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Abstract  
Limited access to water supply and sanitation services pose a major problem in many towns 
and villages in Africa. Often planners and decision makers in small communities and peri-urban 
areas have limited capacity to deal with infrastructure development in the water supply and 
sanitation sector. The CLARA project aimed at supporting planning and implementation 
processes in this sector by developing a simplified planning tool (SPT). This planning tool allows 
an initial assessment and comparison of the costs of integrated water supply and sanitation 
systems. It is based on cost functions for various technologies.  

Within this thesis cost functions for 17 different technologies for waste treatment have being 
developed. The procedure was as follows:  

1. Select technologies, which are appropriate in the project’s context. 
2. Create a standard design for each technology. 
3. Write a brief technology description for each technology, including basic design 

assumptions.  
4. Calculate investment costs, operations and maintenance costs and reinvestment costs 

for each technology at different design sizes based on bills of quantities (BOQ). 
5. Identify cost functions for investment costs, operations and maintenance costs and 

reinvestment costs for each technology. 
6. Compare design assumptions and output of the cost functions with data provided by 

project partners and with literature values. 

Some suggestions for the further development of the planning tool can be made: To increase 
the validity of the cost functions BOQs should be supplemented with more data from real 
projects; a database where such data could be compiled in a standardised form would be 
helpful. Addition of more technologies may improve user acceptance, but does not necessarily 
improve accuracy of the results. There is further potential for improving usability by currently 
intended developments of the SPT such as combining technologies and the inclusion of a mass 
flow calculation. 
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Kurzfassung 
Erschwerter Zugang zu Wasserversorgung und sanitären Einrichtungen stellt in vielen 
afrikanischen Städten und Dörfern ein Problem dar. Besonders in kleinen Gemeinden und an 
den Stadträndern verfügen Planer_innen und Entscheidungsträger_innen oft nur über 
mangelhafte Kompetenz im Bereich der Siedlungswasserwirtschaft. Ziel des CLARA Projekts 
war es, durch die Entwicklung eines sogenannten „simplified planning tools“ (SPT) 
Projektplanungsprozesse in diesem Sektor zu unterstützen. Das SPT ermöglicht eine erste 
Abschätzung und einen Kostenvergleich verschiedener ganzheitlicher Wasser- und 
Abwassersysteme. Es basiert auf Kostenfunktionen die für verschiedene Einzeltechnologien 
erstellt werden.  

Im Zuge dieser Diplomarbeit wurden Kostenfunktionen für 17 verschiedene Technologien im 
Abwasser- und Abfallbehandlungsbereich entwickelt. Dabei wurde wie folgt vorgegangen: 

1. Auswahl geeigneter Technologien. 
2. Entwurf eines Standarddesigns für jede Technologie. 
3. Verfassen einer Technologiebeschreibung, die die grundlegenden Designannahmen 

enthält. 
4. Berechnung der Investitions- Betriebs- und Reinvestitionskosten für unterschiedliche 

Ausbaugrößen jeder Technologie basierend auf Leistungsverzeichnissen. 
5. Herleiten von Kostenfunktionen für Investitions- Betriebs- und Reinvestitionskosten 

für alle Technologien. 
6. Vergleich der Designannahmen und der Resultate der Kostenfunktionen mit Daten 

die von Projektpartnern zur Verfügung gestellt wurden und mit Literaturwerten.  

Für die weitere Entwicklung des Planungstools werden folgende Empfehlungen abgegeben: Um 
die Gültigkeit der Kostenfunktionen zu verbessern, sollten die Leistungsverzeichnisse mit Daten 
ergänzt werden, die von realen Projekten stammen. Eine Datenbank zur Sammlung solcher 
Daten in standardisiertem Format könnte sich als hilfreich erweisen. Hinzufügen weiterer 
Technologien könnte die Akzeptanz von Seiten der Nutzer_innen erhöhen, doch verbessert es 
nicht zwingend die Genauigkeit der Resultate. Weiteres Potential zur Verbesserung der 
Nutzer_innenfreundlichkeit besteht in den bereits geplanten Weiterentwicklungen des SPT, wie 
der Kombination von Technologien und dem Einbezug von Massenflussberechnungen. 
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1. Introduction 

1.1 Water supply and sanitation globally 

The latest assessment of the progress on global access to safe water supply and improved 
sanitation (according to the standards of the Joint Monitoring Program - JMP) was conducted in 
2011 (WHO and UNICEF, 2013). According to this report 89% of the global population had 
access to safe drinking water and 55% had access to piped supply on their premises. Sanitation 
coverage was 64%. In total numbers this means that 768 million people were left without access 
to clean drinking water and 2.5 billion without access to improved sanitation. The JMP definition 
of “access to sanitation” is mainly focussing on the access to toilets. Considering that untreated 
sewerage and faeces also pose an environmental and health hazard, Baum et al. (2013) 
suggest an alternative definition of “improved sanitation” that excludes sewered systems without 
treatment. According to this definition only 40% of the global population would be considered to 
have access to “improved sanitation” (Baum et al., 2013). This very low share stresses that—in 
order to achieve hygienic environments for people to live in—integrated concepts considering 
also the further fate of human waste have to be developed. 

 
Figure 1: Proportion of the population using improved sanitation in 2011, according to the definition of the 

Joint Monitoring Program for Water Supply and Sanitation (WHO and UNICEF, 2013) 

 

Especially in many Sub-Saharan African countries the access to improved sanitation is low, as 
depicted in Figure 1. Only 30% of the population had access to improved sanitation as a 
regional average. The geographical pattern is similar for improved drinking water supply, with 
only 63% having access to improved water sources in the region of Sub-Saharan Africa. In Sub-
Saharan Africa rural areas have significantly lower coverage rates than urban settlements of 
both water supply and sanitation (WHO and UNICEF, 2013) and should therefore become a 
focus of the attempts to achieve the MDGs.  

However, looking more closely at the figures for urban areas it becomes visible, that the 
infrastructure development cannot keep up with the rapid population growth. The absolute 
number of people in urban areas without access to improved water supply and without access 
to improved sanitation has actually increased since 1990 (cf. Figure 2).  
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Figure 2: Global water supply (left) and sanitation (right) trends in urban areas by population, 1990-2011 

(WHO and UNICEF, 2013) 

 
A substantial part of the population growth is occurring in small urban centres and on the fringes 
of bigger cities (UN-HABITAT, 2006). These peri-urban areas have both rural and urban 
influences. Often there is a link to agriculture and food production, on the other hand urban 
characteristics of these areas are increasing population density and diversity among the 
inhabitants and their livelihood activities (WaterAid and BPD, 2010). The unplanned nature of 
the population influx leads to difficulties in providing water and sanitation services in these areas 
(WaterAid and BPD, 2010).  

Rural and peri-urban areas play a key role for achieving the MDGs for water supply and 
sanitation. This is taken account of by the CLARA project. 

 

1.2 CLARA project 

The planners and decision makers in small communities and peri-urban areas in Africa often 
have limited capacity to deal with infrastructure development in the water and sanitation sector. 
There is a lack of information about technical options available, and a knowledge deficit 
concerning suitable methods, approaches and criteria for the planning and implementation of 
integrated systems (CLARA, 2012). The CLARA project aims at supporting these planning and 
implementation processes. CLARA (“Capacity-Linked water supply and sanitation improvement 
for Africa’s peri-urban and Rural Areas”) is a collaborative project within the EU 7th framework 
programme, it started in March 2011 with a duration of 3 years. 

The project’s overall objectives are (CLARA, 2013): 

 strengthening local capacities to adopt, implement and operate integrated water supply 
and sanitation for small communities in rural areas and peri-urban areas, and 

 contributing to the achievement of the MDGs and to climate change adaptation in the 
African water sector. 

 

The project’s specific objectives are (CLARA, 2013): 

 to assess and adapt existing low cost technologies for integrated decentralized water 
supply and sanitation systems for African conditions with the focus on reducing risks in 
water use and reuse of sanitation products. 
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 to improve the capability of water supply and sanitation systems to provide demand 
oriented water quality for reuse as well as products from sanitation, 

 to develop a simplified planning tool for integrated water supply and sanitation systems 
for small communities and peri-urban areas that incorporates the key factors for 
success, i.e. operation and maintenance issues as well as reuse potential, and can be 
tailored to available local capacities, and 

 to test and evaluate the simplified planning tool in different geographical regions in Africa 
to incorporate different economic, cultural and social boundary conditions. 
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2. Objective and structure of the thesis 

The scope of this thesis is a contribution to the development of the CLARA simplified planning 
tool (SPT) in the area of wastewater treatment. 

 

2.1 Objective 

The overall objective of this thesis is to develop cost functions (CF) for wastewater- and sludge 
treatment technologies that can be implemented in the SPT. This requires following specific 
objectives to be fulfilled: 

1. Select technologies, which are appropriate in the project’s context. 
2. Create a standard design for each technology.  
3. Write a brief technology description for each technology, including basic design 

assumptions 
4. Calculate investment-, operation and maintenance- (O&M) and reinvestment costs for 

each technology at different design sizes based on bills of quantities (BOQ). 
5. Develop CFs for investment-, O&M- and reinvestment costs for each technology. 
6. Compare design assumptions with feedback provided by project partners 
7. Compare output of CFs with data provided by project partners and with literature values. 

 

2.2 Structure of the thesis 

The thesis is divided into seven sections:  

1. The introduction provides information about the global and regional situation of water 
supply and sanitation, and about the CLARA project.  

2. The objectives of this thesis are defined and its structure is outlined in chapter 2. 
3. Chapter 3 gives a detailed description of the SPT, its application and its limitations as 

well as a brief literature review about treatment efficiencies of various waste treatment 
technologies. 

4. The methodology of the thesis is presented in Chapter 4. This chapter makes the 
development process of the CFs comprehensible.  

5. Chapter 5 is the central part of the thesis. It contains the results—a short description and 
the CFs for each technology. Additionally a summary of country specific design 
recommendations is presented, which is based on the local partners’ feedback, and—if 
available—a comparison with cost data from other sources.  

6. In chapter 6 the results are being critically reviewed and discussed. 
7. Chapter 7 summarises the results and discussion, draws conclusions and gives 

recommendation for further progress. 

The appendices containing design drawings and spreadsheets with the detailed BOQs can be 
found on an enclosed compact disc. 
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3. General background and literature review 

3.1 Planning tools for cost estimation of water supply and sanitation 

There already exists a variety of cost-based decision support tools for the water and sanitation 
sector, but most of these were developed for specific projects and their use has not been scaled 
up (Fonseca et al., 2011). A weakness identified by Fonseca et al. (2011) for most of the tools is 
the difficulty of using the tool with limited data available—which is a typical situation at the initial 
stages of a planning process (Fonseca et al., 2011). The following examples of cost-based 
decision support tools for the water and sanitation sector seem most relevant in relation to the 
CLARA SPT. 

In Lower Austria a software is applied for the comparison of different water-borne sanitation 
alternatives based on their economic costs (Amt der NÖ Landesregierung, 2005). This includes 
the whole life-cycle costs of the project over the planning period. It is mandatory for project 
planners to use this tool in order to apply for government subsidies. Various input parameters—
mainly data of physical characteristics—allow the planner an adjustment according to site 
conditions. The tool only considers technological options that comply with the legal standards, 
and a fixed price base is assumed, that cannot be changed by the user. Thus manipulation of 
the results by the user in favour of a certain option can be prevented. According to Lechner 
(2011) the main advantage of this tool is that it only compares options of similar performance, 
because legally and technically unfeasible options are excluded a-priori. A disadvantage he 
points out is the high level of standardisation within the tool. This would require regular updates 
in order to add new technologies. This tool served as a model for the development of the 
CLARA SPT, and the basic principles are similar, as will be discussed later in detail.  

A cost calculation tool currently under development as part of the WASHCost project is the 
WASHCost calculator1. The project researches life-cycle costs of water, sanitation and hygiene 
services in rural and peri-urban areas in Ghana, India, Mozambique and Burkina Faso. 
However, the calculator tool shall be applicable worldwide. The main objective of the calculator 
is to increase sustainability of water and sanitation services by improving the understanding of 
decision makers, planners and service providers about the whole life-cycle costs of certain 
technologies. The basic version of the tool provides an easy-to-use interface that is accessible 
online at http://washcost.org/cal. It allows users to select a specific technology, service level 
provided and the estimated costs. A direct comparison between technologies is not possible, 
because users have to choose the estimated construction and O&M costs themselves, thus the 
outcome is strongly biased by the user input. Combinations of technologies cannot be chosen in 
the basic version of the tool and the technological options available are limited to very basic 
systems in case of sanitation. An advanced version of the tool is yet to be released 
(WASHCost, 2013). 

“FEASIBLE2” is a modelling software for cost calculation and estimation of financing 
requirements developed by the COWI consultancy group as part of an OECD project in Eastern 
Europe. It allows users to plan solid waste management, water supply and sanitation 
infrastructure improvements. The related investment and O&M costs are determined by 
comparing baseline data of the current situation and target service levels at the end of the 
planning period. As an alternative to new construction refurbishment of existing infrastructure 
can also be considered. All input data for both baseline and target situation have to be defined 
by the user. Additionally the software provides an analysis tool for the financing mechanism, 
considering user fees, available funds and cost of capital for loans. For rural and urban areas 

                                                
1 The WASHCost calculator is accessible at: http://washcost.org/cal 
2 The FEASIBLE software is available for download at: 
http://www.cowi.com/menu/project/EconomicsManagementandPlanning/Financialanalysesandlaw/Pages/
download-feasible.aspx 
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different costs are assumed and the project area considered can consist of a whole region with 
multiple municipalities or a single municipality. All costs are calculated by technology specific 
cost functions. The price base for these CFs is an international average from 2005 (DANCEE, 
2005). All calculations use Euro, inflation rates can be provided by the user. If the user prefers 
to use a local currency for all calculations, an exchange rate can be entered manually. The 
FEASIBLE software is a powerful tool to run a detailed analysis, however it might require too 
much detailed information for a preliminary design stage. The primary intention for developing 
this software was to create a tool to “facilitate the iterative process of balancing the required 
finance with the available finance” (OECD, 2013). Thus it is applied rather for fine-tuning of 
already well developed designs of infrastructure and services, than for early stages of a 
decision making process as addressed by CLARA. 

 

3.2 CLARA Simplified planning tool 

The CLARA simplified planning tool (SPT) is a main result of the CLARA project. It shall 
facilitate the planning process of integrated water and sanitation systems. However the SPT has 
to be considered as only one component of a broader planning process, such as the 
Participatory Planning Approach developed by the NETSSAF project3 or any other planning 
framework4. Within the planning process the SPT shall be used to compare integrated water 
supply and sanitation systems, including reuse-oriented ones (CLARA, 2012). It provides 
planners with an estimation of life-cycle costs for various system alternatives, thus improves the 
information base required for an informed decision. 

3.2.1 Technologies included in the SPT 
Within the SPT technologies are “defined as the specific infrastructure, methods, or services 
that are designed to contain, transform, or transport products between different functional 
groups” (CLARA, 2012). Technologies that are implemented in the SPT are listed in Table 1. 
The functional groups are derived from the sustainable sanitation and water management 
(SSWM) toolbox (Conradin et al., 2013), where also detailed descriptions and links to further 
literature regarding the specific technologies can be found. 

An integrated water supply and sanitation system consists of a combination of technologies, 
that provides the desired services and allows disposal and/or reuse of all by-products in a safe 
manner. Within a functional group one technology may be sufficient to achieve the 
requirements, but it may also be required to combine different technologies within the same 
functional group to achieve the desired outcome. 

