (when not constrained to pass through the origin) shows good
correlation (r2 = 0.8069). The key question therefore is “what is the smallest possible
reedbed that will satisfactorily achieve the necessary levels of treatment?” This question
is discussed in Chapter Seven.
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Figure 5.8 Reedbed direct cost as a function of reedbed area

5.7.3 Treatment and reuse
A summary of the treatment performance of the five systems and potential for
wastewater reuse is given in Section 7.2 of Chapter Seven as the results of Chapter Six
are pertinent to this discussion.
5.7.4 Environmental benefit
In all cases excepting Case Study 4 greywater was being discharged untreated either
onto the ground a short distance from the dwelling (Case Studies 1, 2 and 5) or directly
onto the street verge (neighbours’ houses in Case Study 3). The direct benefit to the
environment therefore is the termination of this practice in all cases and a discharge of
treated water as compared to raw greywater, in addition to the removal of gross solids
and greases. Significant reductions in BOD, turbidity and fecal coliform as
demonstrated in Case Studies 3 and 4 indicate the reduced organic and bacterial loads
that are presented to the environment after treatment. Unfortunately nutrient removal is
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limited. Total volumes of treated greywater across all case studies ranged between 200
and 1,000 litres per day.
5.7.5 Health
A significant reduction in levels of fecal coliform in domestic greywater when treated
by reedbeds has been demonstrated. At the same time however it was not possible to
directly link the discharge of raw greywater to episodes of disease or ill health in
Monteverde. It is likely though that the public health risk will increase with increasing
volumes of untreated greywater entering the environment in hand with an increasing
population.
It is widely recognised that an improvement in a community’s sanitation should lead to
an improvement in health, but it is difficult to confirm whether the impact will be direct
or indirect (Esrey et al., 1985). Nevertheless a recent study prepared on behalf of the
World Health Organization (WHO) estimates that for every one dollar invested in water
and sanitation improvements in developing regions the economic return as a result of
health benefits alone is between US$5 and US$28 (Hutton and Haller, 2004). Of course
it is not surprising that the study raises the issue of who should pay the ‘one dollar’. In
the development of reedbed technology in Monteverde it was always considered that the
individual householder would bear the majority, if not all of, the cost to install and
maintain the system. This was not only due to the historical lack of any local or national
support but was also supported by the public’s willingness to pay for an
improvementin particular those neighbours who signed the ESC contract as part of
Case Study 3.
Health authorities argue that on-site systems such as the reedbed systems developed
here may actually increase the public health risk by putting untreated greywater back
into people’s backyards. This may have some basis in developed countries where
effective wastewater collection and treatment systems are in place, however in those
developing countries where greywater is dumped into the street or nearest stream, the
argument is particularly weak. There may be some basis to this argument but it should
only be considered if the treatment system is not performing adequately, for example
failing to reduce the bacteria levels to acceptable levels as a result of poor design,
construction or lack of maintenance. The issue of clogging in reedbeds causing surface
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ponding has been identified as the single greatest potential health risk in that ponding
can allow mosquito breeding, odours, human and animal contact (USEPA, 1999). Inlet
clogging is discussed further in Section 5.7.6.
5.7.6 Sustainability
The long-term sustainability of these systems is likely to be determined by the issues of
maintenance, repairs and structural integrity. Maintenance and repairs will be critically
dependant upon the frequency and cost, and providing that no specialised skills or
materials are required. The latter has, as far as possible, been dealt with through the
design of the reedbeds. Repairs can include inlet clogging, or damage sustained by
erosion, dogs and vandals, for example.
Maintenance issues can include weed control although this was not a problem in any of
the reedbeds installed as part of this research. De-sludging of the settling tank has been
the most significant maintenance item thus far. Failure to de-sludge periodically will
ultimately result in solids and grease overflow into the reedbed resulting in clogging of
the inlet. Inlet clogging will also present when the system has been overloaded causing
the media pore space to fill up resulting in a reduction in hydraulic conductivity and
subsequent surface flow. It is perhaps the greatest weakness of reedbeds and has been
observed internationally although its presence may not necessarily cause the system to
fail. Ponded surface water does increase the health risk however. If clogging occurs
then sludge removal is problematic and is generally impractical (Tanner and Sukais,
2002). The technique developed here of using PET segments as an alternative media has
been successfully demonstrated and when placed in porous plastic onion sacks has the
dual advantage of allowing the problem of de-clogging, should it occur, to be overcome.
The plants can be removed, the sacks retrieved and the inlet manually de-sludged and
then these parts reinstated in reverse order. These sacks are a much lighter equivalent to
the use of conventional gabions for gravel media which have been used elsewhere to
make it easier to remove and clean the inlet zone media following clogging (USEPA,
1999).
Must “low maintenance” necessarily mean “no maintenance”? If maintenance is critical
(even if infrequent) then it appears that the system is likely to fail. The consequences of
failure then become the critical factorfor example is the system ruined requiring
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complete or significant replacement to function? Or does failure simply result in
temporary non-treatment and the failure is easily remedied? The household survey
described in Chapter Three identified how infrequently the householder was required to
maintain any of the household’s present wastewater systems (>85% of households
reported that their wastewater systems operated without problems). This is likely to be
on a par with developed countries where household sanitary fixtures and plumbing are
proven robust technologies and householders are certainly not required to be involved
with the treatment of their wastewater. The significant difference is that greywater is
typically discharged into the sewer (or septic tank system) in developed countries
whereas in Latin America it is often discharged into the street.
A key issue therefore faced by on-site treatment systems such as reedbeds is the level of
maintenance requiredmust it be equal to or less than currently required? An on-site
treatment system must necessarily have greater maintenance requirements for the
homeowner than an arrangement where wastewater is simply piped off-site untreated.
But can this be any more problematic than operating and maintaining centralised
facilities in Latin America which are already known to have often failed? A benefit
arising from the treatment system must therefore exist before a higher level of
maintenance can be expected. Such benefits can include payment through mechanisms
such as the environmental services contract developed here, the ownership of the treated
greywater, if it has value either for on-site irrigation or for re-sale, or where benefit is a
cost saving due to regulatory-enforced compliance with some other system or
punishment by fine. More than 83% of respondents to the survey indicated their
willingness to pay more to have the greywater situation improved. It may not be fair to
assume that they would also be prepared to maintain a system to achieve this outcome,
nor have sufficient available space. Such a situation points towards a greywater
collection network with one or more treatment facilities. A facility could consist of one
managed by the local government or alternatively as developed herea community
scale system ranging in size from one or two homes to neighbourhood scale. On-site
systems such as those developed here would be suitable for those who have sufficient
and appropriate space within their property and a willingness to maintain it.
5.7.7 Technology transfer
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Kivaisi (2001) concluded that in developing countries a lack of both awareness and
local expertise in developing constructed wetland technology were responsible for its
slow uptake. The research conducted here has raised the awareness of reedbed
technology most notably within Monteverde and also within Costa Rica. This was
achieved through information in the media and more importantly through the UNDP
workshop described in Case Study 5. This workshop resulted in at least three reedbeds
subsequently being installed in various parts of the country by workshop participants.
This will also allow for a level of “local expertise” to be developed, beyond that
achieved thus far in Monteverde.
The acceptance and uptake of any new technology by the local community is the key to
its success and sustainability. Case Study 1 was strongly supported by the local
residents of Monteverde and paved the way by ‘spreading the word’ about the potential
of reedbeds. It was directly responsible for all the subsequent reedbeds including and
beyond the other four case studies.
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Chapter Six
Reedbed Experiments
6.1 Introduction
In this chapter the third aim of this research was investigated–could low-cost reedbeds
be developed which could provide satisfactory treatment of domestic greywater? The
effectiveness of reedbeds for the treatment of domestic greywater whilst comparing two
different types of mediaa local crushed rock (piedra cuarta) and segments of PET
plastic bottleswas evaluated. In addition the effect of planting on reedbed treatment
performance was investigated. Experiments were run through the wet and dry seasons
to investigate both the effect of climate and varying flow rates on treatment capacity.
The principal focus was on the reedbeds’ ability to remove BOD and fecal coliform as
these are currently the only parameters subject to nationally prescribed limits for the
reuse of wastewater in Costa Rica (Section 2.7).
The experiments described here using twelve experimental reedbeds under controlled
conditions were developed in order to a) provide quantitative data which could be used
to explain the performance of the case study reedbeds described in the previous chapter;
and b) provide scientific understanding of the treatment abilities of reedbeds. Six
specific objectives of these experiments were as follows:
1. To determine the effect of different media in reedbed treatment efficiency
(crushed rock versus PET plastic);
2. Confirm the viability and efficiency of Coix lacryma-jobi in different media;
3. To determine the difference in treatment efficiency of planted versus un-planted
systems;
4. To determine the effect of hydraulic loading and retention time on treatment
performance;
5. To determine the effect of seasonal change on treatment performance;
6. To determine if reedbeds are able to achieve the limits prescribed by the Costa
Rican guidelines for wastewater reuse (BOD <40mg/L, fecal coliform
<1,000cfu/100mL for restricted use).
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Twelve small-scale reedbeds (hereafter referred to as cells) were constructed and
monitored for their treatment performance over a five month period using the species
Coix lacryma-jobi as the macrophyte in the planted cells. The performance of the cells
was studied in detail and is presented here with all raw data given in spreadsheet form
in Appendix G.1

6.2

Experimental design and operation

The 12 experimental reedbeds comprising triplicates of four configurations were
established on a clear site at the Monteverde Institute and laid out using a random block
design as shown in Figure 6.1.
The four configurations were as follows:
1) Crushed rock with plants
2) Crushed rock without plants
3) PET bottle segments with plants
4) PET bottle segments without plants

1. PET + Plants

12. Crushed rock + Plants

2. PET + Plants

11. Crushed rock only

3. Crushed rock only

10. PET only

4. Crushed rock + Plants

9. PET + Plants

5. Crushed rock only

8. PET only

6. PET only

7. Crushed rock + Plants
Figure 6.1 Random block layout of 12 reedbed cells

Each cell consisted of a plastic-lined trench measuring 1.5m long, 0.25m wide and
approximately 0.20m deep. Each trench had a gross available volume of approximately
75L with a surface area of 0.375m2. Each trench was manually constructed and, after an
allowance for a suitable freeboard was made, each cell had a final individual available
volume which averaged 58.23L with a minimum of 56.05L and a maximum of 60.80L.
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Trenches were lined with two layers of conventional building plastic and tested for
leaks prior to usage. The cells were then filled with known volumes of one of the two
types of media and either planted or left unplanted according to the random block
design. The two types of media were a locally available crushed rock (known as piedra
cuarta) nominally 20mm and segments of PET plastic drinking water bottles (nominally
100–150mm) cut by hand to ensure that there were no “dead-ends”. The porosities of
the two media types were measured by filling a 20L bucket firstly with media and then
water. This was repeated three times and the result averaged. The porosities were
approximately 40% for crushed rock and 94% for PET segments. The PET media cells
also had a final upper layer of newspaper (4–6 sheets) followed by a thin layer (20–
25mm) of crushed rock on top. This final layer of newspaper/crushed rock was above
the standing water level and therefore played no role in water treatment but provided a
more stable surface, prevented mosquitoes from accessing the water surface and
resulted in a final appearance identical to the crushed rock-only cells. Plate 3.1 (Chapter
Three) shows a cell filled with PET segments prior to the placement of this final layer.
Six of the cells were planted with the emergent macrophyte Coix lacryma-jobi, while
the remaining six cells were left unplanted as controls. Each cell had a plastic 10L
bucket (perforated at the bottom) which was semi-submerged at the inlet to receive the
greywater, and a small metallic mesh-lined port for sampling immediately prior to the
exit.

The 12 cells were established in November 2002 and after some additional

planting to maximise plant density in March, trials commenced in April 2003 and
concluded after five months in August 2003 (refer Plate 6.1). Domestic greywater from
a nearby home (four member family) was added to each cell twice per day (morning
and afternoon) to approximate typical domestic flow patterns to a total of either 5L/day
or 10L/day throughout both wet and dry seasons. The corresponding hydraulic loading
rates (q) were 1.33cm/day and 2.67cm/day respectively. The range of conditions for the
four sets of three cells are tabulated in Table 6.1. All other conditions, such as
temperature and climate, were the same for all 12 cells. Rainfall and estimates of cell
evapotranspiration rates were known and used in the mass balance calculations. The
monitoring periods were as follows:
Dry season: April 21 – May 31 (5L/day, rainfall = 82mm); June 4 – June 17 (10L/day,
rainfall = 0mm).
Wet season: July 15 – August 16 (5L/day, rainfall = 251.5mm); August 17 – Sept 7
(10L/day, rainfall = 195mm).
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Evapotranspiration (ET) was determined by measurement of the water level in a glass
tank planted with Coix lacryma-jobi, using PET as media, to simulate a typical reedbed.
For wet season ET determination the tank was covered with clear plastic which allowed
sunlight through but prevented rain from entering the system.

Plate 6.1 Experiment site showing 12 cells at April 2003 before commencement of trials. Cell No. 1 is at
top right hand corner

Table 6.1 Configuration and hydraulic retention times of reedbed cells
Cells

Cell Type

Average

Measured

Average

Average

(media type and

available gross

average

Retention Time

Retention

plants)

volume

hydraulic

at 5 L/day

Time at 10

(L)

volume at

(q =

L/day

March 2003

1.33cm/day)

(q =

(L)

2.67cm/day)

1,2,9

PET + plants

59.53

46.2

9.2

4.6

6,8,10

PET only

58.11

44.7

8.9

4.5

4,7,12

Crushed rock +

57.95

30.0

6.0

3.0

57.32

30.3

6.1

3.0

plants
3,5,11

Crushed rock only
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Samples of outflow water from the 12 cells were taken twice weekly and immediately
after greywater input although only data from samples taken after three times the
hydraulic retention time was used for analysis. Samples were collected in sterile 90mL
glass bottles with fecal coliform determined after filtration through 0.45µm membranes
and incubated at 44.5°C for 24 hours using m-Endo agar LES. Parameters analysed
were pH, temperature, dissolved oxygen (DO), biochemical oxygen demand (BOD5),
turbidity, nitrate, phosphate, ammonia, fecal coliform and total dissolved solids (TDS)
as described in Chapter Three. Total nitrogen and total phosphorus were determined by
accredited laboratories for the final set of water and plant samples taken at the end of
the two wet season trials. Average values for parameters of the source domestic
greywater used in this study are presented in Table 6.2. The average hydraulic volume
of each cell was measured by syphoning all the water out of each cell into buckets of
known volume. The error involved in this was estimated as ± 1L. This technique was
preferred to tracer studies which although more accurate, as they take account of the
biomass and water which remains held in pores (USEPA, 1999), are much more
complex.
Table 6.2 Average values of raw domestic greywater parameters for this study
Parameter

Average

Parameter

(n = 15)
o

Average
(n = 15)

Temperature ( C)

22.1 ± 2.2

Orthophosphate-P (mg/L)

2.9 ± 2.0

pH

5.2 ± 0.5

Total phosphorus (mg/L)

7.5 ± 5.7

BOD (mg/L)

254 ± 84

TDS (mg/L)

204 ± 68

Fecal coliform (cfu/100mL)

7.7 x 107 ± 8.0 x 107

Nitrate nitrogen (mg/L)

<1

Turbidity (NTU)

103 ±36

Ammonium nitrogen (mg/L)

2.9 ± 2.4

DO (mg/L)

1.0 ± 0.8

Total nitrogen

11.3 ± 4.2

TSS

#

33.5 ± 9.2

# No. of samples for TSS is two only

The average level of BOD at this site is relatively high for domestic greywater when
compared to the findings of Jeppesen and Solley (1994), who quote an average of
160mg/L (Table 2.8) although giving a range of 90−290mg/L. In particular it is also a
significantly greater organic load than received by for example, the majority of the SSF
wetlands in the US which are typically only treating secondary treated effluent with a
BOD of less than 30mg/L (Kadlec and Knight, 1996).
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6.3 Results and discussion
6.3.1 Hydrology and water balance considerations
The combined effects of evapotranspiration (ET), evaporation (E) and precipitation (P)
are presented in Table 6.3. ET applies to planted cells only while E applies to unplanted
cells only. The limited knowledge on the effects of ET and precipitation on reedbed
performance was described in Section 2.11.1. Wetland-specific information is required
to estimate evapotranspiration (ET) in SSF wetlands as compared to free water surface
wetlands (Kadlec and Knight, 1996). Correlations used to estimate ET in SSF systems
rely on linear functions based on pan evaporation data and several have been derived by
Bavor et al. (1988) in Kadlec & Knight (1996). Studies by Burgoon et al. (1991) found
an E of 1.9mm/day for unplanted cells while Bavor et al. (1998) derived an expression
which gives an E of between 0.35 and 0.73mm/day for pan evaporations of 5 and
10mm/day respectively. While approximate levels of ET for the planted cells can be
determined from the data presented in Table 6.3, E for the gravel-only (unplanted) cells
was estimated as 1mm/day in this instance.
The effects of evapotranspiration and precipitation in planted cells in this study were to
include a loss of water equivalent to approximately 17% (17.2 and 16.5 for 5 and
10L/day) of the greywater input during the dry season, and an increase of approximately
28% (33.8 and 22.1 for 5 and 10L/day) during the wet season. For unplanted cells these
figures are: increase of 8.2% (dry season 5L/day), decrease of 7.6% (dry season
10L/day), increase of 51.8% (wet season 5L/day), and increase of 31.1% (wet season
10L/day).
Hydraulic Retention time (HRT)
The average reduction in available volume and HRT after three months for each set of
cells is shown in Table 6.4. Volumes determined after a further two months showed no
further significant variation (less than ± 2%) and it is therefore assumed that the bulk of
the reduction in volume occurred within the first three months after establishment. It is
not known why the PET-only systems suffered a greater loss of volume than the PET +
plants cells. Reductions in HRT of between 40-80% compared to the theoretical HRT
are commonly reported and have been attributed to loss of pore volume, dead volume
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and preferential flow (USEPA, 1999). The nett HRTs for each set of cells according to
season and volume of greywater added are presented in Table 6.5. These final values of
HRT provide the basis for all subsequent analysis. The most important finding is that
the planted PET cells maintain the greatest retention time of all the four cell
configurations. The implication is that for the same HRT a planted PET reedbed could
be smaller in size than a comparable planted crushed rock reebed, provided it is as
efficient.
Cells 3, 9 and 10 showed significantly greater reductions in volume compared to the
remaining pairs of their type. These reductions were 48%, 67% and 67% as compared to
the averages of 18.0%, 21.6% and 31.5% respectively (refer Table 6.5). These three
cells all demonstrated signs of having slow leaks (presumably due to holes in the
plastic) over time detectable by an increasing rate of water loss. As a result these cells
were excluded when determining the HRT average for each cell configuration. Their
water quality data however was not excluded from any further analysis unless explicitly
mentioned. The nett resulting water balance was as follows:
Planted cells

= water loss of 17.2% for 5L/day and 16.5% for 10L/day during dry season;
= increase of 33.8% for 5L/day and 22.1% for 10L/day during the wet season.

Unplanted cells

= increase of 8.2% for 5L/day and decrease of 7.6% for 10L/day during dry
season;
= increase of 51.8% for 5L/day and increase of 31.1% for 10L/day during wet
season.
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Table 6.3a Planted cells: precipitation (P), evaporation (E) and evapotranspiration (ET) during the experimental period
Season

Trial period

No. of

Greywater

1.

P

2.

Combined

Nett water

days

input

ET

Total

P average over

average of

gain

period

1&2

(L/day)

(mm/day)

(mm)

(mm/day)

(mm/day)

(L/cell/day)*

Dry

April 21 – May 31

41

5

4.4

82

2.1

-2.3

-0.86

Dry

June 4 – June 17

14

10

4.4

0

0

-4.4

-1.65

Wet

July 15 – August 16

33

5

3.4

252

7.9

+4.5

+1.69

Wet

August 17 – Sept 7

22

10

3.4

195

9.3

+5.9

+2.21

* Calculated on effective area of cell = 0.375 m2

Table 6.3b Unplanted cells: precipitation (P), evaporation (E) and evapotranspiration (ET) during the experimental period
Season

Trial period

No. of

Greywater

1.

P

2.

Combined

days

input

E

Total

P average over

average of

period

1&2

Nett water gain

(L/day)

(mm/day)

(mm)

(mm/day)

(mm/day)

(L/cell/day)*

Dry

April 21 – May 31

41

5

1.0

82

2.1

+1.1

+0.41

Dry

June 4 – June 17

14

10

1.0

0

0

-1.0

-0.38

Wet

July 15 – August 16

33

5

1.0

252

7.9

+6.9

2.59

Wet

August 17 – Sept 7

22

10

1.0

195

9.3

+8.3

3.11

* Calculated on effective area of cell = 0.375 m

2
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Table 6.4 Change in hydraulic volumes and adjusted retention times of reedbed cells
Cells

Cell Type

Measured average

Change in

Percentage

Initial Average Retention Time

hydraulic volume

Volume

reduction

(days)

(L)

(L)

(%)

March

June 2003

2003

Adjusted HRT

5 L/day

10 L/day

5

10

(q = 1.33

(q = 2.67

L/day

L/day

cm/day)

cm/day)

1,2,9

PET + plants

46.2

36.2

10.0

21.6

9.2

4.6

7.2

3.6

6,8,10

PET only

44.7

30.5

14.0

31.5

8.9

4.5

6.1

3.1

4,7,12

Crushed rock + plants

30.0

21.7

8.3

27.8

6.0

3.0

4.3

2.2

3,5,11

Crushed rock only

30.3

25.0

5.5

18.0

6.1

3.0

5.0

2.5

Table 6.5 Hydraulic retention times (HRT) adjusted for ET and precipitation effects
Cells

Cell Type

Adjusted

Adjusted

HRT at 5

HRT at 10

HRT at 5

HRT at 10

HRT at 5

HRT at 10

L/day

L/day

L/day

L/day

L/day

L/day
DRY SEASON

WET SEASON

1,2,9

PET + plants

7.2

3.6

8.5

4.2

4.8

2.8

6,8,10

PET only

6.1

3.1

5.6

3.3

2.9

2.1

4,7,12

Crushed rock +

4.3

2.2

5.1

2.5

2.9

1.7

5.0

2.5

4.6

2.7

2.4

1.7

plants
3,5,11

Crushed rock only
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6.3.2 Plant growth
6.3.2.1 Plant mass
A description of the species Coix lacryma-jobi and its structure was given in Sections
2.12 and 3.10. The species is not rhizomatous and individual clumps comprising a
number of shoots with one root ball per clump were used for transplantation. For clarity
in terminology an individual plant (propagule) has been considered to consist of a
clump of shoots attached to one root ball and where each shoot consists of roots, stem,
leaves and seeds.
While the number of plants per cell remained constant, their average mass (more
shoots) and height increased. These increases over the five month period from
initialisation were as follows:
Table 6.6 Plant growth by mass (wet) and height increases according to media type (averages)
Cell type

No. plants

Initial mass

Final mass

Mass

Increase in

Height

(ave.)

(kg)

(kg)

increase

mass

growth rate

(kg)

(cm/day)

PET + plants

7.0

12.5

50.5

38.0

404%

0.4

Crushed rock

7.3

12.8

26.3

13.5

205%

0.3

+ plants

Plants in the PET systems were approximately 21.5% taller than those in the
comparable crushed rock systems within three weeks from start-up throughout the study
period, although this was not at a level of statistical significance. Average plant heights
were measured five times during the study period and are shown in Figure 6.2. Of note
was the pronounced development of a height gradient in all cells with plants at the inlet
being the tallest diminishing to smallest at the outlet. Plant height diminished
approximately by half (44-48%) in a linear fashion from inlet to outlet across the
average for each set of planted cells. A study of SSF constructed wetlands planted with
Bulrush (Scirpus validus) for polishing municipal effluent in Kentucky also revealed a
similar gradient where aerial growth (determined by canopy indexing) was four times
denser at the inlet than the outlet (Edwards et al., 1993). In that study, continued
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investigation of contributing factors was planned although lengthwise nutrient reduction
and system immaturity were cited as plausible causes.

Figure 6.2. Growth of Coix lacryma-jobi over study period according to media type

6.3.2.2 Root development
At the conclusion of the experimental period all the planted cells were destructively
analysed. All cells were divided in thirds lengthwise and one complete plant shoot with
roots was selected at random from the first, middle and final thirds of the cell. This was
washed to remove any soil and aggregrate and then weighed (both wet and dry weights)
according to its component parts of roots, leaves, stems and seeds as shown in Tables
6.7 and 6.8. This procedure was also carried out on specimens from other reedbeds as
well as from the wild for the purposes of comparison (Table 6.9).
Table 6.7 PET + plants: Average wet mass of plant parts by grams and percent in brackets
Plants from:

Roots

Leaves

Seed

Stems

Total Shoot

g (%)

g (%)

g (%)

g (%)

mass (wet, g)

first third

372 (85.0)

18 (4.1)

7 (1.5)

41 (9.3)

437

mid third

99 (79.8)

6 (4.8)

1 (1.1)

18 (14.2)

124

end third

203 (87.6)

8 (3.5)

5 (1.9)

16 (7.0)

232

Total

674 (84.1)

32 (4.1)

13 (1.5)

75 (10.2)

Note: mass has been rounded to nearest whole number of grams
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Table 6.8 Crushed rock + plants: Average wet mass of plant parts by grams and percent in brackets
Plants from:

Roots

Leaves

Seeds

Stems

Total Shoot

g (%)

g (%)

g (%)

g (%)

mass (wet, g)

first third

349 (88.4)

8 (1.9)

6 (1.4)

33 (8.3)

395

mid third

170 (77.3)

9 (4.1)

5 (2.2)

36 (16.4)

219

end third

86 (71.6)

5 (4.2)

4 (3.2)

25 (21.0)

119

Total

604 (79.1)

22 (3.4)

14 (2.3)

94 (15.2)

Note: mass has been rounded to nearest whole number of grams

Table 6.9 Average wet mass of plant parts from other sites (parts by grams and percent in brackets)
Plants from:

Roots

Leaves

Seeds

Stems

Total Shoot

g (%)

g (%)

g (%)

g (%)

mass (wet, g)

Wild

98 (38.1)

63 (24.5)

5 (2.0)

91 (35.4)

256

Case study 4

28 (16.4)

13 (7.3)

12 (7.0)

119 (69.2)

172

Note: mass has been rounded to nearest whole number of grams

Wet masses have been presented here, however dried portions of the plant components
were also weighed and the average (n = 18) moisture contents were as follows: roots
56.6%; leaves 55.4%; seeds 47.2%; and stems 50.5%.
In both of the planted systems (PET, Crushed rock) the root mass accounts for
approximately 80% (84.1% and 79.1% respectively) of the total plant mass while stems
represent the next largest portion at 10.2% and 15.2% respectively. In general the
relative contribution of each of the plant parts (roots, leaves, seeds, stems) to the whole
plant is approximately the same irrespective of media type. On average the total root
mass for a typical shoot for the PET + plants cells is 70g or 12% greater than the root
mass for a typical shoot of the Crushed rock + plants cells.
As mentioned earlier the plant height gradient from inlet to outlet was pronounced in all
planted cells and this is also borne out in terms of above-ground plant mass: a decrease
of 55% (66g to 29g) of average above-ground plant mass for PET + plant cells; and a
decrease of 18% (47g to 34g) of average above-ground plant mass for Crushed rock +
plant cells. While this decrease was roughly uniform from inlet to outlet for both cell
types, the mid-point one-third for the PET + plant cells was its lowest point with its
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lowest average mass at 124g. The reason for this is not known yet the significantly
reduced root mass at the mid-point is the dominant influence. Edwards et al. (1993)
were unable, albeit with limited data, to find any corresponding reduction in root
biomass whereas Tables 6.8 and 6.9 show a clear reduction in root mass per shoot: 372g
to 203g (46%) and 349g to 86g (75%) respectively.
From Table 6.6 the PET + plant cells showed an average 404% (38kg/cell) increase in
total plant biomass over the study period compared to 205% (13.5kg/cell) for the
Crushed rock + plants cells. The majority, although not all, of this biomass increase can
be attributed to root growth. While individual shoots were not weighed prior to
transplanting the initial average plant masses per cell type shown in Table 6.6 (12.5kg
and 12.8kg) were for root ball predominantly as the plants were heavily cut back for
transplanting. Assuming that there were roots only initially, then the increase in mass
due to stems, leaves and seeds combined for the PET + plants cell is 15.8% which
equals 8kg (15.8% x 50.5kg). Therefore the increase in mass due to root growth alone is
30kg (38 – 8). The equivalent figures for the Crushed rock + plants cells are 20.9%
which equates to 5.5kg and an increase in mass due to root growth alone of 8kg (13.5 –
5.5).
Therefore in comparison to the Crushed rock + plant cells, the PET + plant cells have
grown an additional 22kg or 3.75 times as much root mass and an additional 2.5kg or
1.45 times as much stems, leaves and seeds. This significantly greater root growth is
illustrated in Plate 6.2 which shows one of the PET + plant cells being dismantled at the
termination of the experimental period and prior to weighing. The intertwining of roots
meant that roots from a plant in one section may have been included (when weighed) in
an adjoining section. It is therefore only possible to state the root density in a given
section (1st third, 2nd third etc) and not its direct above-ground component. There was no
visible tendency for roots to have orientated themselves one way or the othertowards
the inlet for example. While root growth along the walls of the cells resulted in almost
100% coverage as can be seen in Plate 6.2 giving the appearance of a root bound
system, the root density internally was less.
Kadlec and Knight (1996) estimated the below ground biomass of Phragmites to be in
the order of 2000g/m2 which approximates a quarter of the void volume in a 30cm root
zone. The equivalent figures from this research using Coix lacryma-jobi are:
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PET + plants cells:

113,120g/m2 (50,500g x 84.1% x 1/0.375m2)

Crushed rock + plants cells: 55,475g/ m2

(26,300g x 79.1% x 1/0.375m2)

These figures show significantly higher root densities in either media than is achieved
by Phragmites in conventional rock media and are due to the root structure of Coix
lacryma-jobi which is non-rhizomic in nature.

Inlet

Outlet

Plate 6.2 PET + plant cell at termination of experimental period showing approximate one-third sections

6.3.3 Fecal coliform removal
Fecal coliform removal for the four cell configurations systems (averaged data points) is
shown in Figure 6.3. The performance of all systems by season/trial according to
average removal is shown in Table 6.10, while the results of mass balance calculations
giving percentage and log load removal are given in Table 6.11. All data points for all
cells are plotted in Appendix G.2 and the influence of cell 9 which had a slow leak
(described previously) is visible in the later half of the experimental period whereas the
impact of the other leaking cells (3 and 10) was less noticeable. Wet season trials at
10L/day were not able to be conducted due to time constraints.
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The PET + plant systems consistently provided the highest average level of fecal
coliform removal across all seasons and trials. This was confirmed by average outflow
fecal coliform concentrations, percentage load removal (via mass balance) and
determination of reaction rate coefficients. These results are discussed here. While the
Crushed rock + plants cells provided comparable treatment to the PET + plant cells
during the dry season at the lower hydraulic loading rate (q = 1.33cm/day), they showed
less bacteria removal for the other two treatments. The decrease in performance of the
planted crushed rock cells during the dry season at the higher hydraulic loading rate
(2.67cm/day) is of note (mean outflow 2.59x105cfu/100mL). One explanation is the
possibility that some level of ‘breakthrough’ has occurred in the Crushed rock + plants
cells as the lowest dry season retention time of any set of cells is achieved during this
stage (= 2.5 days). The relationship between mean fecal coliform levels by cell type and
retention time (HRT) is shown in Figure 6.4.
Levels of significance were not achieved for most relationships during analysis largely
due to the limited amount of data and variability in what are large fecal coliform levels.