                                                
3 Network for the development of Sustainable Approaches for large scale implementation of Sanitation in 
Africa, FP6 Coordination Action, project no. 037099, duration: 06/2006 – 11/2008. (see 
www.netssaftutorial.com) 
4 Various examples collated Conradin et al. (2013) can be found in the SSWM Toolbox at: 
http://www.sswm.info/category/planning-process-tools/planning-process-tools-introduction 

http://www.netssaftutorial.com/
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Table 1: Functional groups (bold letters) and technologies used in the draft SPT (version from 
December 2013) 

Water sources Waste Treatment 
 Extraction from spring   Septic tank * 

Groundwater extraction (borehole)  Imhoff tank * 
Riverwater extraction (+ screen) Screen * 

Water purification Buffer tank * 
  Surface water treatment (grit channel + slow 

sand filter) 
Sequencing batch reactor (SBR) * 

Flocculation and sedimentation Anaerobic baffled reactor (ABR) * 

Chlorination Horizontal flow constructed wetland (HFCW)* 
Water distribution Vertical flow constructed wetland (VFCW) * 
 Water tank (surface) Sludge drying reed bed * 

Water tank (elevated Urine storage * 
Water pumping station Struvite production * 
Water main (transport) Composting * 
Water supply network Waste stabilisation pond system (WSP) * 
House connections (supply) Upflow anaerobic sludge blanket reactor 

(UASB) * 
Waste collection Phosphorous-precipitation * 
 Cesspit Mechanical sludge dewatering (belt filter 

press) * 
Collection of (faecal) sludge Sludge thickener * 
Sewer Reuse 
Sewage pumping station  Struvite use (market price) 
House connection (sewer) Compost use (market price) 
Urine-diversion dehydration toilet (UDDT) Irrigation (market price) 
Composting toilet Urine use 
Collection of urine 
Collection of faeces  
Solid waste collection 

* Technologies for which costs functions have been developed in this thesis 

 

3.2.2 Implementation of the CLARA Simplified planning tool (SPT) 
The planning tool is implemented in Microsoft Excel® and additionally using Visual Basic for 
Applications (Kluibenschädl, 2013). The cost calculation is based on cost functions (CF), which 
exist for each technology. CFs are based on bills of quantities (BOQ) for different design sizes. 
The development of CFs is explained in detail in chapter 4.2.  

For the planner using this software following interfaces are available:  

 one sheet to enter general project information  
 multiple sheets where up to 4 different system alternatives can be defined,  
 and a results sheet where the overall costs for all alternatives are displayed.  

Additionally one sheet per technology is foreseen, however, these technology sheets are 
protected by a password and cannot be accessed by the planner. The technology sheets 
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contain all the data used in the SPT, such as the CFs, and are only accessible for SPT 
developers. These sheets allow editing technologies, updating CFs according to new unit prices 
or adding new technologies. No expert knowledge in programming is required to perform these 
tasks.  

In the general information sheet period of consideration, net interest rate and expected annual 
population growth can be chosen, amongst other things.  

In the “alternative sheets” up to 10 different technologies can be combined per functional group. 
The user interface for input of technology parameters is depicted in Figure 3. A dropdown menu 
allows the user to select the technology. Depending on the technology up to 4 different input 
parameters can be entered by the planner. 

 
Figure 3: Screenshot of the SPT - technology input field 

 

The SPT provides cost estimates for single technologies (cf. Figure 4) over the project life span, 
based on CFs. For each technology investment-, reinvestment- (up to 4 functions possible, for 
technology components that have different life spans), and O&M costs are determined. The 
planner is able to adjust the cost estimates with the arrows on the left hand side, if the local 
conditions differ from the assumptions made in the CF (which are documented in the technology 
description). In that case the text-field next to the arrows shall be used to give a short 
justification for the adjustment made. 

 
Figure 4: Screenshot of the SPT - Technology specific results 

 

As a first step for the calculation of overall costs the SPT analyses each technology separately, 
calculates its cost functions, applies growth rates, and discounts the economic outcome to their 
net present value (Kluibenschädl, 2013). Also the residual value of infrastructure is discounted 
from the costs, to allow for a better comparison of alternatives at a given point of time 
(Kluibenschädl, 2013). A constant interest rate is assumed, which can be defined by the planner 
in the project information sheet. The overall costs for alternative water supply and sanitation 
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systems over the project lifespan are plotted in the “results”-sheet, which allows a simple 
comparison (cf. Figure 5). 

 
 

Figure 5: Screenshot of the SPT - results sheet comparing 3 different system alternatives 

 

3.2.3 Application of the SPT 
Within a planning process of an integrated water supply and sanitation system the SPT can be 
applied as follows: 

1. From earlier phases in the planning process the desired service level, legal requirements 
and basic data about the project area have to be known. 

2. Based on this information the user identifies system options that fulfil these 
requirements.  

3. The user preliminarily designs different variants of water supply and sanitation systems 
as a combination of technologies that were prior selected as feasible. 

4. Input data determined by the preliminary design is used to define the design size for 
each technology within the SPT.  

5. The overall costs for each alternative displayed in the results sheet allow the planner an 
economic comparison of different alternatives, which will be the base for further 
decisions to be made.  

It is up to the planner to select feasible technologies before the application of the SPT.  
Compared to the Austrian planning tool presented in chapter 3.1, where a pre-selection of 
technologies is made by the planning tool, this adaptation is required, because the tool shall be 
applicable for a wider range of service levels and different regions.  

The SPT does not support the planner during the preliminary design process. Input data have to 
be calculated by the planner based on the information provided by the technology descriptions. 
However, compared to the FEASIBLE software the level of details required as input data is 
slightly lower, making the SPT applicable also with a limited data base.   

Similar to the application of the Austrian software (cf. section 3.1), the output of the SPT could 
serve as a justification for proposals to be submitted to donors.  
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3.3 Local discharge requirements 

The choice of an appropriate technology for treatment of waste or wastewater is determined by 
the output- or effluent quality required. The technology (or combination of technologies) of 
choice will usually be the one that meets those requirements at the lowest cost. The required 
quality is dependent on the further fate envisaged. In case of organic waste such as treated 
sludge landfilling, use for landscaping or use in agriculture require different quality. The same 
applies for effluent quality at wastewater treatment plants (WWTPs). While for discharge into 
watercourses the nutrient level might be the main matter of concern, for irrigation water higher 
levels of nutrients might even be favourable, but the pathogen level should be as low as 
possible. Legal requirements in the CLARA partner countries for effluent quality are presented 
in Table 2. However, very often these legal standards vary depending on the area or the size of 
the WWTP. Also some of these values provided seem to be very stringent (e.g. Kenya, and 
some values in Burkina Faso) and difficult to achieve considering the restricted financial 
resources available. In such a situation too stringent threshold levels might actually hamper the 
development of wastewater treatment at scale, requiring costly technologies that are not 
appropriate for poor communities and financially strained municipalities. The planner using the 
tool has to be aware of the requirements in the specific situation and choose appropriate 
technologies accordingly.  

Table 2: Legal requirements for wastewater discharge into watercourses (data provided by CLARA 
partners in the respective countries) 

Parameter Unit Burkina 
Faso 
(discharge) 

Ethiopia 
(industry 
standard) 

Kenya Morocco South Africa South Africa 
(sensitive 
watercourse) 

BOD mg/L 50 80 30 120 not specified not specified 
COD mg/L 150 250 50 250 75 30–75 
Suspended solids mg/L 200 100 30 150 25 10–25 
Total ammonia mg/L n/a 30 100 n/a 6 2–3 
Total nitrogen mg/L 1  80 2 n/a 15 1.5 
Total phosphorus mg/L 0.8 5 2 n/a 10 1.0–2.5 

 

3.4 Effluent qualities 

Regarding the effluent qualities of different technologies or combinations of technologies there 
is a high variation found in the values found in literature sources. This is due to big differences 
in influent quality, design, climate and operational schemes. Therefore this information was not 
included in the development of the CFs presented in this thesis and is not yet incorporated in 
the SPT. Examples of effluent quality data are presented for horizontal flow constructed 
wetlands (HFCW) in Table 3 and for waste stabilisation pond systems (WSP) in Fehler! 
Verweisquelle konnte nicht gefunden werden.. The average removal rates of HFCWs are 94 
%, 87 % and 89 % for BOD, COD and TSS, respectively. These values indicate a relatively 
good removal efficiency. The values are higher than those of WSP, which achieve removal 
rates of 85 %, 75 % and 72 % for BOD, COD and TSS, respectively. Stringent effluent 
requirements can however still not be achieved by all HFCWs, and none of the WSP systems 
fulfil the stringent effluent requirements e.g. of Kenya (cf. Table 2). On the other hand WSP 
systems can achieve high removal of pathogens, which is indicated by the coliform removal 
rate.  
A more detailed analysis of removal efficiencies, which will be the basis for a determination of 
mass flow calculations within the SPT can be found in Hamader and Javorszky (2014). 
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Table 3: Effluent concentrations and removal efficiencies of horizontal flow constructed wetlands with pretreatment units according to various literature 
sources.  

Source BOD 
BOD 
rem. COD 

COD 
rem. TSS 

TSS 
rem. TN 

TN 
rem. NH4-N 

NH4-N 
rem. 

coliforms 
removed Location specifications 

 
mg/l % mg/l % mg/l % mg/l % mg/l % log- units 

  

Fountoulakis et al., 
2009 

  
86 82 29 77 49.4 29 7.8 

 
2.2 Greece 

pretreatment (sedimentation)+ HFCW; 52.3 
gCOD/m2/d (avg.465mg/L influent COD) ; 
1.44 d HRT; 1.4 m²/PE; constr. Cost 268€  / 
PE; dimensions: 8.4 x 5.4 m, 0.45 m depth  

Muellegger and 
Lechner, 2012 22 

 
87 

     
46.6 

  
Uganda 3 chamber tank, 53 g COD/m²/d 

Muellegger and 
Lechner, 2012 65 

 
121 

     
29.2 

  
Uganda 3 chamber tank, 160 g COD/m²/d 

von Sperling and de 
Lemos Chernicharo, 
2005 50 85 125 80 30 90 > 20 <60 > 15 < 50 3-4 

 
not specified whether HF or VF 

Gauss, 2008 6 93 35 86 8 86 22.0 33 
  

1.7 Nicaragua 1.3-1.5 m²/PE sufficient; 6-8g BOD/m²/d 

Gauss, 2008 15 97 53 94 22 97 
    

1.9 El Salvador 1.3-1.5 m²/PE sufficient 

Gauss, 2008 7 99 
        

2.8 Peru 

screen, grit removal, sedimantatoin tank, 
1.2m²/PE, 40 L ww produced /PE/d; 2500 
PE per scheme 

Gauss, 2008 6 98 35 95 8 97 22.0 33 
  

2.4 Nicaragua Imhoff tank + HFCW (1.3-1.5m²/PE) 

Average value 24 94 77 87 19 89 28 32 25         

Standard deviation 24 6 38 7 11 8 14 14 17 
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Table 4: Effluent concentrations and removal efficiencies of waste stabilisation pond systems according to various literature sources.  

Source BOD 

BOD 
rem
. COD 

COD 
rem. TSS 

TSS 
rem. TN 

TN 
rem. NH4-N 

NH4-N 
rem. 

coliforms 
removed Location specifications 

 
mg/l % mg/l % mg/l % mg/l % mg/l % log- units 

  

Chipofya et al., 2010 51 
93.0
0 

  
16 93 

    
 

Malawi 
dry season, pretreatment, "receiving pond", 
fac., Mat. Ponds; inflow 50% industrial 

Chipofya et al., 2010 63 
92.0
0 

  
214 20 

    
 

Malawi 
wet season, pretreatment, "receiving pond", 
fac., Mat. Ponds; inflow 50% industrial 

Kushwah et al., 2012 62 
79.4
1 

        
 

India 
annual average; screening, sedimentation, 
anaerobic and facultative ponds 

Mansouri et al., 2011 92 
75.8
4 203 68 85 70 

    
 

Iran 

annual average, anaerobi, facultative, 
maruration pond, HRT: 7.5, 20.5, 3.5 d, cold 
winter with avg. Temp. < 10 °C 

von Sperling and Oliveira, 
2009 85 

82.0
0 266 71 152 62 35.0 39 

  

2.2 
Brazil average values from 43 plants 

Muellegger and Lechner, 
2012 65 

 
176 

     
59.9 

 
 

Uganda not specified 

Pearson et al., 1996 46 
91.0
0 124 83 38 89 

  
14.0 68 

6.0 
Kenya 

fac pond 127 kgBOD/ha/d, HRT fac 74d; 3 mat 
ponds, 10 d HRT 

von Sperling and de 
Lemos Chernicharo, 2005 55 

82.5
0 140 77 65 78 17.5 

50-
65 12.5 58 

3-5 

 
anaerobic + fac + maturation pond 

von Sperling and de 
Lemos Chernicharo, 2005 40 

87.5
0 125 79 30 90 >20 <60 > 15 < 50 

3-4 

 
anaerobic + fac + algae removal 

Average value 62 85 172 75 86 72 24 52 25 59       

Standard deviation 17 6 55 6 72 25 9 11 23 9 
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3.5 General description of the selected technologies 

3.5.1 Technology 6-1 Septic tank 
Septic tanks are widely used for decentralised treatment of domestic wastewater. The main 
function of a septic tank is to detain the settleable and floatable wastewater constituents, thus 
providing pretreatment and primary treatment. Usually septic tanks consist of 2 sealed 
chambers, connected with pipes or a slot below the water surface (cf. Figure 6). Hydraulic 
retention times (HRT) of > 48 h are suggested (Tilley et al., 2008b). However, if septic tanks are 
followed by further treatment stages, 24 h are sufficient (Franceys et al., 1992). The subdivision 
in two sections avoids short circuiting and washout of particles with the effluent. Sludge 
accumulates mainly in the first compartment and is stabilised anaerobically. 

 

  

Figure 6: Cross sections of a septic tank 

The sludge has to be removed on a regular basis. Sludge removal is suggested when more 
than 1/2 of the sedimentation chamber (Ulrich et al., 2009) or when 2/3 of the sedimentation 
chamber (Franceys et al., 1992) is occupied by sludge. Due to degradation processes sludge 
volume decreases with storage time and with increasing temperature. Gray (1995) observed 
annual sludge accumulation rates of 92.7 L/person and 64.9 L/person for a storage period of 6 
and 60 months, respectively. Annual sludge accumulation rates provided by other sources 
range from 40 L/person (Franceys et al., 1992) to 70 L/person (Crites and Tchobanoglous, 
1998). For short storage times of < 1 y and < 2 y Franceys et al. (1992) suggest to multiply this 
value with the factors 1.5 and 1.15, respectively (at a temperature range of > 10°C). It is 
suggested to use vacuum tankers for sludge removal (Conradin et al., 2013). The sludge still 
contains pathogens and must therefore be treated and/or disposed of in a safe manner. Options 
suggested are dewatering followed by composting or anaerobic digestion (Conradin et al., 
2013). 

In remote areas with low population density it is common to combine septic tanks with leach 
fields to infiltrate the effluent on-site. For more densely populated areas further treatment of the 
effluent is advised (Conradin et al., 2013). Even though septic tanks are commonly used for 
single households, larger units applied as primary treatment stage can be constructed. Septic 
tanks are already being applied for up to 400 PE in combination with constructed wetland 
systems (UN-HABITAT, 2008), according to Ulrich et al. (2009) anaerobic baffled reactors 
(ABR) can be applied for up to 2,500 PE. Since ABR are a modified version of septic tanks it 
can be assumed that a similar design size for septic tanks is possible.   

Septic tanks are usually constructed with reinforced concrete base slab and cover slab, walls 
can be made from reinforced concrete, concrete hollow blocks (WSP, 2007) or even bricks 
(Conradin et al., 2013). Alternatives that might be less expensive in some contexts are pre-
fabricated concrete rings, PVC or fibreglass septic tanks (Conradin et al., 2013).  
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3.5.2 Technology 6-2 Imhoff tank 
Imhoff tanks are primary treatment units for wastewater. Similar to septic tanks, Imhoff tanks are 
applied for solids-liquids separation and anaerobic stabilisation of the settled material. The 
settling compartment, where the raw wastewater enters the facility, is positioned above the 
digestion chamber. Both compartments are separated by V-shaped walls with an opening at the 
bottom (cf. Figure 7). This allows for solid constituents to sink to the lower compartment. Biogas 
produced under the anaerobic conditions of the digestion compartment is deflected by the V-
shaped walls and prevented from re-entering the sedimentation compartment. The biogas also 
lifts sludge particles, which form a scum layer at the gas vents, which is beneficial for reducing 
odour. Hydraulic retention times in the range of 2–4 hours are suggested (Conradin et al., 2013; 
Crites and Tchobanoglous, 1998). Due to the short retention time effluent remains aerobic and 
does not smell, which is beneficial for subsequent treatment steps like constructed wetlands 
(Ulrich et al., 2009).  