1.E+09

Dry season 5 L/day

Dry season 10 L/day

Wet season 5 L/day

1.E+08
1.E+07

1.E+05
1.E+04
1.E+03
1.E+02
1.E+01

/0

3

03

/8
14

3
/0

8/
7/

3
/0

/7
31

3

/7
24

3

/0

/0

/7

/7

17

10

3

03
7/
3/

/0

/6
26

/6

/0

3

3
/0
19

3

03
12

/6

6/

/0

5/

29

/5

/0
/5
22

/5

/0

3

3

03
15

03

5/
8/

5/

/0
/4

1/

3

1.E+00

24

CFU/100 mL

1.E+06

Dry Season: 5 L/day, 10 L/day. Wet Season: 5 L/day
PET+Plants

PET only

Crushed rock+plants

Crushed rock only

Raw

Figure 6.3 Fecal coliform (average) in outflow according to cell type
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Table 6.10 Dry and Wet Seasons: Mean outlet fecal coliform and retention time (HRT)
Cells

Cell Type

Fecal

HRT

Fecal

HRT

Fecal

HRT

Coliform

(days)

Coliform

(days)

Coliform

(days)

(cfu/100mL)

(cfu/100mL)

Dry: 5L/day
1,2,9

PET + plants

1.88 x 103

Dry: 10L/day
8.5

3

6,8,10

PET only

8.35 x 10

Crushed
rock + plants

3,5,11

Crushed
rock only

2.42 x 103

5.6

7.99 x 10

5

5.1

2.59 x 105

3.3

5

(6.91 x 10 )

9.26 x 104
5

(2.87 x 10 )

4.8

1.89 x 105

2.9

(1.74 x 105)
2.5

1.27 x 104

2.9

4

(5.06 x 10 )
4.6

6.03 x 103
(1.69 x 10 )

5

(4.69 x 10 )

Wet: 5L/day
3

(2.26 x 106)

3

2.08 x 105

4.2

(1.72 x 10 )

(1.96 x 106)
4,7,12

4.64 x 104
3

(2.35 x 10 )
5

(cfu/100mL)

(2.02 x 10 )
2.7

1.51 x 104

2.4

4

(3.33 x 10 )

Note: HRTs adjusted for effect of rain and ET. Average fecal coliform cfu/100 mL input dry season:
5L/day = 8.49 x 107 (5.72 x 107), 10L/day = 3.75 x 106 (1.0 x 106) cfu/100mL. Wet season: 5 L/day =
9.98 x 107 (1.01 x 108) cfu/100mL. Rainfall during this period = 251.5mm, equivalent to 94.3L over 32
days = 2.95L/day. Standard deviations in brackets

The raw greywater inflow had a fecal coliform concentration that ranged from 3.75 x
106 to 9.98 x 107cfu/100mL as a result of the naturally occurring variability of the
domestic greywater at this site. The effect of this range is to influence both the effluent
concentrations (Table 6.10) and areal removal rates when comparing different
treatments e.g. wet versus dry season and 5L versus 10L/day loads. A high influent
concentration will be reflected in a higher areal removal rate. Areal removal rates and
percentage load removals are shown in Table 6.11. Mean log removals for each cell
type averaged across the three treatment regimes were calculated for the purposes of
clarity and show the PET + plants cells achieving the greatest removal (3.6 log)
followed by Crushed rock + plants (3.2 log) though not at a level of significance
(p=0.203). Garcia et al. (2003) found a maximum fecal coliform removal of 3.4 log
units at three days HRT occurred on reedbeds with the smallest granular media (213mm diameters).
The effect of plants was to improve cell performance in both media types, particularly
PET by 1.8 log, and 0.5 log in Crushed rock. This is likely to be a result of the increased
root biomass in the PET cells compared to the Crushed rock cells as described in
Section 6.3.2.
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The variation of cell performance with retention time is shown in Figure 6.4. The
approximate exponential decay trend with increased retention is apparent for the planted
cells however this is not the case for the unplanted cells. The former was expected while
the latter was not and suggests that the presence of plants is aiding bacterial decay. This
finding would concur with the studies described by Tanner (2001) and Green et al.
(1997) which attribute increased bacterial removal to predation in the plant rhizosphere.
Table 6.11 Mean log fecal coliform removal (cfu/m2/day) and percentage load removal
Cells

Cell Type

Dry season

Dry season

Wet season

Mean log
removal

5 L/day
1,2,9

PET +

10 L/day

5 L/day

All

4.7

99.998%

1.9

98.968%

4.2

99.992%

3.6

plants
6,8,10

PET only

2.0

98.936%

0.7

79.506%

2.7

99.713%

1.8

4,7,12

Crushed

4.5

99.998%

1.2

94.228%

3.9

99.983%

3.2

2.6

99.735%

1.6

97.626%

3.8

99.977%

2.7

rock +
plants
3,5,11

Crushed
rock only
Inflow

1.13 x 106

1.00 x 105

1.33 x 106

(cfu/m2/day)

Of note is the difference between the planted and unplanted cells, irrespective of media,
visible in Figure 6.4. The unplanted cells trend upwards towards an asymptote around
1x105−106cfu/100mL with increased retention time whilst the planted cells trend
asymptotically down towards 1x103cfu/100mL. The Crushed rock + plants cells
converge towards this asymptote after approximately 3.5−4 days HRT while the PET +
plants cells approach it around 4.5−5 days HRT. This is similar to the results of Garcia
et al. (2003) who describe a saturation value (for microbial inactivation which varies
according to the media type) which is reached in general at an HRT of three days.
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Figure 6.4 Fecal coliform outflow concentrations (averaged) with retention time for all seasons/trials and
cell types

6.3.3.1 Treatment kinetics for fecal coliform removal
A summary of treatment kinetics and effluent variability in constructed wetlands was
given in the literature review in Chapter Two, Section 2.11. Estimates of first order
volumetric rate constants (kv) were obtained by the regression of log10 of effluent
concentration divided by inflow concentration for each cell against hydraulic retention
time (HRT). The reaction rate coefficient was then taken as the slope of the line of best
fit (with the appropriate correction for ln of 2.303) for the average of each set which are
shown in Table 6.12. No correction for temperature was made due to the very limited
range in temperature variation and no correction was made for a background
concentration (C*) as no data from any reedbeds with sufficiently long HRT was
available. The unplanted cells show very low k values and therefore weak removal
capacity although correlation is also very poor. The planted cells show more typical
coefficient rates although correlation is again weak. Of particular note however is the
difference between the coefficient rates of PET + plants (1.10/day) and Crushed rock +
plants (2.20/day) which would suggest that the latter is more effective at fecal coliform
removal than the former when Tables 6.10 and 6.11 indicate otherwise. This is due to
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the longer retention time of the PET + plants cells which confounds the relationship.
Indeed for identical sized reedbeds one using PET as media will have a longer HRT but
removal capacity will be as good if not superior to one based on crushed rock.
Table 6.12 Reaction rate coefficients averaged for each reedbed type
kv (day-1)

R2 (average)

PET + plants

1.10

0.54

PET only

0.05

0.01

Crushed rock + plants

2.20

0.56

Crushed rock only

-0.38

0.03

6.3.3.2 Seasonal effects
The planted cells showed a drop in performance (approximately 0.5 log for both media
types) during the wet season due to reduced HRT, however this was not the case with
the unplanted cells which showed improved performance likely due to dilution. This
cannot be explained by retention time effects as both cell types experienced their
shortest HRT during this period and the inflow fecal coliform concentrations were of
the same order of magnitude.
Increased levels of bacteria outflow during heavy rainfall due to the re-suspension of
bacteria laden sediment is often cited. In this instance, the total rainfall during the wet
season trial period was 251.5mmequivalent to a freshwater loading of 2.95L/day per
cell, or a dilution of approximately 60%. These results would suggest that PET + plant
cells, for the same surface area, are not only superior in terms of bacteria removal
overall, but they also do not suffer from significantly reduced efficiency during the wet
season as suffered by the planted crushed rock cells. This appears to be due to the
greater retention time afforded by the high porosity of the PET media.

6.3.4 Biochemical Oxygen Demand (BOD)
The five day BOD removal for all systems and seasons is shown in Figure 6.5 and
average outflow values in Table 6.13. A trending upwards during the wet season (July
onwards) in outflow BOD for all systems is evident. All data points for all cells are
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plotted in Appendix G.3 and the influence of cell 9 which had a slow leak (described
previously) is clearly visible (BOD means of 8.7, 9.7 and 24.0mg/L for cells 1, 2 and 9
respectively). This resulted in a decrease in the performance of the PET + plant cells’
combined average for BOD removal whereas the impact of the other leaking cells (3
and 10) was less noticeable.
All cells exhibit levels of BOD removal in absolute values (mg/L) which tend to reflect
the retention times. That is, highest levels of BOD removal are generally achieved
during the 5L/day dry season trial and lowest removal rates occur during the wet season
10L/day trials. Percentage removal rates (Table 6.14) determined by mass balance do
not follow this pattern precisely as they are affected by the corresponding average raw
greywater inflow concentration for the specific season/trial. Planted cells were superior
to unplanted cells, irrespective of media, but this was not at a level of significance
although it approaches significance when cells 3, 9 and 10 are excluded (p = 0.068).
All cells provided greater than 86% removal under all scenarios and treated greywater
to a final BOD of less than 20mg/l on average. This is similar to results reported by
Davison and Bayley (2002) who found BOD removal to be at least 87% in reedbeds
treating domestic effluent. Complete BOD removal is not possible and a background
final effluent value of 1-10mg/L is typical. A correlation of inlet BOD to outlet BOD is
given in Figure 6.6.
Table 6.13 Configuration and average BOD inflow and outflow (mg/L)
Cells

Cell Type

BOD

BOD

BOD

BOD

BOD

outflow

outflow

outflow

outflow

Outflow

Dry season

Dry season

Wet season

Wet season

Average

5 L/day

10 L/day

5 L/day

10 L/day

All

1,2,9

PET + plants

11.9

19.8

13.0

28.3

14.1 ± 8.3

6,8,10

PET only

15.8

21.4

12.8

30.5

16.9 ± 8.2

4,7,12

Crushed rock +

6.2

17.6

16.5

26.3

12.2 ± 8.9

11.8

16.3

9.9

28.3

13.4 ± 9.2

216 ± 55

155 ±14

290 ± 36

285 ±106

237

plants
3,5,11

Crushed rock
only
Inflow BOD
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Table 6.14 Average BOD inflow and outflow (g/m2/day) and percentage removal
Cells

Cell Type

BOD outflow

BOD outflow

BOD outflow

BOD outflow

Dry season

Dry season

Wet season

Wet season

5 L/day

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

0.04

99%

0.28

93%

0.18

95%

0.83

89%

6,8,(10)

PET only

0.24

92%

0.47

89%

0.27

93%

1.08

86%

4,7,12

Crushed rock +

0.08

97%

0.39

91%

0.32

92%

0.86

89%

0.13

95%

0.49

88%

0.29

93%

0.99

87%

plants
(3),5,11

Crushed rock only
Inflow BOD

2.88

4.13

3.87

Fig. 6.5 BOD removal for all cell types and all seasons/trials
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7.60

Figures 6.6 and 6.7 have been derived from all the available data excluding cells 3, 9
and 10 due to their negative influence upon calculations involving HRT. The strong
correlations of inflow against outflow BOD for all cell types except PET only, when a
mass balance is carried out, are demonstrated in Figure 6.6 and provide an effective tool
for the design of future reedbeds. On the mass balance basis the PET + plants
configuration provides the most effective BOD removal as a result of the increased
retention times (Table 6.5). This exponential relationship is demonstrated in Figure 6.7
where BOD outflow is plotted against retention time (HRT). Strong correlation,
particularly for planted cells, is evident for all cell types excluding PET only.

Fig. 6.6 BOD inflow and outflow according to mass balance
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Fig. 6.7 BOD outflow with hydraulic retention time (HRT) for all cell types (averaged)

6.3.4.1 Treatment kinetics for BOD removal
Estimates of K were obtained by the regression of log10 of effluent concentration
divided by inflow concentration for each cell (with appropriate correction for ln) against
hydraulic retention time (HRT). The average for each set was then calculated and these
are presented in Table 6.15. The results suggest good correlation for the planted cells
(either media) but poor correlation for the unplanted cells (either media) which may be
due to the high variability in the performance of the unplanted cells. The planted
crushed rock cells show the highest K value (0.39/day) with the planted PET cells
slightly less effective with a K value of 0.31/day. Research in Australia (Headley and
Davison, 2003) has described an average K of 0.52/day after summarising the
performance of 13 reedbeds over eight years with the proviso that a lower reaction rate
coefficient be used when the BOD is greater than 250mg/L. In two out of the four trials
conducted here the greywater had a BOD in excess of this limit (Table 6.13) with an
overall average of 237mg/L.
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Table 6.15 Reaction rate coefficients averaged for each reedbed type
K (day-1)

R2 (average)

PET + plants

0.31

0.85

PET only

0.07

0.07

Crushed rock + plants

0.39

0.78

Crushed rock only

0.28

0.38

Cell type

Crites and Tchobanoglous (1998) state that “the removal rate constant for BOD must be
related to the plant surface area below the water surface”. This concurs with the
findings here as shown in Table 6.15, where the plant surface area is clearly the least in
the PET only cells, with the Crushed rock only cells having increased efficiency due to
the rocks’ available surface area. This also agrees with the findings of both Khatiwada
and Polprasert (1999) and Burgoon et al. (1991). The effect of plant roots can be gauged
by the difference in rate coefficients between planted and unplanted cells of the same
media type. This is equal to 0.11/day for crushed rock and over twice, 0.24/day, for
PET. The apparent reduced efficiency of the PET + plants cells compared to the
Crushed rock + plant cells as indicated by the rate coefficient values is confounded by
the retention time as it was for fecal coilform removal.
6.3.5 pH
The mean values of outflow pH by cell type across the season/trial periods are given in
Table 6.16. While there was some slight trend downwards in the initial dry season
5L/day trial no other marked trends were discernible. The freshwater supply at this site
comes from a natural spring and had a pH of 5.4 (sampled at house tap 24 May 2003,
pH = 5.4, Temp =20.0°C, DO = 7.4mg/L, TDS = 40ppm) typically. A pH in the range
of 5 to 6 is typical of the groundwater in the region with sampling at springs in
Monteverde in 2001 having pHs of 5.9 and 6.1 with the principal water supply of
Guacimal having a pH of 6.2 (sampled March 4, 2003), for example. Lower values (<5)
have also been encountered at springs supplying the Monteverde acueducto system
(refer Appendix A). The acidic nature of the natural groundwater explains the low
average pH values (4.7–5.4) for the raw greywater and the capacity to provide a level of
neutralisation is demonstrated in all cell types during the dry season, most notably in the
unplanted crushed rock cells (pH 5.9–6.2). Wet season data indicate no neutralisation
occurs except, again, in the unplanted crushed rock cells (pH 5.8–5.9). It is not known
why the unplanted crushed rock cells provided greater neutralisation capacity than their
194

planted controls, although a similar, albeit slight, tendency occurred in the PET cells
(0.1 to 0.3 increase in pH). It is possible that algal photosynthesis in the unplanted cells
is consuming carbon dioxide thus elevating the pH. This is discussed further in section
6.3.7. It is also possible that the plant vegetation is giving rise to slightly more
anaerobic conditions upon decomposition thus maintaining a lower pH. In research by
Bavor et al. in Kadlec and Knight (1996) it was found that vegetation made no
difference to the outflow water pH of their SSF wetlands which lends support to Kadlec
and Knight’s supposition that any buffering effect is most likely due to the interactions
between the substrate and its biofilms, rather than to the macrophytes.
Table 6.16 Mean outflow pH by cell type and season/trial

Cell No.

Cell Type

DRY SEASON

WET SEASON

5 L/day

10 L/day

5 L/day

10 L/day

(n = 7)

(n = 3)

(n = 6)

(n = 2)

1,2, 9

PET + plants

5.5 ± 0.2

5.3 ± 0.1

5.1 ± 0.2

5.2 ± 0.2

6,8, 10

PET only

5.8 ± 0.2

5.5 ± 0.1

5.5 ± 0.2

5.6 ± 0.2

4,7,12

Crushed rock +

5.6 ± 0.2

5.4 ± 0.2

5.3 ± 0.2

5.3 ± 0.2

Crushed rock only

6.1 ± 0.2

5.9 ± 0.2

5.9 ± 0.3

5.9 ± 0.2

Raw greywater

5.1 ± 0.3

4.7 ± 0.4

5.4 ± 0.7

5.4 ± 0.7

plants
3,5,11

The generally alkaline nature of greywater was described in Section 2.8, however the
variability as reported by various studies was shown in Table 2.8. In Monteverde the
acidic nature of the groundwater is such that this property predominates over any
neutralising capacity of the alkaline greywater. Hence any plant species used in the
biological treatment of greywater in the Monteverde region need to be tolerant of acidic
water and soils rather than the usual alkali conditions. In other parts of the world it is
not uncommon for biological greywater treatment systems to use alkali-tolerant species
or to provide means whereby the pH of the greywater can be adjusted as part of its
treatment (Del Porto and Steinfeld, 1999).
The acidic nature of the water, and hence the greywater, may have other implications
for chemical reactions during treatment and subsequent reuse. Many naturally occurring
treatment bacteria for example are not able to survive outside the range 4.0 < pH < 9.5
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(Metcalf and Eddy, 1991 in Kadlec & Knight, 1996). The bacteria required for
nitrification and denitrification are susceptible to pH effects. Nitrification for example is
most efficient in alkaline conditions (7.2 < pH < 9.0) and the process is itself a
consumer of alkalinity (Kadlec & Knight, 1996) although some systems have been able
to acclimatise to lower-pH conditions (Crites, 1998). Kadlec and Knight (1996)
describe studies in non-wetland treatment systems which have shown that pH values as
low as 5.5 to 6.0 are not toxic to nitrifiers, but are inhibitory. Any subsequent
denitrification, whilst releasing alkalinity, would also be inhibited by the acidic
conditions (optimum conditions for denitrification > 6.5, <7.5) in addition to the limited
availability of nitrate. The acidic nature of the local water in conjunction with the need
for DO levels greater than 1mg/L (see discussion of DO) strongly suggests that little
nitrification, if any, is capable of taking place in any of the greywater reedbed systems
in Monteverde.
6.3.6 Temperature
Reedbed outflow water temperatures are strongly dampened and close to the mean daily
air temperature as described in Section 2.11. This is borne out in the data obtained for
the reedbed cells at this site as well as at the operating case study reedbed systems in the
area (refer Chapter Five). The trial period for this experiment was also conducted during
the months of warmest average temperature and the figures presented below in Table
6.17 are likely to represent the warmest outflow water temperatures obtainable.
The relatively warm nature of the incoming raw greywater may have been due to
unavoidable warming which occurred in the piping and storage system between the
house and the experiment site. A consistent outcome is the lower temperature of the
planted cells as compared to the unplanted cells. This difference of between
approximately 0.5° to 1.0°C is likely to be due to shading of the cell surfaces by the
vegetation and this was significant (p<0.05) for the PET media cells.
The effect of temperature on wetland reaction rates is still debated. Reed’s model is
temperature dependent, whilst Kadlec and Knight’s approach only considers
temperature important for nitrogen removal. Headley and Davison (2003) found no
significant relationship between temperature and reaction rates for both BOD and TN
upon examining all the available data over eight years from 13 reedbeds in north196

eastern NSW. The limited temperature range of the humid tropics of Central America in
hand with the inherent temperature dampening effect of reedbeds means that
temperature is likely to play little part in reedbed performance.
Table 6.17 Mean outflow temperature (°C) by cell type and season/trial

Cell No.