Sludge is ideally removed by hydraulic pressure, not requiring any pumping but only a sludge 
removal pipe controlled by a valve (cf. Figure 7). This is possible if a natural gradient exists, so 
that a head of min. 1.5 m at the level of the valve can be achieved (Texas Water Commission, 
1991). Ulrich et al. (2009) suggest a pipe diameter of min. 150 mm. Typical desludging intervals 
are 4–12 months (Conradin et al., 2013; Crites and Tchobanoglous, 1998). Like in case of 
septic tanks, longer sludge storage times result in further digestion and reduced sludge volumes 
produced, but increase the required storage volume of the digestion chamber. Additionally, too 
long storage times might cause compaction of the sludge and may complicate removal by 
gravity. No specific values for sludge production in Imhoff tanks are available in literature, but 
since the conditions and retention times are comparable to large septic tanks the sludge 
volumes produced are probably comparable to those of septic tanks.   

 

 
Figure 7: Cross sections of an Imhoff tank 

Imhoff tanks have a good capability to deal with shock loads and high organic loads (Ulrich et 
al., 2009) and require little operation and maintenance. The structure of an Imhoff tank is very 
high—Crites and Tchobanoglous (1998) recommend a maximum of 9.5 m water depth. 
Depending on soil type and groundwater level excavation costs could become a limiting factor 
for below-ground construction. Partly above ground construction is possible, but then the big 
advantage of low operational costs is reduced by the fact that pumping will be required. 

When domestic wastewater is treated, biogas production is usually not high enough for usage 
or flaring (Hoffmann et al., 2011). 
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The construction material is reinforced concrete. Covering the Imhoff tank is not considered 
obligatory, but Conradin et al. (2013) suggest constructing a cover to prevent contact of people 
and animals with the wastewater.  

Imhoff tanks are recommended as primary treatment units for populations of 50–20.000 PE 
(Conradin et al., 2013).  

 

3.5.3 Technology 6-3 Screen 
Screens are used for pretreatment of wastewater. They are usually the first technology the 
incoming water flows through at a WWTP. Screens remove the largest solid parts in 
wastewater, thus protect subsequent treatment units from damage and prevent blockages. The 
most common screen design is that of metal bars placed in an open flow channel. It is important 
to provide a bypass channel parallel to the screen in case of high flow rates or when the screen 
gets blocked by debris.  

Screens are either manually or mechanically cleaned. The type of cleaning depends on the 
cleaning frequency required, and on labour costs. Cleaning frequency is influenced by the type 
of wastewater, bar spacing and the scale of the plant. The narrower the bar spacing, the more 
solids are trapped in the screen, and the more frequently cleaning will be required. Concerning 
the wastewater type, there is a main difference between wastewater from separate sewer 
systems and combined sewers systems. In combined sewer systems, where surface runoff is 
included, the amount of coarse material is much higher, resulting in larger screening volumes. 

Typical fine screens have a spacing of < 20 mm (Ghangrekar, 2013) or < 15 mm (Mara, 2004), 
depending on the source. Coarse screens have openings in the range of 15–50 mm 
(Tchobanoglous et al., 2003; Mara, 2004). But depending on the country the definitions of 
different screen classes vary largely. Manually cleaned screens usually have a wider bar 
spacing than mechanically cleaned ones. Manually cleaned screens usually have a bar angle in 
the range of 30–60° with horizontal (Mara, 2004; Karia and Christian, 2006; WEF and ASCE, 
2009) to facilitate cleaning, whereas mechanical screens have steeper slopes. Tchobanoglous 
et al. (2003) suggest using mechanical cleaning for screens with bar spacing below 25 mm. 
However, Mara (2004) points out the limitations of mechanical bar screens in developing 
countries, such as high investment costs and likely difficulties with maintenance and obtaining 
spare parts. Furthermore, in an area with low labour costs the rationale for mechanising as 
many tasks as possible is not as strong as in Europe or the U.S.A., where most of the literature 
cited was written. 

 

 

 

Figure 8: Plan view (on the left) and 2 sections of a screen 

 
Important design considerations are the flow velocity in the approach channel before the 
screen, which should be > 0.45 m/s to prevent deposition of material (Mara, 2004). Values for 
maximum flow through velocity at the screen of 0.75 m/s, 1 m/s and 1.2 m/s and  are provided 
by Karia and Christian (2006), Mara (2004) and Hosang und Bischof (1998), respectively. 

Screenings are obnoxious and should therefore be disposed of as frequently as possible. In 
larger plants with mechanised cleaning, screenings are often further processed and dewatered 
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by a press. In less mechanised plants they should be washed on site and left on a perforated 
plate for partial dewatering before they are disposed of. For small plants disposal on site by 
burying may be an option (Mara, 2004), depending on the legal regulations.  But typically 
screenings have to be transferred to a landfill. The amount of screenings produced is very 
difficult to estimate, and dependent on the wastewater type and bar spacing. A dataset for 
screening volumes of a separate sewer system provided by WEF and ASCE (1992) is 
presented in Figure 9. 

 
Figure 9: Volume of screenings in m³/1000 m³ of wastewater depending on the opening size in mm. Data 

source: WEF and ASCE (1992) 

 

For decentralised wastewater treatment screens are not recommended, because they require 
very frequent cleaning. If not properly looked after, screens could become blocked very soon. 
For small and decentralised treatment plants Ulrich et al. (2009) therefore suggest to install no 
screen but to provide a sufficiently big dimensioned primary treatment technology instead that 
can cope with larger solids as well.  

 

3.5.4 Technology 6-4 Buffer tank 
A buffer tank allows for temporary storage and lifting of wastewater. Buffer tanks are useful to 
equalise peak flow rates or peak loads of pollutants arriving at the treatment plant. They may 
also be necessary for some treatment steps that are operated batch-wise. 

Commonly, buffer tanks are constructed from reinforced concrete and allow for controlled 
discharge at the desired flow rate either by gravity or by pumping. To prevent accumulation of 
sediments 4 cleaning options are applicable (Federbusch et al., 2010): One option is flushing 
with large amounts of wastewater, which usually requires additional constructive measures and 
pumps. Alternatively electrical stirrers can be used, they consume little energy, but provide 
limited cleaning efficiency. Jet mixers—consisting of a submersible pump and a nozzle—can be 
used with aeration or without aeration. The non-aerated option requires large amounts of fresh 
water and a high pressure pump. Aerated jet mixers (also called jet aerator) achieve similar 
performances, but require less energy and can be run with wastewater. An additional advantage 
of jet aerators is the aeration of the water, which prevents anaerobic conditions and odour 
development (Federbusch et al., 2010).  

For a buffer tank equipped with jet aerators length to width ratios in the range of 2:1 to 4:3 are 
suggested (Federbusch et al., 2010), and a maximum water depth of 6 m. Installed power 
should be at least 30–40 W/m³ storage volume (Federbusch et al., 2010). According to the 
suggestions by Xylem (2012) much higher installed power is required, especially at smaller tank 
sizes. 
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Figure 10: Plan view and a section of a buffer tank 

 

3.5.5 Technology 6-5 Sequencing batch reactor (SBR) 
Sequencing batch reactors are wastewater treatment units that can achieve a high treatment 
level. The operational principle is the activated sludge process. In comparison to conventional 
activated sludge plants, where the wastewater continuously flows through different tanks, in an 
SBR all treatment steps take place in the same tank. This is possible using a batch-wise 
operation scheme, with the different phases of wastewater treatment occurring in a sequence of 
time. The distinct phases are: filling, reaction, settling, withdrawal of clear water and excess 
sludge, and idle (Conradin et al., 2013). In the reaction phase (and possibly already during 
filling) the wastewater and sludge are mixed and partly aerated. Depending on the treatment 
goals, aerobic and anoxic stages are incorporated in the reaction phase. After the sludge has 
settled, clear water will be decanted and some excess sludge withdrawn. A certain amount of 
active sludge has to remain in the tank for the following batch.  

SBR units can be used to achieve different treatment goals. Steinmetz et al. (2002) showed that 
SBRs reach comparable treatment levels to conventional activated sludge plants. Effluent 
concentrations below the limits of 20 mg/L BOD, 90 mg/L COD, 10 mg/L NH4-N, 18 mg/L TN 
and 2 mg/L TP were easily achieved in the 4 treatment plants that had been observed 
(Steinmetz et al., 2002); cf. Table 3).  

For small treatment plants the SBR setup has the advantage of avoiding redundant system 
components compared to conventional activated sludge plants and the modular structure allows 
for a simple upscaling of the treatment plant (DWA, 2009). The possibility to change cycle times 
provides operational flexibility without requiring any constructive measures (DWA, 2009; WSP, 
2007). Hydraulic and organic shock loads can be tolerated well (WSP, 2007), because during 
the filling stage the SBR tank itself acts as an equalisation basin (US-EPA, 1999). According to 
WSP (2007) weaknesses of the SBR system are dependency on constant power supply and 
high investment and operation costs. US-EPA (1999) additionally mentions operational 
complexity and related high demands on operators. The operational flexibility of SBR systems 
allows a broad application range. Different designs can be used for C-removal, nitrification, N-
removal, aerobic sludge stabilisation, up to P- removal, which have different investment and 
O&M costs.   

Equipment and system components required for a functional SBR are (cf. Figure 11): 
controllable wastewater inflow, aeration system, decanter for clear water, surplus sludge 
removal and optionally a mixer (DWA, 2009). Either multiple SBR units which are alternately 
filled are constructed, or a buffer tank for temporary storage of the inflowing wastewater will be 
needed. Usually screens and grit removal are placed prior to an SBR, but no primary clarifier is 
needed. 

Application of SBR units is suggested in the range of 1,000–20,000 m³/d or 3,500–200,000 PE 
(WSP, 2007), similarly US-EPA (1999) suggests application for WWTPs with a flow rate of less 
than 20,000 m³/d.  
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Figure 11: Plan view and section of a Sequencing batch reactor 

 

3.5.6 Technology 6-6 Anaerobic baffled reactor (ABR) 
An anaerobic baffled reactor is an extended version of a septic tank with improved treatment 
performance. Following the primary sedimentation chamber, multiple compartments are 
constructed. They are separated by baffle walls which force the wastewater to flow first down 
and then upwards through each compartment (cf. Figure 12). This design combines the typical 
features of a septic tank (sedimentation chamber, baffle wall) with those of an UASB system, 
where the water is forced to flow through a sludge layer. The increased contact with active 
sludge improves the anaerobic treatment performance. Due to the compartmentalised design 
solids retention is enhanced, making good treatment results possible even at low HRT 
(Conradin et al., 2013). It is suggested to design ABRs with 4–6 compartments (Foxon and 
Buckley, 2006; Ulrich et al., 2009). HRT of the liquid fraction should be > 8 h (Ulrich et al., 
2009). Foxon and Buckley (2006) suggest 20–60 h.   

 

 

 

 

 

 
Figure 12: Plan view and 2 cross sections of an anaerobic baffled reactor 

 

Another critical design parameter for ABRs is the up-flow velocity, which is determined by the 
flow rate and the area of the up-flow compartment. In case of too high flow velocities particles 
and microorganisms may be washed out. Max. upflow velocities during peak flow should be in 
the range of 1.4–2 m/h (Ulrich et al., 2009). This limits the scale of ABR units. With increasing 
wastewater volumes, the up-flow area has to be increased accordingly, and the total reactor 
volume cannot be adjusted by increasing the reactor depth, as this would lead to increased 
velocities. Therefore ABRs for high wastewater volumes would require very large, shallow 
tanks, which makes their construction uneconomical (Ulrich et al., 2009). Tilley et al. (2008b) 
recommend a maximal design size of 200 m³/d, whereas WSP (2007) suggests an upper limit of 
1,000 PE.  

ABR units are commonly used for decentralised wastewater treatment solutions. They are 
simple to construct and require little maintenance. Hydraulic and organic shock loads can be 
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well dealt with. So far not many units have been constructed in Africa and the technology is 
poorly researched. The data for ABR presented in Table 3 suggest very good treatment 
performances with COD removal rates of 65–90%, but most of these data are from lab- or pilot 
scale units. The quality of ABR effluents has been shown to consistently meet the South African 
guidelines for irrigation with regard to the removal of organics, but not for discharge to surface 
water (Foxon et al., 2004). However, RSA state that pathogen removal is generally not 
satisfactory for the reuse in agriculture, thus only restricted reuse is recommended. 

 

3.5.7 Technology 6-7 Horizontal flow constructed wetland (HFCW) 
Constructed wetlands (CWs) are used for secondary or tertiary treatment of wastewater. This 
means they are usually applied for treating wastewater that has been initially treated in some 
sort of sedimentation unit which removes suspended solids. CWs are designed to intensify the 
degradation processes that occur in natural wetlands - filtration and biological degradation being 
the predominant processes. CWs consist of a sand filled filter bed, planted with macrophytes, 
such as common reed (cf. Figure 13). The main treatment activity can be ascribed to bacteria 
which form a biofilm on the filter media. The plants’ major role in the treatment process is to 
maintain the infiltration capacity of the filter bed through their root system. The filter bed is 
sealed at the bottom by a concrete base, a clay layer or different plastic liner materials such as 
EPDM, PVC or HDPE. The water table within the filter bed should be permanently below the 
filter surface, the level can be adjusted by changing the level of the outflow pipe. CWs have the 
advantage of very low operation costs, but have a high space requirement.  

In horizontal flow constructed wetlands (HFCWs) water enters on one side and flows 
horizontally through the filter. To improve water distribution in HFCWs and prevent clogging 
coarse gravel is used at the inlet zone. Similarly a gravel zone is placed at the end of the filter 
for improved drainage. For the main filter body sand with a hydraulic conductivity of 10-4–10-3 
m/s, d10  in the range of 0.2–0.4 mm and a d60 / d10-ratio below 5 should be used (DWA, 2006); 
UN HABITAT (2008) suggest a kf of 10-3 m/s, Gauss (2008) of 1.3–1.5*10-3 m/s. Based on the kf 
value and the bottom slope the cross sectional area of the filter bed can be calculated that is 
required to accommodate the wastewater flow. A bottom slope of 1% is suggested (UN-
HABITAT, 2008). Filter depth should be at least 0.5 m (DWA, 2006), or in the range of 0.6–0.8 
m (Hoffmann et al., 2011; Gauss, 2008). According to a study conducted in Spain by Garcia et 
al. (2004, cited by UN HABITAT, 2008) shallower HFCWs were more effective than deep ones, 
thus UN HABITAT (2008) recommend a depth of 0.4 m. 

 
Figure 13: Plan view and cross section of a horizontal flow constructed wetland 
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Literature also provides contradictory values for suggested bed length and width. Gauss (2008) 
suggest maximum filter lengths (distance between inlet and effluent collection pipe) of 30 m. 
Quite contrary the norm DWA-A 262 (DWA, 2006) suggests maximum lengths of 5–8 m, stating 
that longer filters do not provide any benefit in terms of treatment performance, and may be 
affected by hydraulic problems. Suggestions for maximal filter width range from 15 m (UN-
HABITAT, 2008) to 20 m (Gauss, 2008) or even 30 m (Hoffmann et al., 2011). 

In HFCWs aerobic conditions are limited to the top water layer of approximately 5–15 cm (Ulrich 
et al., 2009), further below anoxic conditions prevail. This results in limited effectiveness 
concerning nitrification and carbon removal, but enables denitrification processes to take place 
(Hoffmann et al., 2011). 

According to the German norm DWA-A 262 (DWA, 2006) an area of 5 m² per PE is required for 
an HFCW treating pre-treated wastewater. In warmer climates, where natural treatment 
processes are enhanced by higher temperatures, less space is required. UN HABITAT (2008) 
suggests 1–2 m²/PE, Hofmann (2011) 3 m²/PE and Gauss (2008) reports 1.5 m²/PE to be 
sufficient for achieving the desired treatment level in Nicaragua. HFCWs can be used for 
treating the wastewater of populations up to 2,500 users (Gauss et al., 2008). 

Clogging of the filter medium could become a problem over time, therefore an exchange may be 
required after some years. Filter material replacement intervals are according to Ulrich et al. 
(2009) 8–15 years, according to Tilley et al. (2008b) 15 y. However, some constructed wetlands 
have been in continuous operation for over 20 y (Hoffmann et al., 2011). Clogging can usually 
be prevented by good pre-treatment which removes most solid particles from the wastewater. 
This also requires proper O&M of the pre-treatment stage, such as regular removal of sludge. 

 

3.5.8 Technology 6-8 Vertical flow constructed wetland (VFCW) 
Vertical flow constructed wetlands (VFCWs) are similar to horizontal flow ones in their 
applicability and general design. Therefore please refer to the first paragraph of section 3.5.7 for 
an introduction.  

The main difference of VFCWs in comparison to HFCWs is the different flow direction and 
loading regime. In VFCW the wastewater is applied at the surface of the filter bed, percolates 
through the filter matrix and is collected in a drainage layer at the bottom. Commonly a VFCW 
filter consists of 4 layers: a protection layer from gravel at the top of the filter, the main filter 
body from sand, an intermediate fine gravel layer below to prevent washing out of sand particles 
into the drainage layer from coarse gravel at the bottom. The sand layer should have a 
thickness of at least 0.5 m (ON, 2009; Hoffmann et al., 2011), 0.4–0.8 m are suggested by 
Conradin et al. (2013), by UN HABITAT (2008) 0.7 m. It is recommended to use a filter sand 
with hydraulic conductivity in the range of 10-4–10-3 m/s (ON, 2005; Conradin et al., 2013; UN-
HABITAT, 2008). UN HABITAT (2008) suggest using sand with d10 > 0.3 mm and a d60/d10 ratio 
< 4. The filter surface has to be constructed evenly, allowing for a uniform distribution of the 
wastewater on the whole surface area. Also the placement and design of the distribution pipes 
is crucial for uniform loading. ON (2009) suggests a minimum of one outlet per 2 m² surface 
area. 

http://www.sswm.info/glossary/2/letterh#term1619
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Figure 14: Plan view and cross sections of a vertical flow constructed wetland 

 

Wastewater is applied intermittently on the surface of VFCWs, usually in short loading intervals 
(Conradin et al., 2013). This requires pumps or other hydraulic mechanisms. The intermittent 
loading allows for alternating saturation conditions in the filter bed, and improves oxygen supply 
to the filter bed in the resting periods. Thus aerobic degradation is enhanced and good 
performances with regard to nitrification and removal of BOD can be achieved.  

In cold climates the required surface area per PE is 3–4 m² (ON, 2009; Hoffmann et al., 2011). 
For warm climates 1–2 m²/PE should be sufficient (Hoffmann et al., 2011), UN HABITAT (2008) 
suggest values of 0.8–1.5 m²/PE. The actual required surface area will be determined by the 
treatment goals and the local legislation. In terms of organic surface loading values of 20 
gCOD/(m²·d) are recommended in cold climates (DWA, 2006; ON, 2009), and 60–70 
gCOD/(m²·d) in warm climates (Hoffmann et al., 2011). A maximum surface area per bed of 400 
m² is suggested (ON, 2009).  

A critical aspect, as for HFCWs, is the risk of clogging due to deposition of solids. A crucial 
measure to avoid clogging is to maintain a well working pre-treatment for solids removal. 
Additionally, resting periods can be considered, and the loading has to be kept at a level where 
natural degradation is able to keep up with bacterial growth (Hoffmann et al., 2011). Due to 
accumulation of solids the material may have to be replaced every 8 to 15 or more years (Tilley 
et al., 2008b). 

Often CWs are constructed in 2 stages, comprising of 2 sequential VFCWs or a combination of 
an HFCW and a VFCW. In such hybrid systems the advantages of the different systems 
(VFCW: good C-removal and nitrification; HFCW: good denitrification) can be combined. Also 2 
stage VFCWs can achieve good results for N-removal, if an anaerobic zone is included in the 
plant setup. Thus 2-stage systems can achieve N removal rates of 70% or more (cf. Table 3). 

An adapted version of the VFCW technology for treating raw wastewater was developed in 
France. In this commonly known “French system”, no pre-treatment in settling facilities is 
required, but the solid particles accumulate at the top of the CW. Usually more stages of VFCW 
are used in sequence, with the first stage being mainly responsible for solids retention. 
Therefore gravel is used as filter material instead of sand to prevent clogging. For the French 
system Molle et al. (2005) suggest for the first stage 1.2 m² and for the second stage of 0.8 m² 
filter surface area per PE.  

According to literature sources VFCWs can be used for treating the wastewater of populations 
up to several thousand users. A map of different CWs worldwide (Google Maps2012) reports of 
several plants of up to 3,500 PE, and that a few very large plants of up to 30,000 PE exist. 
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3.5.9 Technology 6-9 Sludge drying reed bed 
Sludge drying reed beds are sealed ponds designed specifically for the solid-liquid separation of 
sludge. Sludge is applied on the surface of the bed, which is constructed with a series of 
drainage layers at the bottom (cf. Figure 15). Water percolates through the media, whereas 
solid particles are retained at the top of the substrate. Sludge accumulates at the top and forms 
an organic layer which is by time humified. Macrophytes growing in the reed bed help to 
maintain permeability of the substrate by providing channels along their stems and roots. 
Sludge drying reed beds can be continuously used for a couple of years before sludge removal 
is required. The length of this active period is determined by the annual accumulation rate and 
the total available height of the reed bed. Literature reports accumulation periods of 5–12 years 
with annual sludge accumulation rates of 0.08–0.2 m/y (Koottatep et al., 2002; Nielsen, 2007; 
Vincent et al., 2011). The total height available for sludge accumulation should be 1.2–1.5 m 
(Nielsen, 2007). For improving sludge quality through humification and to reduce the pathogen 
level the beds are left to rest before the remaining sludge is removed. After resting periods of 
1.5–2 y the sludge can be considered pathogen free (Strauss et al., 1997). To be able to leave 
some beds for resting, while others are in use, always multiple beds are required, a 
recommendation by Nielsen (2012) is a minimum of 10 filter beds per plant.  

Suggested loading rates differ widely depending on location and climate. Nielsen (2012), based 
on experience in northern Europe, suggests loading rates of 50 kgTS/m²/y. For Greece 
successful dewatering plants with loading rates of 75 kgTS/m²/y are reported, and an estimation 
is made that loading rates of up to 90 kgTS/m²/y would be feasible (Stefanakis and Tsihrintzis, 
2012). For Nepal loading of up to 200 kgTS/m²/y have been reported (UN-HABITAT, 2008) and 
Koottatep (2002) states that in Thailand loading rates of up to 250 kgTS/m²/y are possible.  

Similarly depending on the sludge type various sources mention different limitations to the 
applicability of sludge drying beds. Nielsen (2012) reports from WWTP where sludge drying 
reed beds are being successfully used for the treatment of surplus activated sludge. Troesch et 
al. (2009) state that thickened sludge has poor dewatering properties and therefore suggests 
direct application of activated sludge. This has the additional benefit of requiring one treatment 
step less. According to Nielsen (2007) anaerobically digested sludge has slightly lower 
dewaterability, he recommends a max. loading rate of 50 kgTS/m²/y. Similarly Vincent et al. 
(2011) suggest a loading rate of 50 kgTS/m²/y for septage. 

According to Koné and Peter (2008) each bed should be loaded 1–2 times per week. Nielsen 
(2007) and Stefanakis and Tsihrintzis (2012) recommend more frequent loadings for a period of 
a few days up to 2 weeks, followed by a resting period of 1 - 3 weeks. The sludge height applied 
with a single load should not exceed 0.3 m (UN-HABITAT, 2008). 

Generally, this technology has been recently developed and most experiences (apart from 
Nielsen) are from pilot scale plants only. Therefore limited experience exists concerning its 
application and the development over time. However the results are promising and with ongoing 
research and adaptations to the processes there might be potential for further improvement and 
reduction of the space requirements. 
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Figure 15: Plan view and cross section of a sludge drying reed bed 

 

3.5.10 Technology 6-10 Urine storage 
Urine contains a large share of the nutrients (N, P, K) present in domestic wastewater. 
Therefore separate collection and reuse is a good option if agricultural reuse of the nutrients is 
desired. When using urine as a fertiliser it is crucial that the risk of transmitting diseases is 
minimised. Urine itself usually contains no pathogens, but cross-contamination from other 
sources is possible. Therefore it is required to treat the urine before it is applied on the field. A 
very simple and cheap treatment method is storage. During storage the urea contained in the 
urine is decomposed into ammonia, causing an increase of the pH value. Under these 
conditions the survival time of pathogens is reduced. Depending on the ambient temperature—
another factor enhancing pathogen die-off—storage times between a month and 6 months are 
required for safe agricultural reuse of stored urine (cf. Table 5). 

Table 5: Relationship between storage conditions, pathogen content of stored urine and 
recommendations for reuse (adapted from Johansson et al. (2001)) 

Storage 
temperature 

Storage 
time 

Presence of 
pathogens  Recommended crops 

4°C    ≥ 1 month Viruses, protozoa Forage and food crops that are to be processed 

4°C        ≥ 6 months Viruses 
Food crops that are to be processed, forage crops (except 
grassland for animal feed) 

20°C ≥ 1 month Viruses 
Food crops that are to be processed, forage crops (except 
grassland for animal feed) 

20°C  ≥ 6 months Probably none 

All crops (if crops are consumed raw, there must be at 
least 1 month before harvesting and last application; urine 
application should be done by incorporation into the soil) 

 

Often urine is collected on household level in jerry cans. In decentralised systems, where the 
individual household can use the collected urine itself, it can be stored directly on site, using 
multiple jerry cans. If the urine is to be utilized on a larger scale, then central collection points 
will be required, where urine can be stored in larger tanks. These tanks have to be accessible 
by a vacuum truck for emptying. The storage tanks can be made of any watertight material, 
such as glass fibre reinforced plastic, PE, PP or PVC, but they can also be made of rubber 
bladders or reinforced concrete (von Münch and Winker, 2011). Usually the tanks are placed on 
reinforced concrete slabs, as shown in Figure 16. 
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Figure 16: Plan view and cross sections of a urine storage site (40 m³ storage capacity) 

 

Urine storage can serve two different purposes. It can be an intermediate step before further 
treatment and/or further transport, or a treatment process itself, when the storage time is 
sufficiently long to ensure sanitisation. 

 

3.5.11 Technology 6-11 Struvite production 
An alternative approach to urine treatment for nutrient recovery is the production of a dry 
fertiliser. This has the advantages of drastically reduced transport costs compared to liquid urine 
and the application is simplified. On top of that a dry fertiliser is less likely to cause offense and 
thus has better chance of being successfully marketed. The most valuable nutrient present in 
urine is phosphorous, which often is a limiting factor in agriculture and cannot be naturally 
replenished in the soil such as nitrogen. Therefore recovery and recycling of P is a crucial 
contribution to a more sustainable food production system.  

One method of P recovery from urine which has already been successfully tested in different 
regions is the process of struvite production. Struvite is a white odourless powder with the 
chemical composition MgNH4PO4•6H2O, sometimes also called Magnesium Ammonium 
Phosphate Hexahydrate (M-A-P) (Conradin et al., 2013). P is slowly released from struvite, 
which is ideal for its application as fertiliser. It can be produced from urine by adding substances 
containing Mg salts such as Magnesium Sulfate, Magnesium Oxide or Bittern. Then P and 
ammonium present in the urine together with the added Mg form struvite. Struvite precipitates 
and can be filtered out and separated from the liquid phase. In this process about 90% of the 
phosphorous contained in urine can be recovered (Tilley et al., 2008a). The liquid however still 
contains substantial amounts of N and K and requires further treatment before discharge into 
surface waters. Alternatively it could be used for restricted fertigation.  
Struvite can be produced on small scale level in a batch-wise process. In Nepal for example (Zandee et 

al., 2011) successful trials have been made with a simple reactor constructed from galvanised metal with 
a conical bottom and fitted with a stirring mechanism (cf.  

Figure 17). At the bottom an outlet is directing the flow through a filter cloth, where the struvite is 
collected. The filter bag can be later removed and left for drying to obtain dry struvite powder. 
The processing time per batch is 1–2 h depending on the source (Meyer et al., 2011; CLARA 
project partners in South Africa [RSA]).  

The production costs of struvite with this system are highly dependent on labour cost and on the 
price of the Mg source, which can vary drastically between different regions. Two case studies 
on the economic efficiency of struvite production conducted in Nepal (Etter, 2009) and the 
CLARA project partners in RSA came to the conclusion that at the current market prices for 
fertiliser and with the costs of input materials and labour struvite production would not be self-
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sustaining, but would have a negative balance. Etter (2009) states though, that an inclusion of 
environmental benefits in the overall balance would render the process economically feasible.  

 
Figure 17: Schematic diagram of a struvite reactor (Zandee and Etter, 2010; cited by Brettl, 2013) 

 

3.5.12 Technology 6-12 Composting 
Composting is an aerobic degradation process of organic matter. The goal of the technical 
application of composting is to treat waste materials in order to obtain a stable product which 
can safely be used or disposed of.  

Composting is based on microbiological activity. Organic compounds are partly mineralised by 
fungi and bacteria in aerobic respiration processes. Non-degradable organic compounds and 
products of decomposition form stable organic compounds such as humic substances. In 
combination with clay-minerals very stable complexes are being formed, which make compost a 
good soil conditioner. The resulting compost mass is about 50% of the initial substrate (Tiquia et 
al., 2002). 

For the use of compost in agriculture the most critical aspect is hygienisation of the material, 
especially when wastewater or excreta are treated. During a well-managed composting process 
heat is produced and temperatures in the range of 55–65° are reached. This is essential for the 
inactivation of pathogens. According to WHO (2006) compost can be considered pathogen free 
when a temperature of > 50°C is maintained for at least a week. A more conservative 
suggestion by Feachem et al. (1983) is 2 weeks at 55°C.  

Important parameters for successful composting are a good oxygen supply and at the same 
time sufficient moisture content of the substrate (in the range of 45–65%). A ratio of C : N in the 
substrate of 20–25 :1 is ideal for composting. To balance moisture content and C : N ratio often 
carbon-rich bulking material is added to the substrate. For aeration different methods are 
possible: passive aeration in windrows, which are being mechanically turned on a regular basis, 
or forced aeration by blowers.  

The selection of a composting method depends on the daily waste volume treated and on the 
costs for labour and land. Highly mechanised systems such as reactor systems have the lowest 
land and labour requirements, but very high investment costs and higher energy costs (Dulac, 
2001). The most widespread composting method is turned windrow composting, with which 
experience exists also in low-income countries (Ali, 2004). By this method the substrate is piled 
up in windrows of up to 5.5 m width and 2.5 m height (Dulac, 2001). Regular mixing and 
watering maintains favourable conditions and makes sure that all the material is properly 
composted and undergoes a phase of high temperature. Dulac (2001) suggests weekly turning. 
This active composting phase takes 5–8 weeks (Dulac, 2001; Rothenberger et al., 2006), which 
is followed by a curing phase of at least 3 weeks (Rothenberger et al., 2006), before the 
compost is ready for further utilisation. Depending on the scale of the plant, turning can be done 
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by hand, by tractor pulled machines, or at large scale plants by stand-alone turning machines. 
Composting plants additionally require space for storing finished compost, screening 
equipment, and a protected area where the machinery can be stored. The whole composting 
area should be lined by a concrete or asphalt base, and a pond should be constructed to collect 
runoff, which is high in nutrients und should therefore not be directly discharged. The collected 
water can be reused for watering the windrows.  

 
Figure 18: Plan view and 3 sections of a composting plant for 25 m³ compostable waste per d 

 

3.5.13 Technology 6-13 Waste stabilisation pond system (WSP) 
Waste stabilisation ponds (WSP) are constructed lagoons in which wastewater is treated by 
natural processes such as sedimentation, bacterial degradation, algae growth, solar radiation 
and wind-driven mixing. Due to relatively low oxygen input in WSPs, high hydraulic retention 
times in the range of days and weeks are required. Thus large pond volumes and 
correspondingly large surface areas are necessary. Treatment efficiency and thus land 
requirement are temperature dependent.  