Cell Type

DRY SEASON

WET SEASON

5 L/day

10 L/day

5 L/day

10 L/day

1,2,9

PET + plants

20.7 ± 1.0

20.1 ± 0.1

19.6 ± 0.4

20.4 ± 0.2

6,8,10

PET only

21.9 ± 1.3

21.3 ± 0.0

20.5 ± 0.9

21.3 ± 0.7

4,7,12

Crushed rock +

21.4 ± 1.0

20.5 ± 0.4

20.1 ± 0.6

20.9 ± 0.4

Crushed rock only

22.2 ± 1.5

21.6 ± 0.4

20.5 ± 0.8

21.4 ± 1.2

Raw greywater

20.4 ± 0.9

22.0 ± 2.1

24.1 ± 2.7

23.0 ± 1.4

plants
3,5,11

6.3.7 Turbidity and Total Suspended Solids
Turbidity was measured with a portable turbidity meter, and only limited TSS analysis
was achievable due to the expense and difficulty of having samples analysed at certified
laboratories found only in San José. As a consequence the relationship between
turbidity and TSS described in Section 2.11.3 was examined, however no meaningful
relationship was apparent when considering either treated (R2 =0.0003, n = 6) or
untreated greywater (R2 =0.1672, n = 3) samples. Data used was taken from the reedbed
described in Case Study 3 and this site (12 cells) and the results presented in Table 6.18.
The low values of TSS for the untreated greywater (mean of 29mg/L) as compared to
typical domestic mixed wastewater (TSS = 210mg/L, Crites, 1998) are surprising and
more closely resemble secondary treated wastewater characteristics (Table 6.18). Raw
greywater was allowed to settle in a 200L settling tank (time of retention variable but <
24 hours) prior to use and as sampling took place immediately after these tanks a lower
TSS was expected as compared to ‘fresh’ raw greywater. From this limited data for
TSS, the percentage removal rates for TSS (44.8%) are significantly less than the
removal rates for turbidity (94.8%). That is, the relationship of turbidity to TSS is quite
different in untreated and treated water.
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The means for all four cell types are shown in Table 6.19. All cell configurations show
high levels (> 75%) of reduction in turbidity. The crushed rock media cells had lower
overall average outflow turbidities but this was not significant. The lowest levels of
performance in terms of turbidity removal for all cell types occurred when the retention
time was shortest (wet season, 10L/day) as was to be expected.
The lack of any significant difference in turbidity removal, and by association TSS
removal, between the four cell configurations in this study support the findings of
Steiner and Freeman (1989) described previously in Chapter Two. Neither temperature
nor seasonal effects have been found to have any influence on TSS removal (Kadlec
and Knight, 1996) and this finding is supported here.
Table 6.18 Mean values of turbidity and TSS for treated and untreated greywater in Monteverde
Untreated Greywater

Treated Greywater

n=3

n= 6

Turbidity

TSS (mg/L)

(NTU)

Removal efficiencies

Turbidity

TSS

Turbidity

TSS

(NTU)

(mg/L)

(NTU)

(mg/L)

94.8%

44.8%

Mean

116

29

6

16

Std Dev.

10

8

5

7

Table 6.19 Mean outflow turbidity (NTU) by cell type and season/trial (including percent reduction)

Cell No.

Cell Type

DRY SEASON
5L/day

1,2,9

PET + plants

9.1 ±

90.3%

4.3
6,8,10

PET only

Crushed rock +
plants

3,5,11

Crushed rock
only
Raw greywater

10L/day
10.9 ±

85.6%

2.6

10.7 ±

88.6%

2.3
4,7,12

WET SEASON

93.9%

3.2

9.5 ±

87.5%

89.7%

3.4

6.0 ±

92.1%

89.4%

2.3

94.3%

9.6 ±

6.0 ±

14.1 ±

82.6%

16.1 ±

80.1%

2.6
93.0%

17.7 ±

78.1%

11.6
95.5%

2.7
76 ± 7
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7.7 ±

10L/day

2.1

5.3

8.1 ±

94 ± 24

89.8%

1.8

1.5

9.7 ±

13.8 ±
7.7

2.0

5.7 ±

5L/day

136 ± 44

10.7 ±

86.7%

5.8
81 ± 27

6.3.8 Dissolved Oxygen (DO)
The unplanted cells provided a higher level of DO in the outflow than the planted cells
for both media types as shown in Table 6.20. This was significant (p<0.05) for the
crushed rock media, but not for the PET media. It was demonstrated in Section 6.3.4
that BOD removal on average was greatest in planted cells irrespective of media and in
all seasons. This result, in conjunction with the lower levels of dissolved oxygen in the
planted cells here, suggests that BOD consuming bacteria are taking up oxygen in the
process. While there continues to be debate in the literature as to whether oxygen
surplus to that required for plant respiration may be ‘leaked’ from roots into the
surrounding water, it will be taken up by bacteria resulting in a lower BOD and lower
DO.
Varying amounts of algae were observed in the outlet monitoring ports of all cells.
Significant amounts of algae may be able to exist near the surface of the unplanted cells
as it is not suppressed by the dense vegetation of the planted cells (Kadlec and Knight,
1996). Oxygen production due to algal photosynthesis would therefore be possible with
removal of CO2 resulting in an increased pH and this is supported by the increased pH
of unplanted cells described in Section 6.3.5. This could be confirmed by monitoring
cell DO and pH levels over 24 hours to detect if any significant diurnal variation in
these parameters due to algal photosynthesis-respiration is taking place.
Table 6.20 DO (mg/L) for cell type and season

Cell No.

Cell Type

DRY SEASON

WET SEASON

5 L/day

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

1.3 ± 0.3

1.4 ± 0.2

0.8 ± 0.3

1.0 ± 0.2

6,8,(10)

PET only

1.7 ± 1.0

0.9 ± 0.5

1.1 ± 0.5

0.9 ± 0.4

4,7,12

Crushed rock +

1.0 ± 0.3

0.9 ± 0.1

0.8 ± 0.6

0.6 ± 0.2

Crushed rock only

2.4 ± 1.3

1.5 ± 0.7

2.3 ± 1.3

1.4 ± 0.1

Raw greywater

1.2 ± 0.7

0.7 ± 0.3

0.9 ± 1.1

1.5 ± 1.1

plants
(3),5,11

Note: data from cells shown in brackets () not used
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While the PET + plants cells achieved an equal or higher level of DO than the Crushed
rock + plants cells in the outflow across all trials/season it was not demonstrable at a 5%
level of significance. A general trend towards lower DO concentrations as the trials
progressed was apparent and this may be explained by the decreasing retention times
(Table 6.5) apart from an increased HRT at 5L/day wet season which is also marked by
a slight recovery in DO levels at this point.
6.3.9 Nitrogen
The principal equations involving the transformation of nitrogen compounds were
presented in Section 2.11.3. Cells were monitored for ammonium nitrogen, total
nitrogen where feasible and nitrate. Concentrations of nitrate were consistently below
the level of detection which was not unexpected due to the low levels of ammonium
typically found in greywater and the limited capacity for nitrification in reedbeds.
Ammonium
The concentrations of ammonium nitrogen in the raw greywater at this site (mean =
2.4mg/L, range 1.2−3.2mg/L) are shown in Table 6.21a and fall within the range of
concentrations in greywater cited by both Rose and Karpiscak (in Del Porto, 1999) of
0.15−3.2mg/L and 0.6−4.5mg/L respectively.

Ammonium removal as determined by mass balance (Table 6.21b) decreases sharply at
the higher hydraulic loading rate particularly during the wet season when negative
removals occur for all cell types. The average raw greywater concentration during this
period was low (1.2mg/L) compared to the previous three trials and this has exacerbated
the apparent decline in performance. Negative removals are not feasible and suggest
that total nitrogen is being converted to ammonium nitrogen as a result of low DO and
pH. The PET-only cells consistently showed the lowest percentage removals while
percentage removals for planted cells was greater than 87% in all scenarios, except
during the 10L/day wet season trials. It would appear that a breakthrough has occurred
and that ammonia nitrogen removal is virtually nil at this hydraulic flow rate.

200

Table 6.21a Outflow ammonium-N concentration (mg/L)

Cell No.

Cell Type

DRY SEASON

WET SEASON

5 L/day

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

0.6 ± 0.3

0.4 ± 0.4

0.4 ± 0.4

1.8 ± 0.6

6,8,(10)

PET only

1.0 ± 0.5

2.3 ± 0.5

1.6 ± 0.6

3.4 ± 0.6

4,7,12

Crushed rock +

0.3 ± 0.3

0.3 ± 0.3

0.4 ± 0.3

2.0 ± 0.6

Crushed rock only

0.3 ± 0.2

0.7 ± 0.5

0.6 ± 0.4

2.2 ± 0.5

Raw greywater

3.2 ± 2.4

2.1 ± 3.3

3.1 ± 1.3

1.2 ± 2.9

plants
(3),5,11

Note: data from cells shown in brackets () not used

Table 6.21b Outflow ammonium-N (g/m2/day) and percent removal for cell type (averaged) and season

Cell No.

Cell Type

DRY SEASON
5 L/day

WET SEASON

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

0.01

88%

0.01

87%

0.00

88%

0.05

-42%

6,8,(10)

PET only

0.01

75%

0.04

19%

0.03

39%

0.09

-190%

4,7,12

Crushed rock +

0.00

95%

0.01

90%

0.00

88%

0.05

-54%

0.00

93%

0.01

75%

0.01

79%

0.06

-86%

plants
(3),5,11

Crushed rock
only

Raw greywater

0.04

0.05

0.04

0.03

Note: data from cells shown in brackets () not used

Total Nitrogen
Limited samples were able to be analysed for total nitrogen during the wet season only
(refer Tables 6.22a and b). The PET + plant cells were able to remove nitrogen (87%) at
a similar level to the Crushed rock + plants cells (89%) at the 5L/day load and were
13% more effective (84% versus 75%) at the 10L/day loading. Insufficient data was
available to determine if this was at a level of significance. Headley (2003) found
variable removals of total nitrogen ranging between 34% and 83% in their study on
various reedbed configurations and surprisingly a negative correlation with residence
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time. While data is limited, the drop in performance between the two trials examined
here is strongly suggestive of influence due to the reduced HRTs (HRTs at 10L/day
generally half those at 5L/day).
Table 6.22a Outflow total nitrogen concentrations (mg/L)

Cell No.

Cell Type

WET SEASON
5 L/day

10 L/day

1,2,(9)

PET + plants

1.5 ± 0.4

2.2 ± 0.1

6,8,(10)

PET only

1.7 ± 0.1

3.8 ± 0.4

4,7,12

Crushed rock + plants

1.4 ± 0.1

3.5 ± 1.8

(3),5,11

Crushed rock only

1.3 ± 0.5

2.6 ± 0.1

16.0

10.0

(n = 2)

(n = 1)

Raw greywater

Note: data from cells shown in brackets () not used
Table 6.22b Outflow total nitrogen (g/m2/day) and percent removal for cell type (averaged) and season

Cell No.

Cell Type

WET SEASON
5 L/day

10 L/day

1,2,(9)

PET + plants

0.03

87%

0.04

84%

6,8,(10)

PET only

0.03

84%

0.08

69%

4,7,12

Crushed rock +

0.02

89%

0.07

75%

0.03

88%

0.06

79%

plants
(3),5,11

Crushed rock
only

Raw greywater

0.21

0.27

(n = 2)

(n = 1)

Note: data from cells shown in brackets () not used

Consideration of the 5L/day and 10L/day wet season trials for the PET + plant cells
reveals mean organic nitrogen inputs of 0.17g/m2/day (0.21-0.04) and 0.24g/m2/day
(0.27-0.03) respectively with nitrate concentrations less than 1 mg/L. As this organic
nitrogen will mineralise to ammonium in the cell the total influent concentrations of
concern are the cumulative figures of 0.21g/m2/day and 0.27g/m2/day of ammonia. The
resulting ammonium concentrations after treatment are 0.0g/m2/day and 0.05g/m2/day
which reveal that plant uptake with nitrification and denitrification have removed
0.21g/m2/day and 0.22g/m2/day of ammonia respectively.
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6.3.10 Phosphorus
In municipal wastewater phosphorus (P) is generally present as organic phosphorus,
polyphosphate and orthophosphate as described in Section 2.10.3.7. Cells were
monitored for phosphate (as orthophosphate) concentration (Tables 6.23a and b) and
total phosphorus (Tables 6.24a and b) by concentration and mass balance according to
the methods described in Chapter Four. Limited samples were able to be analysed for
total phosphorus during the wet season only.
The planted cells removed more phosphate than the unplanted cells for both the dry
season loads, but the same or less for the wet season loads. This suggests phosphorus is
being taken up by the plants for cell production but at a level which is exceeded at the
higher loading rate. Mars et al. (1999) found no significant difference between planted
and unplanted reedbed tanks in terms of phosphate removal. Removal appears to be
only loosely related to retention time and at the shortest retention times (wet season
10L/day) there was a net outflow of phosphate for the PET only and Crushed rock +
plant cells. The PET + plants cells on average were as good as, or superior to, all other
cell configurations for all seasons and loads.
Table 6.23a Outflow PO4-P (mg/L) for each cell type (averaged) and season

Cell No.

Cell Type

DRY SEASON

WET SEASON

5 L/day

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

0.8 ± 0.2

0.6 ± 0.0

0.8 ± 0.2

1.6 ± 0.2

6,8,(10)

PET only

1.7 ± 0.5

0.7 ± 0.6

0.8 ± 0.1

2.9 ± 1.6

4,7,12

Crushed rock +

0.6 ± 0.1

0.6 ± 0.4

1.0 ± 0.3

3.0 ± 1.8

1.6 ± 0.2

1.4 ± 0.5

1.1 ± 0.1

1.7 ± 0.2

2.5 ± 0.9

1.8 ± 0.8

4.0 ± 3.1

2.3

plants
(3),5,11

Crushed rock only

Raw greywater

Note: data from cells shown in brackets () not used
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Table 6.23b Outflow PO4-P (g/m2/day) and percent removal for cell type (averaged) and season

Cell No.

Cell Type

DRY SEASON
5 L/day

WET SEASON

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

0.01

74%

0.01

88%

0.01

73%

0.03

50%

6,8,(10)

PET only

0.02

28%

0.01

81%

0.02

89%

0.06

63%

4,7,12

Crushed rock +

0.01

80%

0.01

89%

0.02

67%

0.06

6%

0.02

32%

0.02

63%

0.02

57%

0.04

41%

plants
(3),5,11

Crushed rock
only

Raw greywater

0.03

0.05

0.05

0.06

Note: data from cells shown in brackets () not used

Total phosphorus removal is shown in Table 6.24b and indicates that all cell types were
consistent in their removal efficiencies, in contrast to the greater variability
demonstrated in phosphate removal (Table 6.23b). Limited data points for total P mean
that this data can be considered indicative only and P removal can also be expected to
decline over time. Mann and Bavor (1993) found P removal highly variable (±40%) in
three SSF wetlands with P released in the second year of operation. Mean seasonal
effluent P concentrations ranged between 4.6 to 9.1mg/L and gravel adsorption was
ascribed the main removal mechanism. Perfler and Haberl (1993) described removal
efficiencies of 71% and total P outflow concentrations of 4mg/L for reedbeds treating
domestic effluent which agrees with the findings here. The comparison of planted
versus unplanted cells in Table 6.23b would concur with the findings of Mann and
Bavor (1993) that plant uptake is not significant except for phosphate P at the lower
hydraulic loading.
The mean wet season (5L and 10L/day) raw greywater inflow concentrations of total P
and phosphate were 10.05mg/L and 9.45mg/L (3.2mg/L PO4-P) respectively which
represents 32% as compared to the estimate of 88% for this relationship in raw
greywater (Section 2.11.3). Consideration of the outflow from the PET + plants cells
shows a removal of 0.11g/m2/day and 0.18g/m2/day of total P for the two periods which
is therefore bound in sediments or taken up by the plants.
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Table 6.24a Outflow total phosphorus (mg/L) for cell type (averaged) and wet season

Cell No.