There are 3 different types of WSP, which are usually used in sequence: Anaerobic ponds, 
facultative ponds and maturation ponds. Anaerobic ponds are usually the first in a series of 
ponds. They are 3 to 5 m deep and thus provide space for sludge storage at the bottom (Von 
Sperling and de Lemos Chernicharo, 2005). Due to a high loading rate anaerobic conditions 
prevail. Additionally to removal of suspended solids the anaerobic ponds’ main function is a 
reduction of BOD. The temperature dependent loading rate should be in the range of 100–350 
gBOD/m³/d (Mara, 2004). Design temperature should be the mean temperature of the coldest 
month. Due to reduced bacterial activity at low temperatures the application of WSP is limited to 
regions with temperatures ≥ 10°C (Conradin et al., 2013). HRT is in the range of 3–6 days (Von 
Sperling and de Lemos Chernicharo, 2005). 

Facultative ponds are large shallow lagoons of 1.5–2 m depth (Von Sperling and de Lemos 
Chernicharo, 2005). They can either receive raw wastewater (primary facultative ponds) or 
settled wastewater from anaerobic ponds or other anaerobic pretreatment steps (secondary 
facultative ponds). The inclusion of a separate anaerobic pond as compared to a WSP system 
with a primary facultative pond only can reduce the area requirement substantially (by 30–55%) 
(Von Sperling and de Lemos Chernicharo, 2005). Therefore primary facultative ponds are 
usually used for less polluted water and in areas where anaerobic ponds would not be 
acceptable due to their odour emissions. Facultative ponds are designed for BOD removal at a 
temperature dependant surface loading rate of 100–400 kg/ha/d (Mara, 2004). The HRT is in 
the range of 15–45 days (Von Sperling and de Lemos Chernicharo, 2005). In facultative ponds 
the oxygen required by the bacteria for BOD digestion is produced by algae. Since 
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photosynthesis is only possible in the top layer of the pond and only during daytime different 
zones of oxygen availability develop, which are subject to diurnal variations. Mixing through 
wind impact and good inlet design are crucial for well-functioning facultative ponds. Another 
effect of photosynthesis is the increase of pH, often to values above pH 9. Such high pH levels 
contribute to killing pathogenic bacteria present in the wastewater, and also cause ammonia 
emissions to the air. Due to algae growth a part of the nutrients and the BOD present in the 
wastewater is converted into “algal BOD” (Conradin et al., 2013).    

Following the facultative pond maturation ponds may be included in a WSP system. Maturation 
ponds are mainly designed for pathogen reduction, but further removal of suspended solids and 
BOD takes place likewise (Mara, 2004). Maturation ponds are shallow with a depth of about 
0.8–1 m. This allows a good penetration of solar radiation and maintains the whole water body 
aerobic (Von Sperling and de Lemos Chernicharo, 2005). The conditions in maturation ponds 
with high pH values, increased temperature, high light intensity and a high level of dissolved 
oxygen is ideal for killing pathogens (Mara, 2004; Von Sperling and de Lemos Chernicharo, 
2005). Retention time and thus dimensions and number of maturation ponds is determined by 
the required bacteriological quality of the effluent (Conradin et al., 2013). Mara (2004) suggests 
designing multiple maturation ponds with a retention time of at least 3 days each.  

WSP are regarded as one of the most cost efficient treatment systems, as construction costs 
and especially O&M costs are very low (Mara, 2004; Conradin et al., 2013). Removal of bottom 
sludge is required in anaerobic ponds or primary facultative ponds, but secondary facultative 
and maturation ponds do not need to be desludged during their lifetime (Mara, 2004). The 
sludge is digested anaerobically, thus its volume is significantly reduced. Typical sludge 
volumes of 0.03–0.08 m³/PE/y are reported (Mara, 2004; Von Sperling and de Lemos 
Chernicharo, 2005). Desludging has to take place when one third of the pond volume is 
occupied by sludge.  

A downside of WSPs is that the effluent contains a relatively high level of nutrients (cf. Table 3) 
and, depending on local legal regulations, might therefore not be suitable for discharge into 
surface waters (Conradin et al., 2013). However, by including maturation ponds a very good 
reduction of pathogens can be achieved (cf. Table 3), making the effluent well suited for 
irrigation/fertigation purposes (Conradin et al., 2013). 

The effluent quality of a series of ponds is better than that of a single pond with a comparable 
total volume (Mara, 2004). This is due to improved flow conditions and reduced short-circuiting, 
which can be further enhanced by installing baffle walls in the ponds. Therefore WSP systems 
typically consist of a series of one anaerobic pond, one facultative pond and multiple maturation 
ponds (cf. Figure 19). 

 
Figure 19: Plan view of a waste stabilisation pond system for 10,000 PE, with anaerobic ponds, 

facultative ponds and maturation ponds, from left to right. 
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3.5.14 Technology 6-14 Upflow anaerobic sludge blanket reactor (UASB) 
Upflow anaerobic sludge blanket reactors (UASB) were initially designed for the treatment of 
high-strength industrial wastewaters, and are generally well suited for treating wastewaters with 
high organic loads (Conradin et al., 2013). However, the UASB technology can also be applied 
for treating domestic wastewater, and such plants already exist, e.g. in Brazil, Colombia and 
India (Von Sperling and de Lemos Chernicharo, 2005).  

Wastewater enters the UASB reactor at the bottom, and flows upwards through the reactor. 
Thus the wastewater passes a sludge blanket that occupies the bottom part of the tank, 
resulting in a long contact time with sludge particles and the bacteria living in it. Because of the 
vertical flow, which counteracts sedimentation, no additional mixing of the wastewater is 
required (Von Sperling and de Lemos Chernicharo, 2005). No oxygen input is required either for 
the anaerobic degradation processes. Thus the UASB technology has very low energy 
consumption, compared to aerobic systems. The anaerobic digestion produces biogas, which 
rises upwards through the reactor. 3-phase separators are installed at the top of an UASB 
reactor to collect the biogas and prevent it from being released to the atmosphere. Another 
function of the separators is to separate sludge particles, which might be transported by the gas 
bubbles and prevent them from entering the clearwater zone at the top of the reactor where the 
effluent is withdrawn. The collected biogas may be flared or further reused, e.g. for cooking or 
the production of electricity, but reuse would require additional treatment. The design of an 
UASB reactor is presented in Figure 20. 

The application of UASB reactors for domestic wastewater treatment is restricted to regions with 
a warm climate, because at sewage temperatures < 20°C the activity of anaerobic bacteria is 
too low (Alaerts et al., 1993; Von Sperling and de Lemos Chernicharo, 2005). Constant flow 
rates are important. Therefore Alaerts et al. (1993) strongly recommend that in case of 
combined sewerage all storm water has to be by-passed. Conradin et al. (2013) suggest 
feeding by pumping to maintain uniform flow rates. Von Sperling and de Lemos Chernicharo 
(2005) state that usually for domestic wastewater no equalisation is necessary, but suggest 
buffer tanks in case of high inflow fluctuations. 

 

 
Figure 20: Plan view and cross sections of an upflow anaerobic sludge blanket reactor for 1,200 PE 

 

HRT should be in the range of 2–20 h (Conradin et al., 2013), with longer retention times 
required at lower temperatures. According to von Sperling and de Lemos Chernicharo (2005) 
retention times should be at least 4 h during peak flow, and at least 6 h as a daily average. They 
also consider treatment at temperatures between 16–20 °C as feasible, if the UASB rector 
provides sufficient HRT. Another important factor to be considered in the reactor design is to 
maintain upflow velocity sufficiently low to prevent washout of sludge particles. Average 
velocities should be in the range of 0.5–0.7 m/h while peak velocities of up to 2 m/h can only be 
tolerated for short time periods (Von Sperling and de Lemos Chernicharo, 2005). A maximum 
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organic load of 15 kgCOD/m³/d should not be exceeded (Von Sperling and de Lemos 
Chernicharo, 2005). This value is only relevant for highly concentrated industrial wastewaters, 
but will hardly be reached in case of domestic wastewater. Sludge age in the reactor usually 
exceeds 30 d (Von Sperling and de Lemos Chernicharo, 2005). 

In the anaerobic digestion process relatively little sludge is produced, and the sludge is already 
stabilised, has good settling properties and a high TS content in the range of 4–10% (Von 
Sperling and de Lemos Chernicharo, 2005).  

UASB reactor achieve BOD and COD removal rates in the range of 60–90% and 60–80%, 
respectively (Conradin et al., 2013); cf. Table 3), with especially good results for high strength 
wastewater. Little removal of nutrients takes place in the anaerobic process (cf. Table 3), thus 
the effluent requires additional treatment before it can be released to surface waters. Since 
pathogen reduction is not satisfactorily (Von Sperling and de Lemos Chernicharo, 2005), further 
treatment or only very restricted use would be required for using the effluent for irrigation. 
Alaerts et al. (1993) mention reuse in aquaculture as a further alternative.  

 

3.5.15 Technology 6-15 Phosphorous-Precipitation 
Phosphorous (chemical symbol: P) is a crucial element for plant nutrition. In many aquatic 
ecosystems P is present in small concentrations and therefore plays the role of a limiting factor. 
Additional input of P can thus lead to increased growth of plants and algae, a process called 
eutrophication. This may in consequence lead to a shift in aquatic ecosystems and problems 
due to oxygen depletion. Thus anthropogenic P inputs into aquatic systems should be reduced. 
In most WWTP which are based on biological treatment processes only limited removal of P 
takes place. Depending on legal regulations—especially in case of effluent discharge into 
sensitive recipient water bodies—P-removal may be required at a WWTP.  

P can be removed in WWTP when it is incorporated into biomass, this principle is used in the 
BioP process, which is an adapted form of the activated sludge processes. An alternative 
method is the precipitation of P. In this method precipitation agents are added to the wastewater 
which form compounds with PO4 and precipitate in solid form. The precipitates form colloids and 
consequently together with other organic components sludge flakes, which can be removed by 
sedimentation. By this process only orthophosphate (PO4) can be removed. In sewage the main 
part (about 68%) of P is present in form of PO4 (Barjenbruch and Exner, 2011). The P present in 
organic compounds or organisms may be removed by increased flocculation, and a part may be 
degraded into its mineral form by degradation of organic matter. Thus total removal efficiencies 
in the range of 70–95% can be achieved (Morse et al., 1993).  

In order to design this process in a cost efficient way the dosage of the precipitation agent has 
to be adjusted to the PO4-content of the wastewater. Different metal ions can be used, but most 
commonly Fe2+, Fe3+, Al3+ und Ca2+ are applied (Barjenbruch and Exner, 2011). Usually dosing 
pumps are used to add exactly the amount of precipitation agent required. Depending on the 
type of precipitation agent different storage and mixing equipment will be required to achieve a 
liquid that can be readily dosed into the wastewater stream. The point of dosage can be either 
upstream or downstream of the main treatment stage or simultaneously.  

Commonly P-precipitation is combined with activated sludge processes, but first successful 
experiments were also made combining the technology with constructed wetland systems 
(Lauschmann, 2012).  

The P-precipitation process significantly increases the O&M costs of a WWTP due to an 
increased sludge volume produced and the cost for purchasing the chemicals. A further 
downside of P-precipitation is that the reuse possibilities of both effluent and sludge may be 
restricted due to the accumulation of ions (Conradin et al., 2013). 
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3.5.16 Technology 6-16 Mechanical sludge dewatering (Belt filter press) 
Mechanical dewatering removes water from sewage sludge to reduce its volume, to make it 
easier to handle in following treatment steps or ready for disposal. Different mechanical 
dewatering methods are available. Most common are belt filter presses, centrifuges and 
chamber filter presses. All these technologies are relatively expensive high-tech systems, which 
are rarely cost efficient for smaller systems (Conradin et al., 2013). US-EPA (2000a) gives an 
approximate limit of 15,000 m³/d flow rate (this would be equivalent to 187,500 PE at 80 L/d), 
above which mechanical dewatering becomes a cost effective option at a WWTP.  

Mechanical dewatering requires additional input of conditioners to achieve good separation 
results, usually polymers are used for that purpose (Conradin et al., 2013). The choice of the 
right technology is determined by the sludge properties and the further treatment desired and 
should be taken from case to case, based on tests with the actual sludge to be treated. For the 
SPT the belt filter press was chosen as mechanical dewatering technology.  

According to Lindtner and Sirlinger (2008) belt filter presses are the most economical choice in 
terms of operation costs, or according to US-EPA (2000a; 2000b) at about the same level as 
centrifuges. Especially at smaller design sizes belt filter presses are considered more cost 
effective (Anipsitakis et al., 2010). The investment costs of belt filter presses are generally lower 
than those of centrifuges (US-EPA, 2000b).  

At a belt filter press sludge (which has been mixed with the conditioner) is applied on a porous 
filter belt, where at first the free water will drain away. Subsequently the remaining sludge is 
placed between two filter belts, which increasingly apply pressure in order to squeeze out the 
water. A schematic view of a belt filter set up is given in Figure 21. Belt filter presses can 
process sludge with total solids content (TS) in the range of 0.5–10% (US-EPA, 2000a). The 
dewatering process can achieve a cake with total solids content of up to 12–44% (US-EPA, 
2000), with these values being highly dependent on sludge type. Polymer consumption is in the 
range of 1–10 g/kg TS, depending on sludge properties as well (US-EPA, 2000a).  

 
Figure 21: Three cross sections of a belt filter press (including a roof structure and pumping 

station) 

 

Problems occurring at belt filter presses could be odour emission, and care has to be given to 
remove debris and large solid particles present in the sludge which might damage the filter belt 
(US-EPA, 2000a). In case of separate sewer systems this should be not of concern.  

Daily operation tasks can be done by well trained staff, and expert knowledge is required for 
regular maintenance, such as the replacement of belts. Belt life time can be expected to be 
4,000–5,000 h of use (Anipsitakis et al., 2010). Washing water is required for cleaning the belts, 
thus increasing the volume of effluent. This effluent, consisting of filtrate and washing water, has 
to be pumped back to the main treatment stage, or treated separately. Reuse of this effluent for 
belt washing is possible, but would make the plant setup more complex, thus Klein Technical 
Solutions (2013) advised against this option for plants in Africa. 
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3.5.17 Technology 6-17 Sludge thickener 
Thickening is a treatment process for sewage sludge aiming at a more concentrated sludge by 
removing excess water. The relatively solids-free supernatant has to be treated (e.g. recycled to 
the main treatment stage), and the sludge requires further dewatering. Thickening reduces the 
sludge volume to be treated in subsequent steps and thus reduces both investment and 
operation costs of subsequent technologies (US-EPA, 2003; DWA, 2007).  

Different thickening methods are available, such as dissolved air flotation, centrifugal thickening, 
gravity belt thickening and gravity thickening. The method considered here is gravity thickening, 
since it has relatively few mechanical parts and therefore is less demanding for the operation 
personal (US-EPA, 2003). Furthermore operation costs of gravity thickening are lower than 
those of the other methods (US-EPA, 2003; DWA, 2007). 

Gravity thickening operates based on the natural principle of sedimentation. The sludge enters 
the thickening tank at the top, allowing solid particles to settle at the bottom. Typically gravity 
thickeners are constructed as circular tanks with a sloped bottom towards the centre (cf. Figure 
22). Scraper blades moved by a slowly rotating agitator that is mounted in the centre transport 
the settled sludge towards the sludge hopper. From there the condensed sludge is withdrawn. 
To facilitate phase separation additional vertical stirring bars are installed at the agitator arms. 
Supernatant is withdrawn at the top by an overflow weir. Within the thickening tank 3 layers are 
differentiated. In the top layer, called sedimentation zone, free sedimentation of solids takes 
place. In the consolidation zone below sedimentation is increasingly hindered and the sludge 
particles start exerting mechanical pressure on the sludge below, thus increasing compaction. 
The bottom area is called sludge clearance zone, because from here sludge scrapers move the 
sludge to the sludge hopper and consolidated sludge is withdrawn.  

  
Figure 22: Plan view and 2 cross sections of a sludge thickener 

 

This type of gravity sludge thickeners is operated continuously. The most important design 
parameters are surface load [kgTS/m²/d] and overflow rate [m/h], which are influenced by the 
sludge type. Similarly influenced by sludge type is the TS content of sludge achievable by 
thickening. An overview of these values is provided in Table 6. As can be seen from this 
overview, there is a high variation of these parameters, depending on the sludge type. 
Unfortunately no values for SBR plants could be found.  
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Table 6: Design parameters of gravity thickeners according to different literature sources. 

Sludge type 
TS content 

[%TS] 
TS content of thick-
ened sludge [%TS] 

Surface load 
[kg TS/m²/d] 

Overflow 
rate [m/h] Source 

primary sludge 2–6 5–10 100–150 0.6–1.3 Tchobanouglous et al., 2003  
primary sludge 

 
5–10 up to 100 

 
DWA, 2007 

primary sludge 2.5 
 

50–80 
 

Haberl, 2009 
was5 + primary  

  
50–70 0.5–1.5 Hosang und Bischof, 1993 

was + primary 
 

4–6 40–80 
 

DWA, 2007 
was + primary (1) 0.5–4 4–7 25–80 0.3–0.5 Tchobanouglous et al., 2003  
was + primary 
(ISV<100)  

5–10 40–80 
 Leschber und Loll, 1996 

was + primary 
(ISV>100)  

4–6 40–80 
 Leschber und Loll, 1996 

was+primary  1.15 7 60 
 

Haberl, 2009 
was+primary+ 
P-precipitation  

4 
  Leschber und Loll, 1996 

was 0.5–1.5 2–3 20–40 0.2–0.3 Tchobanouglous et al., 2003  
was 0.6 

 
20–50 

 
Haberl, 2009 

was 
 

2–3 20–50 
 

DWA, 2007 
was (ISV<100) 

 
3–5 

  
Leschber und Loll, 1996 

was (ISV>100) 
 

1–3 
  

Leschber und Loll, 1996 
ext. aeration was 0.2–1 2–3 25–40 

 
Tchobanouglous et al., 2003  

ext. aeration was 
 

2.5 
  

Leschber und Loll, 1996 
 

Too long retention times (> 1.5 d) of the sludge might cause problems due to digestion 
processes, when biogas is formed and the rising gas bubbles counteract sedimentation. 
Including stirring bars in the design should somewhat reduce this problem (DWA, 2007). Gas 
emissions may also lead to odour emissions. To prevent this, chemicals such as chlorine may 
be added to inhibit any degradation processes.  

Conditioners can further improve settling of sludge particles and allow the achievement of 
higher TS contents. FeCl3, CaO, K2MnO5 or polymers may be used (US-EPA, 2003).  

  

                                                
5 was = waste activated sludge 
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4. Methodology  

4.1 Selection of technologies 

Various factors did influence the choice of technologies. Initially the list of technologies was 
discussed during by project meetings with the local project partners. There the partners voiced 
their preferences for specific technologies, usually because they have gathered experience with 
a specific technology or expect it to be well suited to their local situation. 

For waste treatment options specifically it was desired to provide at least one treatment stream 
based on nature-like processes, and one based on more technical options. During the process 
of refining these different treatment streams it became apparent that certain technologies 
already chosen require additional technologies in order to function properly and achieve the 
requirements within a functional group. E.g. mechanical dewatering is more efficient if the 
sludge received has already been thickened beforehand, thus a thickener has to be included in 
this treatment stream. Therefore some more technologies had to be added. All decisions 
concerning the final list of technologies were made by the CLARA project team.  

 

4.2 Cost function development 

Cost functions are determined for each technology separately for investment-, reinvestment- 
and O&M costs. Also for every partner country a different set of CFs is calculated, taking into 
account different price levels. CFs calculate the respective costs for a technology depending on 
the input parameters provided by the software user. Figure 23 shows an example of a CF. The 
data points represent the investment costs of a technology at different design sizes (No. of PE) 
for a specific country. The Investment CF is derived from this data using Microsoft Excel® 
regression analysis based on the method of least squares. In Figure 23 the shape of the CF is 
indicated by the trend line. 

 
Figure 23: Example cost function 
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For the development of cost functions a similar approach was chosen for all technologies. A 
schematic overview is presented in Figure 24. The steps taken to achieve a CF are as following: 

1. Create a standard design based on a design drawing and provide a short technology 
description. 

2. Determine different design sizes and dimension the units accordingly. 
3. Provide a bill of quantities (BOQ) for each design size and multiply the quantities with 

the country specific unit price of each position in order to get the O&M costs for a 
specific country. 

4. Determine O&M costs for each design size and multiply the quantities with the country 
specific unit price of each position in order to get the investment costs for a specific 
county. 

5. Determine reinvestment intervals for technology components and the related costs for 
each design size. 

6. Define input parameters for the cost function. 
7. Develop investment, O&M and reinvestment CFs based on the input parameters. 

 

 
Figure 24: Cost function development (Brettl, 2013) 

 

4.2.1 Technology descriptions 
Short descriptions of each technology give a brief explanation of the application of a technology. 
Also listed are key assumptions for design and O&M costs used, input data required, range of 
application, lifespan of technology components, the price base assumed for certain parts and 
additional comments. These technology descriptions provide the user with an overview of the 
technology as it is implemented in the CLARA tool. 

 

4.2.2 Design sizes 
The range of application for each technology is based on recommendations from literature. 
Within this range a set of design sizes is chosen to provide a representative sample and allow 
the derivation of a CF. 
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4.2.3 Design assumptions 
For each technology a range of assumptions has to be made. They have to be transparent to 
the user to make the design comprehensible. This allows the user to manually change the costs 
of a technology if the design assumptions differ largely from the local situation. Therefore the 
most important assumptions that are specific for a certain technology are listed in the 
technology description. All assumptions are explained in more detail in the “design” section of 
the respective technologies. Some general assumptions are relevant for all technologies, i.e. 
that the costs for following items are not included in the CFs:  

 Land purchase 
 Site office during the construction 
 Documentation 
 Demolition of any infrastructure 

 

4.2.4 Bill of quantities and local unit prices 
In a bill of quantities all positions that add to the total costs of a specific technology are listed 
and quantified. This includes materials, parts and labour costs. To improve comparability 
standardised item definitions are used with specific item numbers assigned. The item definitions 
and numbers are derived from the Austrian norm for sanitary engineering services LB-SW 05 
(Arbeitskreis LB-Siedlungswasserbau, 2005). For some “non-standardised items” that are not 
included in LB-SW 05 project specific numbers were assigned. Every single item is listed 
separately, such as m³ of “Wall 12-20cm C25/30” or m of “UPVC sewer pipes DN/OD 110” etc. 
By multiplying these quantities with the respective unit prices the costs of all positions are 
determined.  

For each technology covered by this thesis BOQs were developed in separate MSExcel® files. 
The standardised item numbers allow to search in a linked database containing all unit prices 
from the different partner countries using a Microsoft Excel® lookup function. The unit prices 
have been provided by the local CLARA project partners. Thus overall costs and CFs can be 
derived for different countries with different price levels using the same BOQ file. 

 

4.2.5 Input parameters 
Input parameters are the data that can be entered by the users of the SPT. Input parameters 
are used to adjust design size and crucial design parameters of selected technologies 
according to site conditions. Depending on the technology, input parameters are either directly 
used as a variable in the CF, or are used to calculate the variable in the CF. An example is 
shown in Figure 23. In this case the input parameter “PE” is directly used in the CF, and the 
investment costs can be calculated by the CF-equation: investment cost = 1754.5*”PE”^0.5898.  

The choice of input parameters is crucial for the usability of the tool. Considering the intended 
application of the SPT in early planning stages input parameters have to be chosen that can be 
easily determined by planners and do not require lengthy and/or expensive surveys. An 
example for such a parameter that is commonly used for waste treatment technologies is 
person equivalent (PE), representing the wastewater produced by one user. For waste 
treatment very often combinations of technologies are applied that are used in sequence. In that 
case the outputs from one technology are input values for the following treatment step. In future 
versions of the SPT software an automatic import of these values could simplify the usage of 
the software. In the current version the planners have to calculate all input parameters of 
technology sequences themselves, based on the information provided in the technology 
descriptions. For cost functions of waste transport and treatment technologies Slavicek and 
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Tanzer (2014) have carried out an analysis of the potential for simplification and have put 
together a report to provide guidance for this problem.  

4.2.6 Cost functions 
Three different kinds of cost functions are determined for each technology: one for investment 
costs, one for reinvestment costs, and one for O&M costs. These cost functions are calculated 
based on the BOQs and exported to the SPT. Due to different price levels a specific set of CFs 
has to be calculated for each partner country. 

The investment costs comprise the initial costs to construct a facility and the costs to install all 
required equipment.  

Reinvestment costs are those costs that occur when the expected lifetime of a technology 
component has expired and the component has to be replaced. Thus multiple reinvestment cost 
functions have to be calculated if a technology consists of components with different lifetimes. It 
is important to provide separate reinvestment costs, because for the overall project costs it 
makes a difference at what time an investment takes place, due to the different costs of capital. 
In the SPT a maximum of 4 different reinvestment cost functions can be applied per technology. 
The sum of all reinvestment costs is equal to the investment cost.  

O&M costs comprise labour costs, spare parts and repair cost and expenditures for 
consumables such as electricity, chemicals and fuel. Labour costs are based on an estimation 
of annual working hours and the skill level of the workers required. Annual expenses for spare 
parts and repair are estimated as a percentage of the initial investment costs. The costs for the 
other consumables are calculated based on the actual demand. 

 

4.3 Data collection 

The data and design assumptions used for the CF development are mainly based on literature 
research. General design parameters and dimensioning are—if available for the respective 
technology—based on guidelines provided by Deutsche Vereinigung für Wasserwirtschaft, 
Abwasser und Abfall (DVA), on lecture notes from different universities and on text books. 
Concerning the applicability in low income countries, to determine the range of application and 
for O&M issues project reports and other types of grey literature were used. These reports are 
mainly available online. The websites most frequently used for literature research for this thesis, 
that contain a database of many useful articles are: 

 Sustainable Sanitation and Water Management (SSWM) toolbox (http://www.sswm.info) 
 Sustainable Sanitation Alliance (http://www.susana.org)  

Additionally suppliers were contacted and asked to provide prices for technologies or 
technology components. The response rate was low, because there was no direct benefit for 
the companies to share their information. However, some data could be obtained. 

For some technologies covered in this thesis first versions of BOQs were already existing. They 
had been developed by Martin Brettl within his master thesis (Brettl, 2013) and by Claire 
Brenner and Katharina Steinbacher within a study project (Brenner and Steinbacher, 2012). The 
data from these versions was used and adapted. 

 

4.4 Country-specific technology assessment 

For each technology feedback provided by the local partners in the various partner countries 
was compared with the initial design assumptions. A summary of the most important remarks 
and recommendations is provided for each technology separately in a table. This feedback was 

http://www.sswm.info/
http://www.susana.org/
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partly incorporated in the SPT design. Otherwise the differences compared to the design 
assumptions used in the SPT are pointed out briefly in a separate paragraph, and a rationale is 
provided on why the recommendations have not been incorporated.  

Following abbreviations are being used for the CLARA project partners in the respective 
countries: BF - Burkina Faso, ETH - Ethiopia, KEN - Kenya, MOR - Morocco and RSA - South 
Africa. 

 

4.5 Cost comparison 

If relevant costs data were available from literature sources these values were compared to the 
unit prices calculated based on the SPT assumptions. This shall allow a first assessment of the 
reliability of the calculated values. For that matter all unit prices were compared on a 2013 price 
base. For converting currencies the yahoo currency converter (Yahoo, 2014) has been used 
and inflation rates have been determined according to FXTOP (2014) and Coinnews (2014) for 
€ and US-$, respectively.  
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5. Results 

This section contains the main outcomes of this thesis. For 17 technologies a technology 
description, design details, cost functions and a brief summary of the comments from the local 
partners are presented. In the first sub-section general assumptions that are valid for all 
technologies are summarised, followed by the detailed information on each technology.  

 

5.1 General assumptions 

Unless otherwise stated, following general assumptions are made for the design of the 
technologies:  

 1 PE is equivalent to a wastewater production of 80 L/d, including daily nutrient loads of 
60 g BOD, 120 g COD, 11 g N, 1.8 g P and a load of 70 g TSS. 

 Inlet depth of sewer below ground level: 0.5 m  
 It is assumed that the amount of steel reinforcement used is in average 125 kg per m³ of 

concrete.  
 Two different types of excavation are used depending on the excavation depth required. 

Following assumptions are made (cf. Figure 25): if excavation is performed with with 
sloping sides, a slope of 45° is chosen, and a working space of 0.6 m from the bottom of 
the slope to the building wall is required. If excavation is done using sheeting the slope is 
90° from horizontal, and a working space of 1 m between the sheeting and the building 
wall is required.  

 Removal of excavated material is not considered 
 Electricity is assumed to be available on site and no additional costs for installation of 

cables are considered. 
 The reinvestment costs for construction of buildings include all related preparatory and 

earthworks costs. Demolition costs are not considered. In case the building is 
constructed at the same spot and therefore demolition would be required, the excavation 
costs would be lower. It is therefore assumed that these costs would balance 
themselves, and no differentiation was made. 

 
Figure 25: General design assumptions 
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5.2 Technology descriptions and cost functions 

The CFs that were developed for the 17 different waste treatment technologies are presented in 
this section. The design assumptions relevant for each technology and the input parameters 
used are explained and a list of cost items that are included in the bill of quantities of the 
respective technology is provided. Also for each technology a brief technology description is 
included as it will be used in the user manual that goes along with the CLARA SPT.  

The CFs presented in this thesis are those considering price levels provided by the Kenyan 
project partners. In the SPT separate cost functions for each of the partner countries are used. 
However, the type of functions and general design principles are the same, only the values of 
the coefficients change according to the local price levels. All costs are calculated in €. 

 

5.2.1 Technology 6-1 Septic tank 

5.2.1.1 Technology description 

A two-chamber septic tank is operated as a pre-treatment technology for greywater and 
blackwater. 

5.2.1.2 Input parameters 

(1) PE (person equivalent) [No.] 

5.2.1.3 Design assumptions 
 hydraulic retention time (HRT) = 24 h 
 sludge removal interval 2 years (for units ≤ 20 PE) and 6 months for bigger units 
 sludge volume 70 L/PE/a for units ≤ 20 PE and 90 L/PE/a for bigger units 
 construction material for tank: reinforced concrete 
 pipes are made of PVC 
 volume of settling compartment = 2 * max. sludge volume and 2/3 of total tank volume 

5.2.1.4 Design 

The general design of the technology is presented in Figure 6. There is a differentiation made 
between small (≤ 20 PE) and big units due to different storage times. The advantage of a longer 
storage time is the increased degradation of the sludge. Consequently lower volumes of sludge 
have to be removed and operation costs can be reduced. Since the required volume of the 
sedimentation chamber has to be increased for storing the sludge over a longer period of time, 
the construction costs are increasing. For septic tanks that are used on household level storage 
times of 2–5 years are recommended (Conradin et al., 2013). For larger units such a long 
storage time would increase construction costs considerably (cf. Figure 26). Therefore the 
decision was made to select different storage times depending on the unit size, which also 
reflects on the sludge volume produced (cf. section 5.2.1.3).  
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Figure 26: Comparison of septic tank construction costs for tanks with different storage time (price base: 

Kenya) 

5.2.1.5 Dimensioning 

The dimension of a septic tank is calculated based on the required volume to allow a sufficient 
HRT and provide sufficient space for sludge storage. Both of these values are in turn influenced 
by the number of PE. The maximal number of users per unit is set as 2000. The width/length 
ratios remain constant and are scaled according to the design size. 

Table 7: Design sizes for which BOQs have been developed (Septic tank) 

PE [No.] 5 10 20 50 100 500 1,000 2,000 

 

5.2.1.6 Cost functions 

General 

The cost functions for septic tanks are calculated based on the costs of 8 different design sizes 
for single septic tanks (cf. Table 7). These costs were calculated depending on the number of 
PE. For the SPT it is useful to be able to calculate the costs of multiple units. In that case the 
average unit size is calculated by dividing the number of users by the number of septic tanks. 
This allows the application of the CF also for decentralised schemes with multiple units of septic 
tanks. The investment costs consist of expenses for preparatory works and earthworks (Table 
8), construction works (Table 9) and specific equipment (Table 10) listed in the BOQ. 

Table 8: Positions of preparatory works and earthworks (Septic tank) 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A        Remove topsoil m³  
030206A        Replace Topsoil m³  
030211B        Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030705A        Backfilling and covering of concrete walls m³  
030708B Blinding layer > 10 cm m³  
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Table 9: Positions of construction works (Septic tank) 

Item no. Position Unit Description 
110302A Slab C20/25 up to 30cm m³  Concrete that is in contact 

with wastewater should be 
of class C25/30, but since 
the price for this concrete 
class is not available 
C20/25 used here. 