Cell Type

WET SEASON
5 L/day

10 L/day

1,2,(9)

PET + plants

1.9 ± 0.2

3.7 ± 0.1

6,8,(10)

PET only

1.9 ± 0.8

3.0 ± 1.1

4,7,12

Crushed rock + plants

2.3 ± 0.5

3.6 ± 0.9

(3),5,11

Crushed rock only

2.9 ± 0.8

3.5 ± 0.6

10.7

9.4

(n = 2)

(n = 1)

Raw greywater

Note: data from cells shown in brackets () not used
Table 6.24b Outflow total phosphorus (g/m2/day) and percent removal for cell type (averaged) and wet
season

Cell No.

Cell Type

WET SEASON
5 L/day

10 L/day

1,2,(9)

PET + plants

0.03

77%

0.07

72%

6,8,(10)

PET only

0.04

74%

0.06

75%

4,7,12

Crushed rock +

0.04

71%

0.07

73%

0.06

59%

0.07

70%

plants
(3),5,11

Crushed rock
only

Raw greywater

0.14

0.25

(n = 2)

(n = 1)

Note: data from cells shown in brackets () not used

6.3.11 Total Dissolved Solids (TDS)
The TDS outflow concentrations for all cell types are shown in Table 6.25. The highest
levels of TDS for all cell types occurred in the dry season at 5L/day which was expected
as retention times due to evapotranspiration (ET) were greatest then. The Crushed rock
+ plants cells generally provided the least removal of TDS and in fact the average
outflow concentration for all seasons was greater (222.5mg/L) than the raw greywater
input (198.8mg/L). The PET cells (planted and unplanted) provided the most TDS
removal on average. While the TDS concentration of the raw greywater was well below
the recommended 450mg/L concentration for wastewater reuse, the highest levels of
outflow TDS occur during the dry season when ET is at a maximum, which is also the
time when irrigation for agriculture would take place in Monteverde, humid tropical
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area/regions in general. In summary the TDS concentrations following any of the
greywater treatments are not of concern for irrigated wastewater reuse in agriculture.
Table 6.25 TDS (mg/L) for cell type (averaged) and season

Cell No.

Cell Type

DRY SEASON

WET SEASON

Average
All seasons

5 L/day

10 L/day

5 L/day

10 L/day

1,2,(9)

PET + plants

200.7

190.0

125.0

152.5

173.1

6,8,(10)

PET only

173.6

158.3

111.0

171.3

153.9

4,7,12

Crushed rock +

260.5

213.9

166.0

213.3

222.5

230.7

233.3

123.0

200.0

199.4

177.5

170.5

231.3

180.0

198.8

plants
(3),5,11

Crushed rock only

Raw greywater

Note: data from cells shown in brackets () not used

6.3.12 Plant nutrient content
6.3.12.1 Phosphorus
Plant samples were taken at the cell inlet, mid-point and outlet from each of the three
cells per cell type and after drying analysed for total P. Samples were also taken at
random from the mixed wastewater reedbed in Case Study 4 as well as from the wild
for the purposes of comparison. The concentrations for each plant part were the
averaged for the three cells (n=3) of each cell type (Crushed rock and PET) and are
presented below in Table 6.26a and b.
Both the Crushed rock and PET cells exhibit strong similarity in terms of phosphorus
concentration in the plant parts. The greatest amount of P is stored in the stems and
seeds (approximately 2.0mg.P/g) with the least in the roots and leaves (approximately
1.4mg.P/g). There is no discernible trend in P concentrations from inlet to outlet in
either of the cell types.
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Table 6.26a Total P (mg.P/g) for Crushed rock + plant cells by plant part
Cell section

Roots

Stems

Leaves

Seeds

Inlet

1.4 ± 0.2

1.5 ± 0.5

1.3 ± 0.3

2.4 ± 0.7

Mid-point

1.3 ± 0.5

1.8 ± 0.4

1.0 ± 0.5

2.0 ± 0.3

Outlet

1.4 ± 0.1

2.7 ± 0.3

2.0 ± 0.3

1.0 ± 0.6

Mean

1.4

2.0

1.4

2.1

Table 6.26b Total P (mg.P/g) for PET + plant cells by plant part
Cell section

Roots

Stems

Leaves

Seeds

Inlet

1.2 ± 0.2

1.4 ± 0.8

0.9 ± 0.0

2.2 ± 0.3

Mid-point

1.3 ± 0.4

2.5 ± 0.3

1.8 ± 0.9

1.4 ± 0.3

Outlet

1.5 ± 0.2

2.5 ± 0.9

2.1 ± 0.8

2.5 ± 0.4

Mean

1.2

1.9

1.4

1.8

A comparison of the means of the two cell types with analysis of specimens taken from
the wild and from Case Study 4 is tabulated in Table 6.27. The specimen from Case
Study 4 had the highest levels of total P in all plant parts excepting the stems and is
suggestive of luxury nutrient uptake in the reedbed as a result of the septic effluent
contribution (refer Figure 6.8). If it is assumed that the wild specimen is equivalent to
the initial plant tissue concentrations for the cell plants (either type) then it can be said
that the plants in the treatment cells have approximately the same levels of total P in the
roots and leaves but have taken up approximately twice the total P in the stems and
seeds. Harvesting of the hard seeds may provide a simple means of phosphorus capture
but they would require crushing to be of any agricultural use.
Table 6.27 Mean value of total P (mg.P/g) of plants from four locations and comparison to other studies
Plant source

Roots

Stems

Leaves

Seeds

1.4

2.0

1.4

2.1

PET + plant cells

1.2

1.9

1.4

1.8

Wild

1.1

0.95

1.7

0.95

Case Study 4

2.5

1.0

2.5

2.9

Phragmites1

0.9-3.2

-

0.8-3.9

-

Schoenplectus

2.1-7.6

-

1.8-3.8

-

Crushed rock +
plant cells

validus

1

1: data from various studies in Greenway (1997)
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Table 6.27 indicates that the levels of total P found in the various plant parts of the
species Coix lacryma-jobi are comparable with those described in other studies of
emergent macrophytes from treatment wetlands.

Figure 6.8 Mean total phosphorus concentration by plant part for various specimens

6.3.12.2 Nitrogen
Plant samples were taken at the cell inlet, mid-point and outlet from each of the three
cells per cell type and after drying analysed for total kjeldahl nitrogen (TKN) with 12 of
these analysed further for total nitrogen for confirmation. Total nitrogen was on average
6.9% greater than TKN with the greatest variation in the seeds and TKN is used for the
purposes of further discussion. Samples were also taken at random from the mixed
wastewater reedbed in Case Study 4 as well as from the wild for the purposes of
comparison. The concentrations for each plant part were the averaged for the three cells
(n=3) of each cell type (Crushed rock and PET) and are presented below in Table 6.28a
and b.
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Both the Crushed rock and PET cells are similar in terms of TKN concentration in the
plant parts with the greatest amount of nitrogen stored in the seeds followed by the
leaves. There is no discernible trend in TKN concentrations from inlet to outlet in either
of the cell types.
Table 6.28a TKN (mg.N/g) for Crushed rock + plant cells by plant part
Cell section

Roots

Stems

Leaves

Seeds

Inlet

7.4 ± 3.1

6.0 ± 2.1

7.5 ± 2.1

16.0 ± 4.0

Mid-point

6.9 ± 0.9

5.3 ± 0.4

6.1 ± 0.5

13.3 ± 3.2

Outlet

5.6 ± 2.5

6.1 ± 0.5

9.5 ± 0.8

9.7 ± 2.9

Mean

6.6

5.8

7.7

13.0

Table 6.28b TKN (mg.N/g) for PET + plant cells by plant part
Cell section

Roots

Stems

Leaves

Seeds

Inlet

9.6 ± 1.4

4.2 ± 1.2

7.3 ± 1.7

14.7 ± 2.9

Mid-point

7.9 ± 2.4

5.2 ± 2.0

8.2 ± 1.2

9.9 ± 0.1

Outlet

7.7 ± 2.1

4.1 ± 0.3

10.7 ± 1.4

14.0 ± 1.4

Mean

8.4

4.5

8.7

12.8

A comparison of the means of the two cell types with analysis of specimens taken from
the wild and from Case Study 4 is tabulated in Table 6.29.
Table 6.29 Mean value of TKN (mg.N/g) of plants from four locations and comparison to other studies
Plant source

Roots

Stems

Leaves

Seeds

6.6

5.8

7.7

13.0

PET + plant cells

8.4

4.5

8.7

12.8

Wild

15.0

9.5

22.0

9.5

Case Study 4

13.0

4.0

20.0

24.0

Phragmites1

14.7-31

-

9.6-40

-

Schoenplectus

3.6-21.3

-

5.7-25

-

Crushed rock +
plant cells

validus

1

1: data from various studies in Greenway (1997)

209

The most significant feature revealed from Table 6.29 is that the specimens from both
Case Study 4 and the wild had higher levels of nitrogen in the roots (approximately
double) and leaves (nearly three times) than either of the greywater cells. This is
strongly indicative of nitrogen deficiency in the greywater cells and supports the
findings of Case Studies 3 and 4. The concentrations of TKN are at the lower end of the
range of total nitrogen levels when compared to those of other studies further
supporting the likelihood of nitrogen deficiency. Somewhat surprising was the finding
that the levels in the Case Study 4 samples were not higher than those from the wild.
This suggests that any surplus nitrogen in the reedbed as a result of the septic effluent is
not being taken up by the plants.

6.4 Experimental trial of PET bottle segments in containers
The successful use of PET bottle segments as an alternative media was firstly
demonstrated in an operational full-scale reedbed (Case Study 1) and subsequently as
described by its performance here in this chapter. While the raw material may be
available at virtually no cost two main problems are likely to confront its wider
usagecutting the PET bottles into suitably sized segments and subsequent handling of
the segments. Where labour rates are low, typically in developing countries, it may be
viable to cut the bottles manually. Where this is not the case however mechanised
means such as conventional wood grinders/chippers may be suitable provided that the
resulting segments are not reduced to flat chips with low porosity. This is recommended
for further investigation. Issues associated with handling of the segments were
described in Chapter Three and the resultant choice of plastic string bags (onion bags) is
described here. The numerous advantages of using plastic string bags are that:
•

the bags can be filled at the site where they are cut up reducing mess and
improving storage prior to use;

•

the filled bags are light and easily handled and can be transported to the reedbed
site and placed directly into the trench (density approx. 45kg/m3 cf gravel
>1,000kg/m3);

•

roots are able to pass through the bag mesh and into the PET media as
anticipated (See Plate 6.3);

•

a minimal newspaper layer is required over the bags as the bags are able to
support the gravel independently;
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•

it is anticipated that the bags can be removed from the reedbed if de-sludging as
part of the reedbed’s maintenance is required. The lifespan of the plastic mesh
bags in such an environment is unknown at this stage.

Plate 6.3 shows a bag filled with PET segments and root penetration (Coix lacrymajobi) after three weeks in an experimental reedbed cell. The mesh bags obtained in
Monteverde were approximately cylindrical in shape (40cm diameter and 60cm long)
and capable of holding 25 PET bottles (600mL sized bottles) cut into thirds. Larger
bags may be obtainable. PET-filled mesh bags were used in the reedbed at the high
school described in Case Study 5 for demonstration purposes and represent a mixed
media (or hybrid) system (mix of gravel and PET bags). The use of these bags
particularly at the reedbed inlet zone is advantageous due to the very high hydraulic
conductivity achievable.

Plate 6.3 PET segment filled bag showing root penetration (Coix lacryma-jobi) after three weeks

6.5 Conclusions
The six objectives described in the introduction to this chapter are discussed here in
light of the experimental results, with particular emphasis given to fecal coliform and
BOD removal in addition to the suitability of the treated greywater for reuse. In general
the planted cells were more effective than the unplanted cells which was expected and
this supports the overall understanding that reedbeds of either media type should be
vegetated.
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1. To determine the effect of different media in SSF reedbed treatment efficiency
(crushed rock versus PET plastic)
The principal effects of PET plastic bottle segments are to increase retention time and
allow increased root growth compared to crushed rock (Sections 6.3.1 and 6.3.2). Both
of these characteristics are strongly beneficial in planted reedbeds and explain the
greater efficiency of the PET + plants cells compared to any of the other cell
configurations. In the planted systems PET media provided the highest mean level of
fecal coliform removal (3.6 log) in all trials and seasons, and comparable treatment to
crushed rock media for BOD removal (both removed >89%). Unplanted PET systems
however were consistently the least effective across all loads and seasons which
supports the theory that plants are essential (to increase available surface area for
biofilm development) when PET is used. Only the species Coix lacryma-jobi was
trialed in this research and it is suspected that other species with rhizomic root systems
may prove inferior in this regard.
2. Confirm the viability and efficiency of Coix lacryma-jobi in different media
This macrophyte species proved viable in both media types in all seasons and hydraulic
loadings. Growth was greatest in the PET media as compared to the crushed rock media
(Section 6.3.2) with nearly four times as much root biomass and nearly one and a half
times as much stem, leaf and seed mass. The effect of Coix lacryma-jobi for overall
mean fecal coliform removal was greater (improved by 1.8 log) in PET than it was in
crushed rock (improved by 0.5 log). This can be attributed to the greater amount of root
development in PET media. BOD and nutrient removal were comparable in both media
types when planted.
3. To determine the difference in treatment efficiency of planted versus un-planted
systems
In general the planted systems outperformed the un-planted systems. Reaction rate
coefficients, which express treatment efficiency, for fecal coliform and BOD in general
show significant difference between planted and un-planted cells of the same media
type. N and P removal is variable which supports the theory that the effect of vegetation
nutrient removal is slight except at low hydraulic loadings.
4. To determine the effect of hydraulic loading and retention time on treatment
performance
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The effect of the two hydraulic loadings (1.33cm/day, 2.67cm/day) in conjunction with
seasonal variation (precipitation and evapotranspiration) was tabulated against hydraulic
retention time (HRT) in Table 6.5. Fecal coliform and BOD both show a strong
exponential relationship with HRT (Figures 6.4 and 6.6) for the planted cells of both
media types. These similar relationships provide a design tool for reedbeds where
discharge concentrations are stipulated for these two parameters. For fecal coliform a
saturation value (asymptote) of approximately 1x103cfu/100mL exists for both media
types between three and five days HRT. For BOD, all cell types excepting PET-only,
trend towards background levels of BOD (<5mg/L) from approximately five days HRT
on. BOD concentrations start to trend sharply upwards for all cell types for HRTs less
than three days when BOD is typically 15−20mg/L. Reductions of between 18 and 32%
in hydraulic volume, depending upon cell type, occurred with the first three months and
should be considered minimum values for reedbed design. ‘Breakthrough’ may also
occur when the retention time falls to a critical value as was observed during the
10L/day dry season trials for Crushed rock + plants notably in fecal coliform removal.
This is also likely to occur during heavy rainfall events.
5. To determine the effect of seasonal change on treatment performance
Treatment efficiencies are generally lowered in the wet season for all cell types due to
reduced HRTs as a result of increased rainfall and reduced evaporation and
evapotranspiration. The outcome is therefore as described in the discussion of retention
time previously. Maintaining constant HRTs for all cell types would be required in
order to ascertain any other seasonal affects such as solar radiation levels, number of
daylight hours and humidity.
6. To determine if reedbeds are able to achieve the limits prescribed by the Costa
Rican guidelines for wastewater reuse (BOD <40mg/L, Fecal coliform
<1,000cfu/100 mL)
None of the cell types were able to achieve mean fecal coliform levels of less than
1,000cfu/100mL although isolated samples were occasionally less than this level. The
large variation (Table 6.10) between samples exacerbates this situation and the use of
geometric means may be more representative. Given the nature of the relationship of
fecal coliform concentration to HRT as described previously it is unlikely that the limit
of 1,000cfu/100mL can be achieved by any of the cell types irrespective of the length of
retention. Multiple staged reedbeds may achieve this limit or disinfection (chemical,
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ultraviolet, etc.) is required. The BOD limit was achieved by all cell types under all
conditions in this study despite the relatively high BOD loading. All cell types returned
BOD concentrations in the high 20s to low 30s for the 10L/day wet season trial
indicating that the cells would be nearing their capacity to maintain less than 40mg/L
with any additional hydraulic load.
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Chapter Seven
General Discussion
The principal research question posed in this thesis is whether ecological sanitation via
subsurface flow constructed wetlands (reedbeds) for the treatment of greywater could
improve sanitation in Monteverde, Costa Rica and hence Latin America? The attempt to
answer to this question was addressed by:

•

firstly examining the effects and implications of the current sanitation paradigm
(Chapter Four);

•

secondly designing, constructing and monitoring five reedbed systems in order
to assess their performance and whether the technology can be successfully
transferred (Chapter Five), and finally;

•

testing the performance of reedbeds under local conditions using local plant
species by developing and monitoring experimental reedbeds using an
alternative media (Chapter Six).