111601A Formwork <15cm m² for base slab 
110401B Wall 12-20cm C25/30 m³ side walls 
111611G Doublesided formwork class 1 for walls 0-3,2m m² for side walls 
110605A Concrete slab ceilings C20/25 up to 20cm m³  
111640A Formwork for slabs 0-3,2m class 1 m²  
111902A Ribbed steel <10mm kg  

 
Table 10: Positions of pipes and equipment (Septic tank) 

Item no. Position Unit Description 
201001A UPVC sewer pipes DN/OD 110 m downpipes and inflow and outflow pipes 
201001C UPVC sewer pipes DN/OD 160 m downpipes and inflow and outflow pipes 
n/a UPVC fittings DN110 pcs price estimate: 10 € 
n/a UPVC fittings DN160 pcs price estimate: 20 € 
232005A Aluminium ladder m removable ladder to be kept by caretaker; 

price estimate: 20 €/m 
230301B Manhole cover DN 600 class B 125 kN pcs  

 

Investment cost function 

The Investment cost function for septic tanks consists of two different functions depending on 
the size of the septic tank. The CF is different for small septic tanks (≤ 20 PE) and larger ones 
Eq. ( 1 ); both CFs are power functions (cf. Figure 27), which are linked by an IF function.  

Investment CF: =IF(x >20,((x)^0.638 * 391.06), ((x)^0.591 * 911.78)) ( 1 ) 

Where x = PE [No.] 
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Figure 27: Investment costs for a septic tank, depending on the number of users and the derived 

investment CFs for Kenya. The function for smaller unit sizes is presented in the top figure, the function 
for bigger unit sizes in the figure below. 

 

Operation and maintenance costs 

O&M costs include the labour costs for inspecting and cleaning the septic tank on a regular 
basis. The inspection interval is twice per month, and the work is conducted by a skilled 
labourer, who initially requires some training in order to perform the tasks independently. The 
wage category chosen is “craftsman”. The time per inspection is expected to increase gradually 
with increasing unit size of the septic tank. 

The costs for sludge removal are not included in the O&M costs of this technology, and have to 
be considered separately. Within the SPT the technology “Collection of (faecal) sludge” is 
available to calculate the costs of sludge removal. 

Table 11: Positions of O&M costs (Septic tank) 

Item no. Position Unit Description 
310102C Craftsman h Man hours for inspection per year 
n/a Repair % percentage of inv. Cost: 0.5% of civil 

works, 2% of mechanical & electrical 
components 

 

O&M cost function  

In case of O&M costs there is no differentiation between unit sizes.  

O&M CF: = x^0.0985 * 15.34 ( 2 ) 

Where x = PE [No.] and y = Number of septic tanks [No.] 

 

y = 911,78x0,5912 
R² = 0,9944 
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Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. Pipework and the manhole cover 
are expected to last for 15 years. Two separate CF for reinvestment costs are required. CF 1 
includes all parts that last for 15 years, and a second CF is calculated by subtracting these 
costs from the total investment costs.  

Reinvestment 1 CF:  = x^0.0841 * 69.64 ( 3 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 4 ) 

Where x = PE [No.] 

 

5.2.1.7 Country specific assessment and cost comparison 

Septic tanks are commonly used in all partner countries, therefore all local partners could 
contribute some practical experiences for this technology (cf. Table 12). For the desludging 

interval periods of 9 months to 5 years were recommended. By BF and ETH the initially chosen 
desludging interval of 6 months was criticised as being too low, therefore a differentiation of 
sludge storage time according to unit sizes was introduced, as discussed in section 5.2.1.4. 

This is in line with the annotation by KEN, that the desludging interval depends on the type of 
connected house and thus number of users. 

The investment costs provided by MOR and RSA for septic tanks are significantly different (cf. 
Table 12 and Figure 28). It is difficult to compare these values, because no additional 
information or design details were provided.  

Often septic tanks are used in combination with soak pits, in order to infiltrate the effluent in the 
ground. Therefore the soak pit design is also mentioned in the technology assessments by ETH 
and KEN. In the CLARA SPT a septic tank is considered only as mechanically pre-treatment 
step and not as only treatment step. Therefore soak pits have not been considered. 
Table 12: Country-specific technology assessment in comparison with design assumptions (septic tank) 

 CLARA SPT BF ETH KEN MOR RSA 
Desludging 
interval 

6 months / 2 years 
(size dependent) 

5 y 1.5–2 y 9 months 
–2 y 

3–4 y 3–4 y 

Sludge 
accumulation 

69 - 90 L/c/y  
(size dependent) 

 25–40 
L/c/y 

   

Tank depth 1.5–2.5 m 1.5 m 1.2–1.8 m  1.5–2.5 m 1.5–2.5 m 
HRT 24 h 

(pre-treatment only) 
   48 h 48 h 

Investement 
Costs 

50 PE: 6,974 € 
(MOR prices); 5 PE: 
4,197 (RSA prices) 

   50 PE: 
17,721 € 

average cost 
RSA (5 PE): 

847 € 
Other features no soak pit  soak pit soak pit   

 

Figure 28 shows that there is a high variation of the investment costs calculated based on the 
BOQs between the different countries considered. Especially the costs in Burkina Faso are 
significantly higher. This pattern can be found at most technologies, and can mainly be ascribed 
to very high prices that were provided for excavation and backfilling of the excavated volume 
compared to the other countries.  

Comparing the values of investment costs calculated based on the BOQ to the cost estimates 
provided by various literature sources shows that there is a good fit at the household size units 
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with the data provided by the Montana Department of Environmental Quality (2008) and with the 
data used in the FEASIBLE model by DANCEE (2005). The values provided by von Sperling 
and de Lemos Chernicharo (2005) are much lower (investment costs: 12–20 US-$/PE), and can 
hardly be considered as realistic.  

 
Figure 28: Comparison of investment costs calculated in the BOQ with literature values and values 

provided by project partners (septic tank) 

 

5.2.2 Technology 6-2 Imhoff tank 

5.2.2.1 Technology Description 

The Imhoff tank is a pre-treatment technology for wastewater. An Imhoff tank consists of a 
settling compartment and a conical digestion chamber for anaerobic sludge stabilisation. 

The effluent usually requires further treatment. Therefore the technology is mainly used as a 
primary treatment stage in small treatment plants. 

5.2.2.2 Input parameters 
(1) PE [No.] 
(2) cover slab included or not [tick-box]  

5.2.2.3 Design assumptions 
 COD removal efficiency 35%  
 HRT at periods of peak flow min. 2 hours 
 Sludge production: 90 L/PE/a 
 Desludging interval: 6 months 
 Construction material for tank: reinforced concrete 
 Pipes are made of PVC 
 Length : width ratio of flow compartment: 2 - 2.8 (depending on size)  
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5.2.2.4 Design  

The general design of the technology is presented in Figure 7. For large units (≥ 4,000 PE) 2 
flow compartments are constructed in parallel, which additionally requires a flow splitter 
chamber for the influent. Depending on the unit size, the number of sludge hoppers varies 
between 1 (up to 100 PE), 2 (100 PE < x < 4,000 PE) and 4 (≥ 4,000 PE). 

It is assumed that the Imhoff tank is constructed completely below ground, with an assumed 
water level in the tank at 0.6 m below ground level. Construction partly above ground would 
result in lower construction costs due to reduced excavation. Based on the unit prices provided 
by the partners, the investment costs can be reduced by up to 40% in case of fully aboveground 
construction, compared to belowground construction (cf. Table 13). However, this is just a rough 
estimate only considering excavation costs, but not the changes in wall thickness that would be 
required due to other load conditions. Not considered either are positions such as handrails, 
ladders, etc. that would be required additionally for aboveground construction. These factors 
would slightly reduce the cost difference between the various construction types.  
Table 13: Reduction of investment costs in % for “50% below ground” and “above ground” construction of 

Imhoff tanks, compared to completely below ground construction 

 BF ETH KEN MOR RSA 
50% below ground 22.8 10.6 13.8 18.0 17.5 
Above ground 40.0 16.6 21.9 30.7 30.1 

 

The users of the SPT can choose between an Imhoff tank with cover slab, or without cover slab, 
by selecting a tick box. 2 separate CFs have been developed for these different options.  

5.2.2.5 Dimensioning 

The unit size is determined based on the volume required to ensure a sufficient HRT and sludge 
storage capacity. The maximal number of users is set as 15,000. At higher flow rates the 
building would become too high, based on the design assumptions made here. For higher 
number of users multiple smaller units have to be selected.  

Table 14: Design sizes for which BOQs were developed (Imhoff tank) 

PE [No.] 50 100 250 500 1,000 2,000 4,000 8,000 15,000 

 

5.2.2.6 Cost Functions 

General 

The cost functions for Imhoff tanks are calculated based on the costs of 9 different design sizes 
(cf. Table 14). These costs were calculated depending on the number of PE. 

The investment costs consist of expenses for preparatory works and earthworks (Table 15) 
construction works (Table 16) and equipment (Table 17) listed in the BOQ. 
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Table 15: Positions of preparatory works and earthworks (Imhoff tank) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030332A Pit excavation with sheeting m³  
030705A Backfilling and covering of concrete walls m³  
030708B Blinding layer >10cm m³  

 
Table 16: Positions of construction works (Imhoff tank) 

Item no. Position Unit Description 
110402B Wall 20-30cm C25/30 m³  
110303D Slab C25/30 cone shaped m³  
110401B Wall 12-20cm C25/30 m³ should be: 110502D Beam 

C25/30 >20 cm, but not 
available 

110401B Wall 12-20cm C25/30 m³  
110801A Small concrete structures <10m² C20/25 m³ flow split chamber (for units 

> 4,000 PE) 
111902A Ribbed steel <10mm kg  
111611G Doublesided formwork class 1 for walls 0-3,2m m² ≤100 PE 
111611H Doublesided formwork class 1 for walls 0-5,0m m² 100 PE < x < 2,000 PE 
111611I Doublesided formwork class 1 for walls 0-8,0m m² ≥ 2,000 PE 
111601A Formwork <15cm m² formwork for base slab 
111640A Formwork for slabs 0-3,2m class 1 m² formwork for beams 
111614A Formwork for in situ manholes and small 

structures <10m² class 1 
m² formwork for flow split chamber 

110605A Concrete slab ceilings C20/25 up to 20cm m³ for optional cover slab 
111640A Formwork for slabs 0-3,2m class 1 m² for optional cover slab 

 
Table 17: Positions for pipeworks and additional equipment (Imhoff tank) 

Item no. Position Unit Description 
201001C UPVC sewer pipes DN/OD 160 m inlet/outlet pipes; pipes for flow 

split chamber (for units 
> 4,000 PE) 

n/a UPVC sewer pipe fittings DN/OD 160 pcs Price estimate: 20 €  
214002J Flanged valve, short, cast iron, PN 16, DN150 pcs at desludging pipe 
230301B Manhole cover DN 600 class B 125 kN pcs only if cover slab is selected 
232005A Aluminium ladder m price estimate: 20 €/m 
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Investment cost function 

The Investment cost function for Imhoff tanks is based on the costs calculated using BOQs for 
units of different size. Two different power functions are derived from the BOQs, depending on 
whether a cover slab is required or not. The combined CF for investment costs is presented in 
Eq. ( 5 ). 

Investment CF: =IF(y=0;x^0.589 * 596.02; x^0.591 * 630.89) ( 5 ) 

Where x = PE [No.] and y = cover slab yes /no [1/0] 

 

 
Figure 29: Investment costs for an Imhoff tank without cover slab, depending on the number of users and 

the derived investment CFs for Kenya 

 

Operation and maintenance costs 

The O&M costs for Imhoff tanks include the labour costs and annual repair costs. Removal of 
scum and floatables is required on a daily basis. Desludging is necessary 2 times per year. 
Other cleaning tasks, such as scrubbing the side walls of the flow compartment are scheduled 
on a weekly basis. The costs for sludge removal are included in the O&M costs of this 
technology. It is assumed that sludge can be removed by hydraulic pressure, which requires 
sufficient gradient of the terrain in combination with a sludge drying bed as treatment option. If 
the local conditions do not allow this, mechanised sludge removal will be necessary. This has to 
be considered separately. Within the SPT the technology “Collection of (faecal) sludge” is 
available to calculate the costs of mechanised sludge removal. 

All work is conducted by a skilled labourer, who initially requires some training in order to 
perform the tasks independently. The wage category chosen is “craftsman”. The time required 
per task is expected to increase gradually with increasing unit size of the facility. 

Table 18: Positions of O&M costs (Imhoff tank) 

Item no. Position Unit Description 
310102C Craftsman h cleaning, removal of scum, desludging 

(bi-annually) 
n/a Annual repair costs % percentage of inv. Cost: 0.5% of civil 

works cost; 2% of mechanical & electrical 
components cost 

 

Operation and maintenance cost function 

For O&M there is a slight difference between the construction options with cover and without 
cover. This is due to the assumption that repair costs are a certain percentage of the initial 
investment costs, and these investment costs are higher in case of construction with a cover 
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slab. Also accessibility is reduced when there is a cover slab, which makes cleaning tasks more 
difficult. However, this was not considered in the cost function. A polynomial cost function was 
found to represent the values in the best way (cf. Eq. ( 6 )). 

O&M CF: =IF (y=0; -6.4E-06 * x² + 0.187 * x + 230.5; -6.63E-06 * x² + 0.195 * x + 233.6) ( 6 ) 

Where x = PE [No.] and y = cover slab yes /no [1/0] 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. Pipework and the manhole cover 
are expected to last for 15 years. Two separate CF for reinvestment costs are required. 
Reinvestment CF 1 includes all parts that last for 15 years. These items are mainly manhole 
covers and pipes. Because they are delivered as separate units the costs increase 
discontinuously. And the reinvestment costs also differ between Imhoff tanks with and without 
cover slab. Therefore the reinvestment CF 1 contains many separate items costs linked with IF-
functions (cf. Eq. ( 7 )). The IF-function on the left hand side is the same for all facilities, and the 
IF-function on the right hand side represents the additional costs for facilities with cover slab. A 
second CF (reinvestment CF 2) for all civil works is calculated by subtracting the equipment 
costs from the total investment costs (cf. Eq. ( 8 )).  

Reinvestment 1 CF: =IF(x<250;208;IF(x<8000;411;927))+IF(y=1;IF(x<8000;52;103);0) ( 7 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 8 ) 

Where x = PE [No.] and y = cover slab yes /no [1/0] 

 

5.2.2.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
acceptable for all partner countries. BF and KEN generally accepted all assumptions. ETH and 
MOR provided some values based on their experiences or literature sources, which are 
summarised in Table 19. These design suggestions are in line with the assumptions made for 
the SPT. No comment was given by RSA. 
Table 19: Country-specific technology assessment in comparison with design assumptions (Imhoff tank) 

 CLARA SPT ETH KEN MOR 
Length/width ratio 2–2.8 : 1 3 : 1     
Depth 2.55–10.7 m 9–11 m      
HRT 2 h     2 h 
Digester volume 90 L/PE     10–150 L/PE 
Desludging interval 6 months     6–12 months 
Reinvestment interval 15 y / 25 y 25 y civil works 20 y  

 

5.2.3 Technology 6-3 Screen (wastewater) 

5.2.3.1 Technology Description 

A coarse and/or a fine screen is used as pre-treatment step to remove solids from raw 
wastewater to protect subsequent treatment units and avoid blockages. It consists of metal bars 
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placed in an open flow channel. For maintenance works and as emergency overflow 2 units are 
placed in parallel.  Cleaning is performed manually. 

Units ≤ 3,000 PE consist of 1 channel, where the flow can be directed to 2 different 
subdivisions, screens > 3,000 PE consist of 2 different channels with separate screens 

5.2.3.2 Input parameters 
(1) PE [No.] 
(2) screen type [drop down menu] (2 options: fine screen / coarse screen) 

5.2.3.3 Design assumptions 
 bar spacing: fine = 8 mm, coarse = 25 mm 
 screen angle from horizontal: 45° 
 channel flow velocity: 0.75 m/s 
 screenings volume:  0.02 m³ and 0.12m³ per 1,000 m³ wastewater for coarse and fine 

screens, respectively  
 construction materials: reinforced concrete structure, steel bars and  

5.2.3.4 Design  

Since SPT considers separate sewer systems only, the amount of screenings is assumed to be 
relatively low. Furthermore considering Mara’s (2004) concerns over mechanically cleaned 
screens in developing countries (cf. section 3.5.3) and given the fact that labour costs are 
relatively low in the regions of concern, the decision was made to only include manually cleaned 
screens in the SPT.  