7.1 Impact of the current sanitation paradigm
Chapter Four attempts to answer the question: what impact is the current sanitation
paradigm having upon the residents and environment of Monteverde? While the focus
may have been primarily upon the impact of untreated greywater, water-based
sanitation has significantly greater implications for the management of all Monteverde’s
water resources. An holistic analysis of the complete water cycle, rather than the
consideration of individual elements in isolation, is fundamental to the philosophy of
Ecosan. In an attempt to quantify this impact the following investigations were
undertaken: an assessment of the water quality of local streams over a three-year period;
an extensive household survey; and an analysis of current water resource management
in Monteverde.
7.1.1 Potable water use
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The first component of this research was to assess the current typical domestic water
consumption. The household water survey described in Section 4.2 revealed that per
person water consumption figures are on average 19% higher (178L/person/day) than
those currently used by the local Acueductos for their water supply network design
(150L/person/day). It also revealed fewer occupants per household on average (3.9
occupants/household) than that used by the local Acueductos (6 occupants/household).
Both these findings support the conclusion that the average domestic standard of living
in Monteverde has risen which in turn is highly probable given the region’s rapid rate of
development. The implications of these findings are that:
1. if water supply design is based upon population growth projections only, then
future demand will be underestimated by approximately 19% (estimates based
on per household consumption will be approximately equivalent);
2. wastewater volumes will increase in line with per person water consumption.
The second component of this research was to assess the current typical water
consumption of hotels. This revealed the significantly greater water consumption in the
higher-end hotels not only in volume but also consumption per guest which revealed
consumption ranging from 3.8 to 13 times that of the equivalent domestic figures.
Seasonal variation is also marked in the higher-end hotels, possibly due to irrigation of
grounds, spas, etc with consumption increasing three to five times in the high, and dry,
season compared to the wet season. The implications of these findings are that:
1. in terms of water supply design high-end hotels place a significant strain upon
the local water resource at the most critical time of the year;
2. on a per person basis the water consumption and wastewater production
volumes of a tourist staying at a high-end hotel may be one order of magnitude
greater than that of a resident. This has implications for the design of
Monteverde’s water and wastewater systems.
If Monteverde continues with a ‘business as usual’ scenario the above two findings
point to the likelihood that, without substantially increased water storage capacity,
water shortages during the high tourist season, when demand is greatest and supply least
(refer Appendix A), will result. This has already started to occur in the largely
residential neighbourhood of Cañitas (Villalobos, 2001). Any water shortages however
216

amongst the commercial and hospitality businesses are likely to provoke a major outcry
and will ultimately impact Monteverde’s reputation and economic development. While
a loss of revenue may be the hoteliers’ greatest concern, water shortages carry an
increased risk of disease due to a lack of water for sanitary purposes and potential
bacteria ingress to the water supply network due to the resultant drop in water pressure.
A subsequent outbreak of any water-borne disease particularly amongst tourists would
further seriously compound the situation.
In Appendix A the commendable management of Monteverde’ water supplies is
described despite the enormous pressure to meet a seemingly endless demand. With the
easily accessible springs already tapped any new resources will come at extra cost and
additional technical difficulty, such as surface water sources requiring additional
treatment. At the same time as the local Acueductos are facing increased pressure to
provide ample water to hotels and residents alike the national tariff structure is
significantly impacting their ability not only to fund the necessary future upgrading but
also providing no incentive for the large consumers, notably hotels, to introduce water
conservation measures. A steeply stepped tariff structure would appear to be the most
effective tool for water conservation, and to reduce wastage, for the hotel sector.
At present there are no formal water awareness or water conservation programs in
Monteverde. Demand management of this type can achieve significant reductions in
water consumption. As water consumption per guest is significantly greater in the
higher-end hotels a water conservation and awareness campaign aimed at this sector
would realise the greatest and easiest reductions in peak period water usage. An
awareness campaign which targeted hotels and residents alike could promote the need
for example to fix leak pipes and taps, wash cars with a bucket of water than a running
hose, take shorter showers, etc. Permanent water conservation measures for year-round
water savings could be then encouraged at the domestic level.
7.1.2 Sanitation in Monteverde
The observations that most households discharge greywater separately to blackwater,
and that most of the domestic greywater is discharged untreated into the environment
were confirmed by the survey findings presented in Section 4.4. From an Ecosan
perspective this represented an opportunity to investigate greywater-only treatment
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systems thus removing the stigma associated with treating fecally-contaminated
wastewater. The household surveys that were conducted to quantify this situation
revealed that the relative proportions of metered water converted to grey and blackwater
were on average 72% and 21% respectively with 7% lost. This agrees with many
international studies.
On this basis and using the most recent population projections available (Section 4.3.4),
estimates were made of the total volume of raw domestic greywater entering the
environment in and around Monteverdesome 365m3/day at present (2001/02),
quadrupling to over 1,400m3/day by the year 2021/12. These figures do not include the
contributions of the hotel and commercial sectors for which treatment may or may not
occur. In Appendix A it was described how neither the local Acueducto nor the local
government body have attempted to address municipal sewerage. Nor is it entirely clear
whose responsibility this is. It does not appear that this situation is likely to change in
the near future in which case greywater will continue to be discharged untreated while
blackwater will be discharged into poorly designed and constructed septic systems.
Water conservation measures would reduce the burden upon the environment of
untreated greywater and partially treated blackwater (faulty septic systems). Given that
the flush toilet is now a well entrenched technology, water saving alternatives such as
dual-flush toilets could be introduced.
Wastewater reuse can be an integral component of both water conservation, wastewater
treatment and nutrient capture. Hotels for example could significantly reduce their water
consumption by using treated wastewater for irrigation of their grounds and gardens, for
both aesthetic and productive plants, during the dry season.
7.1.3 Community attitudes: water, sanitation and health
The survey confirmed quantitatively many of the anecdotal understandings in terms of
domestic water, wastewater and sanitation practices. For example nearly all homes have
a flush toilet and associated septic system while in at least three quarters of all cases
untreated greywater is disposed of directly into the environment. A significant finding
of the survey was that not only are the local residents of Monteverde in agreement
(>90%) that the situation is unacceptable, they expressed their willingness (>83%) to
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pay extra to remedy the situation. The issue of greywater also generated the most
response with over 450 comments received. While the additional cost to residents is
unknown this strongly suggests that any economically viable wastewater collection, and
presumably treatment, system would receive widespread community support. The
interest and support given by the community to the case studies described in Chapter
Five is indicative of this commitment.
Approximately one third of potable water supply systems are private and unchlorinated
with the remainder provided by the local Acueducto with chlorinated water. Outages of
water were generally infrequent (39% rated as ‘sometimes’) given the terrain, climate
and pipework. Residents in general expressed satisfaction with the potable water supply
system and the cost charged to provide this service. This would concur with the
performance of the local Acueductos and the recognition that they have received in
regards to the high standard of service they provide.
The results of this survey in conjunction with the health survey conducted in 2003 on
three downstream communities and statistics from the local health clinic indicate that
there do not currently appear to be any adverse health impacts beyond the statistical
norm directly associated with the discharge of untreated greywater in the Monteverde
Zone. The region’s steep terrain mitigates against the pooling or ponding of greywater.
This would apply to all of Costa Rica’s mountainous areas, however in low-lying
warmer coastal areas the health risk due to ponded greywater is likely to be significantly
greater. This is due to the greater potential contact time with animals and humans where
greywater does not run off, the potential for mosquitoes to breed in stagnant water
(dengue and malaria outbreaks occur in the coastal regions), and the proliferation of
bacteria in warmer, unaerated nutrient-rich water.
Monteverde’s current sanitary systems can however be described as having very real
quantitative negative impacts on the health of the local environment, notably its
streams, and this is discussed in the following section.
7.1.4 Water quality of local streams
The difference between the pristine and contaminated streams of Monteverde is
presented in Section 4.5 and the rapid deterioration in water quality can be largely
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attributed to the direct discharge of raw greywater. Monteverde’s steep terrain which
allows rapid streamflow and high levels of aeration provides the only mitigating factor.
The water quality of all streams is set to diminish with increased extraction of
freshwater from the springs above the communities (which set the dry season baseline
flows) and increased discharge of greywater (set to quadruple in volume in the 20 years
from 2001 to 2021) downstream of the communities. Those catchments with the
greatest residential and commercial development will obviously be impacted the most.
Given current trends this is likely to lead to a sharp deterioration in water quality
particularly in the neighbouring Lagartos River catchment in the near future.
This situation can be monitored by comparing future water quality data to the baseline
data collected here. Based on current projections these streams will continue to
deteriorate increasing the public health risk and damage to the rivers’ ecologies,
particularly for downstream communities.

7.2 Treatment and reuse
Conclusions on treatment performance have been drawn from comparison between
Case studies 3 and 4 and the planted crushed rock experimental cells. Table 7.1 presents
a comparison of Case Studies 3 and 4 and the Crushed rock + plant cells in terms of
three principal parameters of interest (fecal coliform, BOD and turbidity) according to
season.
Despite the high levels of fecal coliform and high variability in all influents, the two
case study systems were consistently able to produce effluents <1x104cfu/100mL except
for Case Study 3 during the wet season. The Crushed rock + plants cells were only able
to achieve <1x104cfu/100mL at the lower dry season load. Both of the case study
systems are operating at less than 50% of their original design capacity and yet neither
system is able to meet the Costa Rican standards for reuse, although this limit is met
after stage two of Case Study 3 (not shown in Table 7.1). It was also expected that the
retention time of ten days for Case Study 2 would have resulted in fecal coliform levels
significantly lower than is achieved with only 4.5 days in Case Study 3. This was only
indicated however during the wet season when fecal coliform levels increased by five
times for Case Study 3 indicating a reduction in retention past a significant threshold or
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saturation value. The Crushed rock + plants cells failed to achieve <1x104cfu/100mL
when the HRT was less than three days. The trend for both planted cell types towards
an asymptote minimum of 1x103cfu/100mL irrespective HRT was described in Section
6.3.3. The data from the three treatment systems therefore suggests that at least three
days minimum retention is required to achieve <1x104cfu/100mL with an additional
sufficient safety margin for wet season inundation. This agrees with the findings of
Garcia et al (2003) who found that microbial inactivation increased with HRT up to a
saturation value of generally three days. The second stage reedbed in Case Study 3
consistently achieved fecal coliform of less than 1,000cfu/100mL which concurs with
the findings of Platzer et al. (2002) in Nicaragua and Madera et al. (2002) in Colombia.
This implies that if reedbed design is to be dictated by bacteria removal then one stage
systems require a minimum of three days retention if <1x104cfu/100mL is to be
achieved, and two-stage systems are required with a minimum retention of three days in
the first stage if <1x103cfu/100mL is to be achieved. An allowance for reduced retention
during the wet season needs to be made.
Table 7.1 Comparative analysis of treatment: Case Studies 3 & 4 and Crushed rock + plant cells
Crushed rock + plants1,2

2500
775
4.5

Case Study 4
(greywater component
only)
825
420
10

1.5 x 108 ± 4.6 x 108
167 ± 47
96 ± 39

7.7 x 107 ± 8.0 x 107
254 ± 84
103 ± 36

8.49x107/3.75x106/9.98x107
216/155/290
94.3/76.1/135.8

Outflow - dry season
(average):
Fecal coliform (cfu)
BOD (mg/L)
Turbidity (NTU)

6,300 ± 6,900
7±2
8±4

7,600 ± 3,400
20 ± 8
15 ± 4

2,400/259,000
6.2/17.6
5.7/6.0

Outflow – wet season
(average):
Fecal coliform (cfu)
BOD (mg/L)
Turbidity (NTU)

30,000 ± 45,200
10 ± 6
7±3

1,900 ± 2,900
7±8
6±2

12,700
16.5
9.6

Parameter

Design flow (L/day)
Actual flow (L/day)
Hydraulic retention
time (HRT actual,
days)
Raw inflow (average):
Fecal coliform (cfu)
BOD (mg/L)
Turbidity (NTU)

Case Study 3
(first stage only)

5/10/5
5/10/5
5.1/2.5/2.9

Note: 1 trials according to 5/10L/day and wet/dry season indicated by /. 2 standard deviations have been
omitted for clarity
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A mass balance for Case Study 3 was not attempted due to the variable and unmetered
flow in that system, however for Case Study 4 a log removal of 3.8 in the dry season
compared favourably with 4.5 for Crushed rock + plants cells for the same period. In
the wet season the corresponding figures were 4.4 and 3.9 logs.
The reductions in BOD achieved in Case Study 4 and Crushed rock + plants cells were
similar in the dry season (92% and 97%) as well as in the wet season (98% and 92%).
Removal efficiency decreased with increasing hydraulic load in the cells (89% at
7.60g/m2/day) but still compared favourably with the Case Study 4 reedbed (98% at
7.77g/ m2/day). BOD was reduced to ≤20mg/L in all three systems in all situations
except for the Crushed rock + plants cells (26.3mg/L) during the wet season at the
higher load. The strongly exponential nature of the relationship between BOD and HRT
was demonstrated in Figure 6.7. The average BOD outflow of 20mg/L during the dry
season for Case Study 4 at an HRT of ten days is higher than this relationship would
predict.
Turbidity was reduced to ≤15NTU in all systems in all situations and generally was
≤10NTU.
A comparison of nutrient removal between the two case studies is confounded due to
the disproportionate effect of the septic effluent contribution. A comparison with the
planted Crushed rock cells however reveals that despite an ammonium nitrogen influent
concentration half that of Case Study 3 (8.4mg/L) removal is good in both cases with
outflow concentrations typically in the range 0.3-1.1mg/L. Performance deteriorates
with reduced retention time as shown during the wet season when the maximum
effluent concentration of 2.0mg/L occurred with the Crushed rock + plant cells.
Phosphate removal was variable for both Case Study 3 and Crushed rock + plant cells
with the former releasing phosphate (reduction of -12.5%) during the dry season. The
relative ages of these two systems is likely to influence performance with the younger
cells able to remove greater amounts of P as compared to the older Case Study 3
system. This is indicated in total P removal of >71% during the wet season trials for the
Crushed rock + plant cells whereas Case Study 3 reedbed was capable of releasing P
during the wet season.
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Reuse
In keeping with the philosophy of Ecosan it was determined that an effort should be
made to achieve the Costa Rican national guidelines necessary for wastewater reuse so
that this potential is not lost. This paves the way for domestic reuse or the up-scaling of
these reedbed systems to a municipal-size system which should then be able to achieve
the treatment levels necessary to permit the irrigation of crops and pastures with treated
effluent. The greatest potential for reuse of the treated greywater in the Monteverde area
would be on some of the as-yet undeveloped agricultural properties downhill of
Monteverde itself. These areas could be reached by gravity flow avoiding any costly
pumping and the resulting produce could be sold locally. It is critically important
however to purchase sufficient land now to serve the projected population in 20 years
time (Mara, 2003). With unchecked development suitable sites for the treatment facility
as well as any agricultural reuse will become compromised. At the individual household
level on-site reuse for domestic garden watering and the like is feasible for those
properties of sufficient size.
A discussion and comparison of several wastewater reuse guidelines was presented in
Section 2.7. The main criticism of the WHO guidelines (1989) was that they may be
unnecessarily strict for the perceived risk resulting in expensive, and potentially
unviable, treatment systems. The results of this research indeed indicate that meeting
the established requirement of fecal coliform <1,000cfu/100mL was not obtainable even
with increased retention time. The options remaining therefore would be a second stage,
as demonstrated in Case Study 3, or disinfection, both of which would render these
systems unaffordable. Partitioning the reedbed into two sections may be feasible. The
proposed changes (Blumenthal et al., 2000a; Mara, 2003) to the WHO guidelines
however

(geometric

means

of

≤1,000cfu/100mL

for

vegetable

crops

and

≤100,000cfu/100mL for restricted irrigation of pasture crops) offer significant potential
for reedbeds to satisfactorily achieve the required limits.
The data from Chapter Six reveals that due to the exponential relationship between
bacteria decay and retention time (HRT), 1,000cfu/100mL could not be achieved.
7.2.1 Nutrient removal by reedbed plants
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Plants in nutrient enriched treatment wetlands generally have higher tissue nutrient
concentration as a result (Greenway, 1997). This is confirmed for phosphorus in this
study but as revealed in Section 6.3.12 there exists a lack of nitrogen in the greywateronly systems.
7.2.2 PET as an alternative media for reedbeds
Plastic media alternatives have been trialed in reedbeds with mixed success. Davison
and Bayley (2002) indicated that the proprietary plastic media may have not performed
as well as gravel due to its reduced surface area while Burgoon et al. (1991) suggested
that greater root growth was possible in plastic media. Neither of these studies have led
to any further research into alternative plastic media and variable treatment performance
in hand with high cost may have been mitigating factors.
In this study PET bottle segments in conjunction with the macrophyte Coix lacrymajobi in reedbeds performed on average as well as, and in some instances better than,
conventional crushed rock. Planted PET cells achieved greater fecal coliform reduction
than planted crushed rock cells in all trials in terms of outflow concentrations. In terms
of areal removals the planted PET cells achieved 3.6 log removal overall average
compared to 3.2 log removal for the planted crushed rock cells.
In terms of BOD removal planted PET cells achieved an overall average outflow of
14.1mg/L while planted crushed rock cells achieved an equivalent figure of 12.2mg/L.
Areal removal rates for the two cell configurations were identical with 89% removal.
The planted PET cells also performed very well in terms of the other parameters
analysed although fecal coliform and BOD removal were the focus of this research. The
performance of the planted PET cells is attributed to both the increased retention time
possible and the large amount of root growth. Comparison with unplanted PET cells and
destructive analysis confirmed the latter finding. Both fecal coliform and BOD removal
showed strong exponential relationships with retention time (HRT).
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In general the media surface is the dominant area in reedbed systems however in the
planted PET cells trialed here the extra surface area provided by the plant roots
dominates. It is postulated that while the PET + plant cells have little available surface
area initially (calculated as approximately 100m2/m3) once the roots are fully developed
the available surface area for biofilm development has increased significantly.
Concurrently, the available volume and hence retention times will decrease (Kadlec and
Knight, 1996). The increased root biomass would allow for greater biofilm development
and oxygen transfer to the root zonecharacteristics described in Section 2.12 which
have been shown to improve bacteria removal rates. The more oxidised the plant
rhizosphere the greater the potential for protozoan grazing (Tanner, 2001) and less
negative influence to bacteria removal as a result of oxygen stress described previously
by Tanner (2001) and Williams et al. (1995).
The calculated surface area for crushed rock is 200m2/m3 which agrees closely with
180m2/m3 for spherical particles of 20mm diameter. Therefore PET segments have
approximately twice the porosity (94% vs 40%) but half the surface area (100m2/m3 vs
200m2/m3). They also have a density of the order of 40kg/m3 and are therefore
significantly lighter, by some 50 times, than crushed rock. These properties make PET a
low-cost, light-weight alternative to conventional crushed rock which with suitable
macrophytes provides comparable treatment performance.
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Chapter Eight
Conclusions and Recommendations
8.1

Conclusions

Conventional centralised wastewater treatment has been shown to be unsustainable in
Latin America and can no longer be seen as a way forward. It is unsustainable due to
the on-going costs of operation and maintenance involved in these systems. Maintaining
a business-as-usual policy will not only perpetuate the cycle of disease, it has been
described as driving water resource contamination in Latin America “to a stage of
crisis”. It is argued that Ecosan can provide a sustainable and alternative path to this
scenario.
The current practice in Monteverde, as in much of Latin America, of discharging
untreated domestic greywater separately to blackwater was identified as an opportunity
for the application of Ecosan. Treating greywater was not considered offensive or
culturally inappropriate by the residents of Monteverde and their frustration with the
lack of any municipal initiative to tackle the problem meant that low-cost, simple
alternatives were strongly supported.
Much of the anecdotal evidence concerning water usage and wastewater disposal in
Monteverde and the associated perceived health risks were confirmed as part of this
research.

Residential

water

consumption

was

found

to

be

approximately

178L/person/day while consumption per guest in high-end hotels was seen to be
between three and thirteen times this amount on average. A rapidly increasing
population, currently in the order of 7% per annum, in hand with increased unregulated
development mean that the volumes of untreated wastewater entering the environment
will increase commensurately. The current impact of this discharge on local streams
upstream and downstream of population centres was quantified in terms of
microbiological, chemical and physical parameters. Without intervention the water
quality of these streams and rivers in the Guacimal River catchment will continue to
decline and its rate of deterioration will be able to be determined from this baseline
water quality data.
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Water-based sanitation is the norm in Monteverde and greywater was found to represent
approximately 70% of the total wastewater. This means that greywater treatment
technology has the potential to make a significant impact in reducing the public health
risk and environmental contamination. It also creates the potential for wastewater reuse
which is explored in this thesis particularly as resource conservation and nutrient
capture are key to long-term sustainability.
The development of a demonstration low-cost reedbed for greywater treatment provided
the catalyst for the diffusion of this technology throughout Costa Rica. The five fullscale reedbeds that were designed, installed and monitored as case studies in this thesis
provided data on their cost to install and maintain, their performance in terms of
treatment, design modifications and general suitability. A key finding was that PET
bottle segments could provide a viable alternative media to conventional crushed rock.
This was confirmed by a combination of experimental ‘mini-reedbed’ trials as well as a
full-scale reedbed in Case Study 1 which has now been in operation for four years.
Significantly, PET media has the potential to reduce the construction cost of reedbeds
by up to 50% by displacing crushed rock and is one of the principal findings of this
research. In addition conventional crushed rock media is likely to render reedbeds for
domestic greywater treatment uneconomical, is a non-renewable and therefore
ultimately unsustainable resource, and is likely to compromise the long-term
sustainability of these systems due to failure by clogging at the inlet zone.
Simultaneously a local plant species Coix lacryma-jobi was found to be a suitable
macrophyte for these systems. It was demonstrated that on average this species
enhanced the removal of fecal coliform and BOD in reedbeds of either media type. In
particular when in combination with PET media its root growth was some 400% greater
than when in crushed rock. As a result the significantly greater surface area available for
biofilm development in the rhizosphere is likely to explain its comparable performance
to conventional reedbeds using crushed rock.
The principal findings of the experiments conducted on 12 reedbed cells described in
Chapter Six were that planted PET cells performed equivalently to planted crushed rock
cells and that vegetated cells were superior in performance to unvegetated cells. It was
not possible to say that these findings were statistically significant due to the limited
data available from 12 cells. Nevertheless it can be stated that planted PET cells were
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not significantly worse and the implication of this finding is that reedbeds using PET
media will perform satisfactorily compared to conventional crushed rock reedbeds, but
at approximately half the initial cost.
A range of design initiatives were trialled, and adopted where successful, to culminate
in a design which was as affordable, robust and low-maintenance as possible. All the
materials, including the plant species used, are readily available throughout Costa Rica.
Mountainous regions such as Monteverde lend themselves to reedbeds as gravity-based
systems avoid the need for pumps. Steeply sloping terrain can be accommodated as can
irregularly shaped sites through the use of internal baffles to adjust flow paths as
demonstrated in several of the case studies. While flexibility is desirable it is likely to
add to the initial cost and complexity of installation, for example the ability to drain the
reedbed and the inclusion of a valve to adjust the greywater inflow such as that
described in Case Study 5 are ideal but non-essential for the average domestic situation.
In general the maintenance requirements of these systems are minimal and inexpensive.
This is absolutely critical in light of the fact that conventional wastewater treatment in
Latin America has failed due to an inability to fund on-going operation and
maintenance.
The environmental services contract (ESC) developed as part of the neighbourhood
system of Case Study 3 was a new initiative which was a direct result of this research.
It formalised the agreement between the owner of the reedbed and her neighbours in
such a way as to create the first private service provider for greywater treatment in
Costa Rica. It attached a value to the treatment of greywater which was recognised by
the neighbours who were amenable to paying a tariff towards its upkeep. The tariff was
small (US$0.30/month/house) but sufficient to cover the maintenance required in the
first year of operation. The maintenance of on-site systems is widely recognised as
being perhaps their weakest characteristic. Conventional wastewater treatment has
removed this responsibility from the individual by centralising systems. The ESC was a
novel attempt at not only valuing the service provided but putting in place a simple
agreement which could ensure the long-term sustainability of the service by funding
maintenance. Upscaling of the reedbed system to a neighbourhood or community-scale
venture on either common or private land should be feasible and an ESC is a means of
providing secure on-going funding for operation and maintenance.
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Clogging at the inlet may be the single greatest weakness of subsurface flow wetlands.
Reasons for this include overloading, poor maintenance, insufficient design, poor
construction, and plant root build-up amongst others. This may reduce their service life
and long-term performance considerably, particularly as sludge removal from the inlet
is problematic (Tanner and Sukais, 2002). The development of permeable sacks filled
with PET segments as part of this thesis has been demonstrated and can provide a lowcost solution to this problem. These sacks can be used preferentially at the inlet section
only or may fill the entire reedbed if desired.
The Costa Rican guidelines for wastewater reuse currently compromise the potential of
reedbeds for this purpose. While all reedbeds were able to meet the BOD limits, only
one reedbed system with two stages (Case Study 3) was able to meet the fecal coliform
limit of 1,000cfu/100mL. Indeed the results of Chapter Six indicate that reedbeds are
unable to achieve less than this limit irrespective of the retention time. The addition of a
second stage to achieve the limit is likely to render the technology unaffordable as well
as unfeasible because of the additional space required. While a discussion of such
standards may appear academic in a situation where raw greywater runs freely in the
streets it is considered prudent to engage in best practice where possible, particularly if
the potential of reedbeds is to be realised in the years ahead. The revision of the WHO
guidelines in the near future may relax these fecal coliform limits by at least one order
of magnitude (Mara, 2003)a limit which this study has shown can be consistently
achieved.
A recent review (Shordt, 2004) of progress towards the Millenium Development Goals
describes how funding is typically being spent on large, high-impact projects whereas
greater funding should be directed towards the following four explicitly stated priorities:
low-cost technologies; water and sanitation; and rural areas in developing countries.
This research has shared the same focus and at the same time has demonstrated that
reedbed technology can achieve the five principal criteria of Ecosan: that they prevent
disease, are affordable, protect the environment, are acceptable and simple (Esrey et al.,
1998).
Kivaisi (2001) concluded that there had not been a widespread uptake of constructed
wetlands in developing countries because of a lack of awareness and local expertise in
developing the technology on a local basis while Denny (1997) stated that direct
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translocation of northern acquired technologies uncritically is insufficient. It is hoped
that this thesis has gone some way towards addressing both these key issues.

8.2 Recommendations
The following are recommended areas for future research resulting from this thesis.

•

A simple mechanised means of cutting up PET bottles into appropriately sized
segments

•

A full-scale domestic reedbed system utilising PET segments in sacks be
installed and monitored over the long term

•

Investigate the potential for deeper reedbeds to take advantage of Coix lacrymajobi’s root structure with the potential for more space efficient reedbeds

•

Compare reedbed experimental cells utilising the two different media (crushed
rock and PET) whilst maintaining the same retention time to quantify the
potential for size optimisation

•

Trial a partitioned reedbed for improved fecal coliform removal

•

Trial reedbed-treated greywater for irrigation of crops

•

Review all the case study reedbed systems including those installed as a result of
the UNDP workshop to inform longer term operation and maintenance
requirements
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Appendix A
Monteverde: current water and sanitation status
A.1 Introduction
The following discussion of the prevailing water and sanitation situation in Monteverde
is to the author’s knowledge the first such summary to have been made. It has been
drawn from the few reports and studies that are available on this matter, the majority of
which are in Spanish. Information has also been gleaned from discussions with the local
authorities. An interpretation and analysis of this information is presented in Chapter
Four.
A.2 Monteverde
Monteverde is situated on the Pacific slope of the Cordillera de Tilarán, a volcanic
range that defines the continental divide, in northwest Costa Rica. It received its name
from North American Quakers who settled in the area in the 1950s (AAM, 2001) and
the name ‘Monteverde Zone’ is generally used to describe the nine neighbouring
communities of Monteverde, Cerro Plano, Santa Elena, Cañitas, San Luis, Los Llanos,
La Cruz, La Lindora and Rio Negro. The relevant section of the 1:50,000 topographical
map is shown in Figure A.1 and a general map for the Santa Elena–Monteverde region
only in Figure A.2. These communities are spread across the headwaters of the two
main water catchments, the Guacimal and Lagartos Rivers and across elevations which
range from 700 to over 1400 metres above sea level. Tropical montane cloud forest
(TMCF) is the native vegetation. The term ‘Monteverde’ is used throughout this thesis
to refer to the wider Monteverde Zone, unless specifically mentioned otherwise.
The Monteverde Zone is a legal political entity known as District 10 of the canton
(county) of Puntarenas in the province of Puntarenas. The total population of the canton
was 3,258 according to the 2000 national census yet projections to 2010 predict a
population of over 6,000 in the Monteverde Zone alone (Schneekloth, 2002) based on
current growth indicators.
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A.3 Climate and soils of Monteverde
The climate in Monteverde is tropical montane with prevailing northeast trade winds
and consists of three seasonal types: Wet (May-October), Transitional (NovemberJanuary) and Dry (February-April). Approximately 80% of the annual average 2519mm
of rain falls in the wet season and temperatures vary between 9.0°C and 27.0°C with an
average of 18.5°C (Clark et al., 2000). While rainfall records exist from 1956, virtually
no other data on the hydrologic cycle exist. It is worth noting however that precipitation
throughout this part of the Cordillera varies spatially with elevation and exposure to the
northeast trade winds. That is, recorded rainfalls are minimum estimates as standard
rain gauges have been shown to significantly underestimate wind-driven cloud water
and precipitation by as much as 22% (Clark et al., 2000). While the average annual
rainfall of TMCFs can vary greatly their most distinguishing characteristic is the
persistent cloud cover at relatively low heights resulting in reduced incident solar
radiation and evapotranspiration (Clark et al., 2000).
Very little quantitative research has been conducted on the soils or groundwater of the
region (Clark et al., 2000). Anecdotal evidence exists of two hand dug wells, one of
which encountered permanent water at 50 feet (15.2m) and the other at 14 metres. Both
were located between the Rio Guacimal and the Monteverde Cloudforest Reserve. Soil
in the Zone typically consists of an acidic, porous and free draining A horizon (up to
approx 30cm thickness) with high organic content overlying less permeable B (up to
approx 160cm thickness) and C horizons which represent relatively young volcanic
geological formations (Clark et al., 2000). From an engineering perspective both the A
and B horizons are easily diggable by hand, with the C horizon being only more dense.
These upper soil horizons typically have a high porosity and low bulk density
(<0.9g/cm3), factors which give rise to high volumetric moisture contents and hydraulic
conductivities when saturated (Clark et al., 2000). A dense, fawn-coloured clay
underlies the above horizons at a depth of generally 0.75–1.0 metres. The soil is poor in
terms of nutrients, notably phosphorus and potassium (AAM, 2001).

A.4 Development in Monteverde
Monteverde currently receives over 200,000 international visitors per annum (ICT,
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1998) who come principally as a result of the Monteverde Cloud Forest Preserve
(MCFP). These figures exclude any nationals who may also visit the region. The MCFP
now consists of some 10,500 hectares of tropical montane cloud forestone of the
world's most threatened ecosystems (Clark et al., 2000)and is due to the foresight of
the Quakers who laid aside some 500 hectares of cloud forest to protect their water
supply (AAM, 2001). A massive increase in ‘eco-tourism’ subsequently stemmed from
biological interest in the area in the 1960s and 70sin 2000 there were 27 hotels with a
total of 1509 hotel beds available in the Zone (Schneekloth, 2002). Average visitor stay
has been estimated as approximately 2.4 nights/visitor (ICT, 1998). Population growth
as a result of employment opportunities has seen annual growth rates of over 12% in
recent years (Villalobos, 2000) compared to a national average of 3.5%, and the number
of residential dwellings has increased from 161 in 1986 to 644 in 2001/02 (Schneekloth,
2002). Monteverde is not alonethe last three decades have seen an explosive increase
in tourism worldwideparticularly in developing countries and the associated
development is widely recognised as consuming “a disproportionate share of local
natural resources, of which water is often the most crucial. Much of this water, when
used, is disposed of without adequate treatment in ways that impact irrevocably on the
surrounding water resources and their ecosystems” (UN, 2003).
Development in the Zone has proceeded in an ad-hoc fashion and local planning for the
region has been virtually non-existent with little, if any, enforcement of national
planning codes and regulations (Schoenberg, 2002). This has been largely due to the
lack of a local government, until recently, to regulate growth. The associated
environmental impact due to the rapid urbanisation of these previously rural town
centres has been considerable and the improper disposal of wastewater (both grey and
blackwater) in the Zone has been widely recognised as cause for concern in both local
and national newspapers (Brenes, 2003; Podren, 2003; Schoenberg, 2002). A high
density of largely unregulated housing in conjunction with very small lot sizes
particularly in the communities of Santa Elena and Cerro Plano has also created the
situation whereby there is insufficient space available for adequately sized leachfields
(Villalobos, 2002).
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A.5 Wastewater disposal in Monteverde
In Monteverde the prevailing domestic wastewater disposal paradigm is a septic tank
system for blackwater and, generally, no system at all for greywater. Commercial
premises such as hotels generally, but not always, have combined wastewater septic
systems. As a result all greywater is disposed of directly onto the ground surrounding
the dwelling and/or directed to the nearest stream or street. This practice is largely
undocumented but is in my experience widespread in rural and peri-urban Central and
South America and also in some urban areas.
Septic tank systems are used by over 65% of the country’s population (CEPIS, 2000)
even though it is also widely recognized that most systems in Costa Rica are poorly
designed and constructed (Rosales, 2003). In Monteverde for example it is common
practice for septic tanks to be unsealed (at the base) on the rationale that this will also
aid the rate of infiltration. As the majority of septic systems are used only for the
blackwater component, the septic tanks and leach fields are significantly smaller than
would be required were greywater and blackwater to be combined as is usually the case.
Municipal sewage treatment and disposal is the responsibility of the Costa Rican
Institute for Water and Sewerage (Instituto Costarricense de Acueductos y
Alcantarillados) commonly known as AyA (2001b). There is a well known saying
however that “they really only do the first A”that is, they can provide acueductos
(water) but not alcantarillados (sewerage) (Montiel, 2001). Statistics that lend support
to this statement are presented in Section 2.3. There is no tariff for wastewater discharge
in Monteverde however in sewered areas such as San José householders are charged an
additional 25% to their water bill. Tariffs worldwide for sewerage are generally less
well developed than those for water largely due to the low willingness to pay for what is
typically an expensive provision (Sohail, 2004). The Santa Elena Acueducto is
considering introducing a wastewater tariff in order to raise funds for some future
collection, and possibly treatment, system (Villalobos, 2002).

A.6 Environmental impacts and health risks
Monteverde is only one of many centres to suffer from the effects of a lack of planning
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and building compliance. The Costa Rican State of the Nation report for 2000 found
that “The impact upon surface and groundwater quality nationally was a direct result of
poor wastewater management resulting from rampant urbanisation and illegal
construction” (CONARE, 2001). The report also cites rising nitrate levels in the central
metropolitan aquifers and recent outbreaks of gastrointestinal disease as a result of
wastewater infiltration into groundwater. For example as mentioned in Chapter Two, in
the capital San José alone, over 250,000m3 of raw sewage enters the local rivers daily
(Avalos, 2001). While laws do exist regarding the disposal of untreated wastewater into
the environment, the fines are often very small with poor enforcement (Mora, 2003).
This is common to many rural areas in developing countries (Esrey et al., 1998) and is
particularly the case in the more remote regions such as Monteverde. Industrial
discharge which is generally more highly regulated than domestic discharge is also
poorly controlled nationally. For example, of an estimated 5000 established industries
in Costa Rica only 206 (4.1%) had operational wastewater permits in 1999, of which
less than half (<2.1%) met the required discharge limits (CEDARENA, 2001). At the
domestic level in Monteverde the practice of household greywater discharge is
overlooked by authorities as is the discharge from restaurants, schools and businesses.
Run-off of greywater is reasonably rapid due to the region’s steep terrain and thus the
potential health risk of disease associated with stagnant and ponding water is largely
avoided. The impact however upon the local creeks (quebradas) downstream of the
settlements is well known in terms of biological indicators as it frequently forms the
basis of student research projects. Studies of in-stream macroinvertebrate communities
such as those by Miles (2002) and Burgin (2001) show significantly lower diversity
downstream as compared to upstream sites. No on-going study of chemical, physical or
microbiological parameters has previously been documented. The Monteverde Institute
initiated a water quality monitoring program of the Guacimal River watershed in 2000
and chemical, physical and microbiological data from ten sites forms part of this thesis.
This is described further in Chapter Four.
The visual impact of greywater running into the streets and drains of Monteverde is
most marked in the dry season months not only due to lack of rainfall but also by the
fact that this period is the most popular time for tourism when water demand and hence
also greywater discharge is greatest. The situation has also been described in tourist
guidebooks to the area (Thorowgood, 2001). Concerns pertaining to environmental
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degradation as well as health risks associated with greywater discharge have also been
expressed in the community, particularly by those residents who have experienced the
development of the Zone first-hand (MVI, 2003; Podren, 2002).
While the local health clinic statistics show that diarrhoea is in the top three ailments
presented in the Zone (EBAIS, 2002) these rates of morbidity are nevertheless similar to
the national figures of approximately 900 per 100,000 (CONARE, 2001). A community
survey conducted by the Monteverde Institute in 2003 (MVI, 2003) examining water,
sanitation practices and health in three communities downstream of the Zone was
unable to find any health impacts as a result of the upstream pollution. However
recommendations included a study of the region’s hydrology, the impact of increased
groundwater abstraction and contaminant migration in addition to future population
growth and the need for greater water-health education.

A.7 Potable water in Monteverde
Mountainous cloudforests are noted as being some of the most important freshwater
resources in the world (Dudley and Stolton, 2003) and indeed the majority of
Monteverde’s potable water is currently provided by natural springs within the
Monteverde Cloud Forest Preserve. Continuing development however in hand with
climate change (Pounds et al., 1999) is likely to negatively impact both water quality
and quantity (Rhodes et al., 2004).
Unfortunately water of sufficient quality and quantity at a low price has largely been
taken for granted, which, in hand with a seeming abundance of water in the wet season,
has not conspired to create an ethic of water conservation or awareness. It has been
argued that in Monteverde as in most of Costa Rica “water is everywhere and cheap”
(Montiel, 2001). For example, the current (2000) water tariff of 740 colones (US$2.25)
for the first 15 kilolitres/house/month means that water is used frequently for washing
vehicles, wetting down roads and driveways in the dry season to minimise dust and the
like. In the home, dishes are almost invariably washed one by one under running cold
water. Flushing toilets are also standard in most dwellings except in some of the more
rural or isolated areas where pit toilets are occasionally found. The relatively high
domestic water usage is reflected in the local water authority’s design figure for
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domestic water supply of 150 litres/person/day with an average of six people per
household (Villalobos, 2001). Studies have shown that an increasing per capita water
consumption is strongly linked to an increasing standard of living which may well be
the situation in Monteverde. Water consumption, either via more water consuming
appliances and/or greater usage in the household, tends to increase with rising income.
A long term income elasticity (percentage change in consumption divided by
percentage change in income) of +0.3 has been determined (Idelovitch and Ringskog,
1997). The principal water authority for example projects a 15% increase over 20 years
in per capita water consumption in the capital San José from 195L/p/day in 2000 to
225L/p/day in 2025 due to “an increasing standard of living” (AyA, 2001a).

A.8 Management of Monteverde’s water supply
Water is supplied to the majority of residents in the Monteverde Zone by two principal
rural water authorities (acueducto rurales). This covers the region from Cañitas, Los
Llanos and Santa Elena extending up through Cerro Plano to the Monteverde
Cloudforest Preserve (MCFP). Water supplies in rural areas of Costa Rica are generally
operated and maintained by a locally constituted association known as an Asociación
Administradora del Acueducto Rural (ASADA) which operates under the auspices of the
Costa Rican Institute for Water and Sewerage known as the Instituto Costarricense de
Acueductos y Alcantarillados or more commonly AyA (2001b). Over 1776 such rural
associations exist throughout the country providing water to one in every four Costa
Ricans (COINCO, 2002). These rural associations receive technical assistance from
AyA for the planning and design of the system as well as financial assistance for
construction and materials. On-going management and maintenance of the system
becomes the responsibility of the association (AyA, 2002a). This arrangement can be
considered to be one form of an institutionally-supported, community managed water
supply system (Schouten and Moriarty, 2003). Where no formal committee exists the
remaining communities generally have community organised systems or private
systems operated by individuals or groups.
The principal water authority in the Zone, the Acueducto Santa Elena de Monteverde,
which was established in 1980, manages the distribution network and three spring
systems supplying the larger communities of Cerro Plano, Santa Elena, Los Llanos and
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Cañitas. In 2002 it consisted of 848 connections estimated to be serving some 3,500
people (AyA, 2002a). It supplied approximately 20,000m3/month with springs
achieving a peak flow rate (seasonally affected) of 32L/sec (Villalobos, 2001). It is a
chlorinated supply with disinfection provided by chlorine dosing using sodium
hypochlorite oxy-generators. This system was provided by AyA in 2000 at a cost of
approximately US$27,000 and the network is routinely sampled for free and total
chlorine levels (Villalobos, 2001).
The second and smaller system maintained and operated by the Acueducto de
Monteverde covers hotels and residences from the Rio Guacimal up to the Monteverde
Cloudforest Preserve. The four springs supplying this system are all located within the
MCFP and while it has come under pressure from government authorities to chlorinate
in recent years (Guindon, 2003), it remains an un-chlorinated system.
Consumers on both systems are metered with readings and billing undertaken monthly.
This is an important development as the extent of metering and water tariffs are two key
variables in managing water demand. The introduction of meters to both acueductos
will have been an important step as domestic consumption can be expected to drop by
40% simply by doing so (Idelovitch and Ringskog, 1997). The second variable is the
water tariff which also has a bearing on the amount of wastewater generated. The socalled price elasticity of demand (percentage change in consumption divided by
percentage change in tariff) has been estimated also as 40% (or -0.4.) That is, a
doubling in tariff can be expected to produce a 40% reduction in per capita consumption
in the long term. The reductions in consumption for commercial and industrial premises
are even greater (Idelovitch and Ringskog, 1997). While in Monteverde the savings due
to the metering of connections has probably by now been realised, a significant
reduction in water consumption and hence wastewater generation can be achieved
through tariff increases. The likelihood, and implications, of such changes are outside
the scope of this thesis. It is also worth noting however the adverse effect of rising per
capita income mentioned earlier.
An example of the stress that development is placing upon the remaining easily
accessible water resources of Monteverde is the recent proposal by developers to pipe
water from the upper Guacimal river, or Quecha River, to the Los Llanos area for
irrigation. The proposal provoked a strong public outcry when first announced in 2003
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(Zeledon and Masters, 2003) and opposition in the form of street demonstrations was
reported by the national newspaper in early 2005 (Vega, 2005). The developers have
been granted a volume of water of approximately 30L/sec which is approximately equal
to the total volume of potable water currently provided by Acueducto Santa Elena de
Monteverde and of the order of the Quecha river’s entire dry season flow (Rhodes and
Guswa, 2003). It is widely speculated that the developers’ ultimate aim is to apply for a
‘change of use’ to develop a significant hotel complex on the site after securing access
to the water (Scrimshaw, 2005).

A.9 Potable water quality
Both of the local water authorities are subject to periodic (quarterly) water quality
analysis conducted by the National Laboratory (Laboratorio Nacional de Aguas) with
samples analysed for fecal coliform, residual chlorine, colour, turbidity, suspended
solids, pH, conductivity, alkalinity and hardness (AyA, 2001c). While fecal coliform
has generally not been detected in either of the systems according to the available water
sampling results, concern for bacterial contamination from livestock at the main spring
system which provides 30% of Santa Elena’s water has been expressed. Possible
Leptospirosis contamination has also been suggested (Villalobos, 2002). It would
appear therefore that fecal contamination does occur at or near the source of one or
more of the local springs but that disinfection is proving effective in its control. The
results of all National Laboratory sampling are freely available at the local water
authority offices and the national water quality guidelines are available. The Santa
Elena acueducto received national recognition in April 2003 (AyA, 2003) for its efforts
in providing a secure and safe water supply when it received the national White Flag
award (Bandera Blanca, Sello de Calidad Sanitaria).

A.10 Potable water quantity
Spring output varies cyclically during the year with the lowest output at the end of the
dry season/start of the wet season, typically in the months of April and May. One of the
major springs serving the Monteverde acueducto for example was reported by
Acueducto Santa Elena as shown in Table A.1 (Villalobos, 2001).
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Table A.1 Typical spring flow showing seasonal variation
Date

Feb 1999

April 1999

May 1999

Sept 1999

Jan 2000

Flow

6.6

4.0

4.1

9.8

9.7

(litres/sec)

The peak tourist season coincides with the dry season from December to May, with
another smaller peak June to August. The most critical period for water supply is
towards the end of the tourist high season when demand is still high while supply is
diminished. Water shortages have occurred during this period in the Cañitas
neighbourhood (Villalobos, 2001). Providing sufficient storage in lieu of tapping
additional springs is the conventional solution to such a situation and this is the current
strategy of Acueducto de Santa Elena (AyA, 2002b).

A.11 Tariffs for potable water supply
The issue of water tariffs in the Zone has been particularly contentious since March
2002 as a result of government initiated changes to the amount that rural water
authorities could charge their consumers (AyA, 2002c). Tariffs prior to this change are
shown in Table A.2. This decree (Gaceta No.71, 15/4/2002) had significant negative
impact upon those more tourist orientated communities, such as Monteverde, as it
allows hotels to pay the same rate for water per cubic meter as domestic consumers
irrespective of the amount consumed.
A legal challenge to have the decree revoked has been mounted and is currently making
its way through the courts however it led the Acueducto de Santa Elena to quote from
the World Commission on Water at the Second World Forum in Hague, Holland: “the
poor pay more for water, but consume less than the middle and upper class”, and in its
own words “perhaps we are at the entrance to these doors” (AyA, 2002c).
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Table A.2 Water tariffs (prior to the 2002 changes) for rural acueductos in 2000
Consumption

Domestic
(¢/m )

(¢/m3)

0-15

49

178

16-25

58

156

26-40

71

156

41-60

95

156

61-80

127

156

81-100

127

156

100+

127

156

m

3

Commercial/other

3

Source: Tariffs according to Gaceta no. 135 14 July 1998. US$1 = ¢306 (approx.) in 2000.
The first 15m3 for domestic and commercial users are provided at a flat rate of ¢740 and ¢2662
respectively. A stepped increase in ¢/m3 applies after the first 15m3.

Both Acueductos despite being under enormous pressure have achieved a commendable
water supply system as recognised by the White Flag award; whether they are able to
achieve a sound cost recovery mechanism however may be their greatest challenge. The
sustainability of the system and the quality of the service will be dependent upon
recovering the full cost of this service and sharing it fairly amongst all its customers
(Sohail, 2004).
A.12 Growth projections
Estimates of the current rate of growth of Monteverde vary between 3.5% and 12%
according to the source. Nationally the average rate of population growth is estimated at
3.5% while the Acueducto of Santa Elena has cited an annual population growth in the
Zone of 12% over the last ten years (Villalobos, 2000). The national census conducted
in 2000 determined a growth rate of 7.6% since 1984 for district No. 10 of the
Puntarenas Cantón.

In-house research undertaken by faculty and students of the

Monteverde Institute and State University of New York (SUNY) in 2002, determined a
slightly more conservative rate of growth of 7% based on historical data from 1986 to
2002 (Schneekloth, 2002).
Projected future water consumption is estimated by both Acueductos according to the
following design criteria:
1. Per capita consumption of 150 litres/day
2. Six people per household
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3. Hotels rated as equivalent to four homes unless specified otherwise.
4. Annual rate of growth = 3.5%
5. System storage factor of 35% of maximum daily flow.
An annual growth rate of 3.5% results in a doubling in demand every 20 years.
Acueducto Santa Elena for example predicts a doubling of house equivalents from 971
to 1942 by the year 2020 (Villalobos, 2001). While continued growth at a rate of 12% is
questionable, projections based on the national average of 3.5% seem insufficient.
Should growth be more in line with the figure of 7% as estimated by Schneekloth
(2002) then this would imply a doubling of water demand in ten years rather than the 20
years anticipated by Acueducto Santa Elena. Water shortages as a result of this scenario
would likely imply water restrictions, and have implications for the local communities
in terms of development and health, in lieu of accelerated water supply strategies.
Two surveys of domestic and hotel water consumption conducted as part of this
research are presented in Section 4.2.

A.13 Domestic water consumption by activity
The relative consumption of household water by activity (shower, garden etc) varies
significantly according to climate, culture, water availability and cost. Domestic water
consumption by activity in a typical Costa Rican home use is given below in Table A.3.
The subsequent wastewater type is also shown. The subsequent wastewater sources as a
percentage of total domestic water consumption are blackwater = 41%, greywater =
52%, other = 7%. These data appear at odds with other studies described in Section 2.8.
In Sri Lanka for example the national average water consumption is 160L/person/day
from which 75% (120L) is assumed to become greywater and the remaining 25% (40L)
blackwater. In urban areas the average is higher at between 200-250L/person/day
depending on lifestyle (Corea, 2001).
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Table A.3 Typical in-house water consumption by type in Costa Rica
Use

Percentage

Subsequent Wastewater
Type

Shower/bathroom

37

Greywater

Toilets

41

Blackwater

Drinking

5

Car washing

1

Laundry

3

Garden

3

Cleaning

3

Clothes

4

Greywater

Kitchen

3

Greywater

Total

Greywater

100

Source: Montiel (2001)

The challenges faced by the local Acueductos are substantial. Acueducto Santa Elena
described the situation in its 2000 annual report (AyA, 2000a) as “This year … has
represented … an awakening to a reality; where we must face … a changing
environment, reflected in the accelerated rate of population growth, low water flows
from the springs, high levels of contamination in some springs, few other water sources
available to augment the system, a collapsed distribution network, lack of storage tanks
and a lack of economic resources to develop new projects, amongst others”.
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Figure A.1 Topographical map (1:50,000) of Monteverde Zone
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Figure A.2 General map of Santa Elena and Monteverde area
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