The user of the SPT can choose between fine screens with an opening size of 8 mm and 
coarse screens with an opening size of 25 mm. However, the advantages of smaller screen 
openings in terms of water quality are not further considered by subsequent technologies within 
the SPT. In reality an improved screening would reduce the costs for subsequent treatment 
steps.  

There are 2 different designs, depending on the size of the plant. For screens ≤ 3,000 PE 1 
channel is constructed, where the flow can be directed to 2 different subdivisions. Screens > 
3,000 PE consist of 2 different channels with separate screens. Figure 8 shows the design 
drawing of a screen for 10,000 PE.  

5.2.3.5 Dimensioning 

The screen unit is dimensioned to allow an average flow velocity of 0.75 m/s, depending on the 
flow rate. Based on the recommendations of Ulrich et al. (2009) screens are not considered 
appropriate for small scale sanitation systems. 250 PE is chosen as minimum number of users 
for this technology. The maximal number of users is set as 100,000 for coarse bar screens. The 
application of fine screens is limited to max. 20,000 PE due to high labour demand for handling 
of screenings. 

Table 20: Design sizes for which BOQs were developed (screen) 

PE [No.] 250 500 1,000 2,000 3,000 5,000 10,000 50,000 94,500 

 

5.2.3.6 Cost Functions 

General 
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The cost functions for bar screens are calculated based on the costs of 9 different design sizes 
(cf. Table 20). These costs were calculated depending on the number of PE. 

The investment costs consist of expenses for preparatory works and earthworks (Table 21) 
construction works (Table 22) and equipment (Table 23) listed in the BOQ. 

Table 21: Positions of preparatory works and earthworks (screen) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030705A Backfilling and covering of concrete walls m³  
030708B Blinding layer >10cm m³  

 
Table 22: Positions of construction works (screen) 

Item no. Position Unit Description 
110302A Slab C20/25 up to 30cm m³    
111601A Formwork <15cm m²  
110401B Wall 12-20cm C25/30 m³      
111611G Doublesided formwork class 1 for walls 0-3,2m m²  

110605A Concrete slab ceilings C20/25 up to 20cm m³    
covered outlet channel - only 
units > 3,000 PE 

111640A Formwork for slabs 0-3,2m class 1 m² 
covered outlet channel - only 
units > 3,000 PE 

111902A Ribbed steel <10mm kg  

 
Table 23: Positions for pipeworks and additional equipment (screen) 

Item No. Position Unit Description 
Item4 Stainless steel bars 50x10mm m for screen bars 
Item24 Platform for persons made of 

steel gratings in frames 
m²  

Tank1 Kentank ccv 15 (150 L) pcs for collection of screenings 
Tank3 Kentank ccv  92 (920 L) pcs for collection of screenings 
n/a Perforated steel plate m² for collection and initial dewatering of 

screenings 

 

Investment cost function 

The Investment cost function for screens is based on the costs calculated using BOQs for units 
of different size. Different functions are derived from the BOQs, depending on the bar spacing. 
Additionally, due to the slightly different designs for small and big units, there are 2 separate 
functions for units ≤ 3,000 PE and > 3,000 PE. The CF for investment costs combines 4 
different functions (cf. Eq.( 9 )). 
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Investment CF: =IF(y=0;IF(x≤3000;y^0.262 * 388.7; y^0.367*165.44); 
IF(x≤3000;y^0.235 * 387.16; y^0.313*207.47)) 

( 9 ) 

Where x = PE [No.] and y = fine screen / coarse screen [0/1] 

 

 
Figure 30: Investment costs for screens with different bar spacing, depending on the number of users and 
the derived investment CFs for Kenya. The functions for smaller unit sizes is presented in the top figure, 

the functions for bigger unit sizes in the figure below. 

 

Operation and maintenance costs 

O&M costs for screens include the positions presented in Table 24. The screenings volume was 
estimated based on the power function presented in Figure 9. It is assumed that the screenings 
will be transferred to a landfill site and disposed of. The combined transport and disposal costs 
are assumed to be 17 € per m³, based on a case study from Nairobi (Kasozi and von Blottnitz, 
2010). The labour requirement is estimated by the frequency of screenings removal multiplied 
by the time per removal. It is assumed that the minimal frequency is twice per day, and that 
additionally every times 20 L of screenings are accumulated the screen will require cleaning. 
Thus cleaning frequency will increase for larger flow rates. The time required per removal is 
assumed to be 15 min. for small plants and 30 min for bigger unit sizes. All work is conducted 
by a skilled labourer, who initially requires some training in order to perform the tasks 
independently. The wage category chosen is “craftsman”.  

y = 388,7x0,2616 
R² = 0,9864 

y = 387,16x0,2347 
R² = 0,9941 

1.000

1.500

2.000

2.500

3.000

3.500

4.000

0 1000 2000 3000 4000 5000 6000

To
ta

l i
nv

es
tm

en
t c

os
t [

€]
 

PE [No.] 

y = 165,44x0,3667 
R² = 0,9934 

y = 207,47x0,3126 
R² = 0,9924 

0

2.000

4.000

6.000

8.000

10.000

12.000

0 20.000 40.000 60.000 80.000 100.000

To
ta

l i
nv

es
tm

en
t c

os
t [

€]
 

PE [No.] 

fine screen >3000 PE

fine screen <= 3000 PE

coarse screen <= 3000 PE

coarse screen > 3000 PE



 Results 

Clemens GRIESAUER  Page 55 Page 55 

Table 24: Positions of O&M costs (screen) 

Item no. Position Unit Description 
310102C Craftsman h general maintenance tasks and 

screenings removal 
Item33 Annual volume of screenings to be 

disposed of 
m³  

n/a Annual repair costs % percentage of inv. Cost: 0.5% of civil 
works cost; 2% of mechanical & electrical 
components cost 

 

Operation and maintenance cost function 

The O&M costs are mainly determined by the volume of screenings to be removed and 
disposed of. Since this is influenced by the bar spacing 2 different functions are required for fine 
screens and coarse screens. In both cases the data are best described by linear functions. 
They are combined in one O&M CF by using an IF- function (cf. Eq. ( 10 )) 

O&M CF: =IF(y=0; x*0.181 + 179.9; x*0.033 + 273.5) ( 10 ) 

Where x = PE [No.] and y = fine screen / coarse screen [0/1] 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. Screens, perforated drip plates, 
weirs and waste containers are expected to last for 10 years. Reinvestment CF 1 includes all 
parts that last for 10 years (cf. Eq. ( 11 )). Reinvestment CF 2 comprises all civil works and is 
calculated by subtracting the equipment costs from the total investment costs (cf. Eq.( 12 )).  

Reinvestment 1 CF: =IF(y=0;IF(x≤3000; x^0.378 * 60.37; y^0.48*23.34);  
IF(x≤3000 ;x^0.367 * 33.02; x^0.424 * 16.56)) 

( 11 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 12 ) 

Where x = PE [No.] and y = cover slab yes /no [1/0] 

 

5.2.3.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
acceptable for all partner countries but RSA. BF and KEN generally accepted all assumptions. 
ETH and MOR provide some values based on their experiences or literature sources, which are 
summarised in Table 25. RSA provides some values for hand raked screens, which are in line 
with the assumptions made for the SPT. However, the example provided by RSA is from a very 
big treatment plant using a mechanically cleaned screen, with a broad range of additional 
mechanical treatment steps (cf. Table 25). Such highly mechanised screens are so far not 
included in the SPT’s list of technologies. The investment costs are approximately 20 times 
higher compared to a simple manual screen, as described above. 
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Table 25: Country-specific technology assessment in comparison with design assumptions (screen) 

 CLARA SPT ETH MOR RSA 
Bar 
spacing 

fine: 8 mm 
opening, 5 mm 
bar width; coarse: 
25 mm opening, 
10 mm bar width 

2–4 
cm 

Manually cleaned: 
25–75 mm opening, 
4–8mm bar 
thickness; 
mechanically 
cleaned: 10–50 mm 
opening, 8–10 mm 
bar thickness 

Manually cleaned: 
Coarse screen 25–50 mm bar spacing 
Mechanically cleaned: 
Coarse screen 25–50 mm bar spacing; 
Fine screen 10–12 mm bar spacing 

approach 
velocity 

0.75 m/s   0.8 m/s (max. 1.2 m/s) 

mechanical 
equipment 

not considered! 
(separate sewer 
system!) 

   Electrically actuated sluice gates; 
A covered shaftless screw conveyor 
and/or a hydraulic conveyance belt 
conveyor; mechanical screenings 
dewatering press; screenings washing 
equipment 

Investment 
cost 

11,354 € 
 (100,000PE) 

    387,644 € 
(187,500 PE) 

 

5.2.4 Technology 6-4 Buffer tank 

5.2.4.1 Technology Description 

A buffer tank can be used at a treatment plant for temporary storage and for lifting of 
wastewater with submerged pumps. This may be required for discontinuous processes like 
sequencing batch reactors. A mixer may be included to prevent sedimentation. 

5.2.4.2 Input parameters 
(1) Max. pump flow rate [l/s]  
(2) Buffer volume [m³] 
(3) Jet aerator included or not [tick-box] 
(4) Daily flow [m³/d] 

5.2.4.3 Design assumptions 

 Lifting pumps are Grundfos SEG and SEV models 
 Pumping pressure head: 7.5 m  
 Mixing unit (Jet aerator) can be selected by tick box 
 Jet aerator equipment and pumps are Xylem models 
 Rectangular shape 

5.2.4.4 Design 

The buffer tank is constructed below ground level using reinforced concrete as construction 
material. Per buffer tank 1 jet aerator (if chosen by the planner) and 2 pumps for lifting are 
installed (cf. Figure 10). 

The design calculations for the lifting pumps are based on the design of sewer pumping stations 
(Technology 5-3 within the SPT) developed by Brettl (2013). A fixed lifting head of 7.5 m is 
assumed. The costs for this lifting head were estimated by calculating a shared trendline for the 
costs of pumps with 5 and 10 m lifting head with different flow rates (cf. Table 27).  
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The comparison of technology options given in chapter 3.5.4 led to the decision, that jet 
aerators would be best suited for this technology. The selection of jet aerator type depending on 
the dimensions of the buffer tank was based on data and design recommendations obtained 
from Xylem (2012) and the selection chart presented in Figure 31. Prices for aerator equipment 
were estimated (1000 € for units with 2kW power output, 1300 € for more powerful units), prices 
for the respective aerator pumps were adopted from Pumpseal (2013).   

 

 
Figure 31: Jet aerator mixing selection chart in rectangular tanks, 50 Hz (Xylem, 2012) 

 

5.2.4.5 Dimensioning 

The dimensioning of the BOQs for buffer tanks is based on the buffer volume required. 8 
different BOQs were calculated for design sizes in the range from 2 to 150 m³ buffer volume (cf. 
Table 26). 

Table 26: Design sizes for which BOQs were developed (buffer tank) 

Buffer volume [m³] 2 5 15 30 50 70 100 150 

 
Table 27: Pumping head and flow rates of pumps used for calculating the lifting pump cost functions 

(buffer tank) 

Height 
[m] 

Flow [L/s] 

5 0.05 0.1 0.25 0.5 1 2.5 4 5 10 25 50 80 

10 0.05 0.1 0.25 0.5 1 2.5 4 5 10 25 50  - 

 

5.2.4.6 Cost Functions 

General 

The cost functions for buffer tanks are calculated based on the costs of 8 different design sizes 
(cf. Table 26 and Table 27). The costs for the tanks and aerators were calculated depending on 
the required buffer volume, the costs for the lifting pump depending on the maximum flow rate. 

The investment costs consist of expenses for preparatory works and earthworks (Table 28) 
construction works (Table 29), equipment (Table 30) and for the lifting pumps (Table 31) listed 
in the BOQ. 
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Table 28: Positions of preparatory works and earthworks (buffer tank) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with inward sloping m³  
030705A Backfilling and covering of concrete walls m³  
030708B Blinding layer >10cm m³  

 
Table 29: Positions of construction works (buffer tank) 

Item no. Position Unit Description 
110302A Slab C20/25 up to 30cm m³  
111601A Formwork <15cm m²  
110401B Wall 12-20cm C25/30 m³  
110402B Wall 20-30cm C25/30 m³  
110605A Concrete slab ceilings C20/25 up to 20cm m³  
111611G Doublesided formwork class 1 for walls 0-3,2m m²  
111640A Formwork for slabs 0-3,2m class 1 m²  
111902A Ribbed steel <10mm kg  

 
Table 30: Positions for pipeworks and additional equipment (buffer tank) 

Item no. Position Unit Description 
201001A UPVC sewer pipes DN/OD 110 m inflow pipe 
214002J Flanged valve, short, cast iron, PN 16, DN150 pcs  
232101A Aluminium ladder m price estimate: 20 €/m 
n/a Manhole cover 80x100cm pcs iron sheet 3mm thick on  

frame (angle bars 40/40/4) 
n/a Total costs jet aerator € price estimate: 3760-4900 € 
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Table 31: Positions for lifting pumps (buffer tank) 

Item no. Position Unit Description 
n/a Submerged lifting pump Grundfos  pcs different pumps depending on 

required flow rate 
n/a Hookup auto-coupling pcs dimensions depending on pump type 
n/a Guide rail (steel pipe) m  
n/a Lifting chain m  
n/a Check valve pcs dimensions depending on pump type 
n/a Gate valve pcs dimensions depending on pump type 
n/a Control system pcs dimensions depending on pump type 
n/a Set of bolts, nuts and gasket pcs dimensions depending on pump type 
n/a Control cabinet pcs dimensions depending on pump type 
n/a Pressure test pcs dimensions depending on pump type 
n/a Start-up pcs dimensions depending on pump type 
n/a Flange pcs  dimensions depending on pump type 
n/a Blank flange pcs  dimensions depending on pump type 
n/a Steel pipe m dimensions depending on pump type 
n/a Steel bend pcs  dimensions depending on pump type 

 

Investment cost function 

The Investment cost function for buffer tanks is based on the costs calculated using BOQs for 
units of different size. For the investment costs of the buffer tank and aerator two different 
polynomial functions are derived from the BOQs, depending on whether an aerator is required 
or not (cf. Figure 32). The investment costs of the lifting pumps are estimated to be constant at 
6,137 € for flow rates < 4 L/s. The costs for pumps with higher flow rates are estimated by a 
linear cost function. The combined CF for investment costs, including all these separate 
functions is presented in Eq. ( 13 ). 

Investment CF: =IF(x=1;w^2*(-1.013) + w*483.35 + 7121; w^2*(-0.833) + 
w*429.01 + 2710) + IF(y≤4; 6137.2; y*223.398 + 9448) 

( 13 ) 

Where w = buffer volume [m³];  x = jet aerator yes /no [1/0]; y = max. pump flow [L/s] 

 

 
Figure 32: Investment costs for a buffer tank with and without jet aerator, depending on the number of 

users and the derived investment CFs for Kenya. 
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Operation and maintenance costs 

The O&M costs for buffer tanks include labour costs, energy costs and annual repair and spare 
parts costs. Inspections are done in a weekly interval and are expected to take 15 min. Cleaning 
is scheduled on a monthly basis, with the duration increasing with increased tank volume. 
Maintenance of pumps and aerator is assumed to be necessary 4 times / year. All work is 
conducted by a skilled labourer, who initially requires good technical skills in order to perform 
the tasks independently. The wage category chosen is “foreman”. The time required per task is 
expected to increase gradually with increasing unit size of the facility. 

Annual repair and spare parts costs are estimated to be 0.5% of investment costs for civil works 
and 2% of investment costs for mechanical & electrical components such as pumps and 
aerator. 

Electricity expenses for the aerator are based on the assumption that the aerator will be in use 
12 hours per day. Those for the lifting pump are based on the actual power requirement, 
depending on the daily flow. 

Table 32: Positions of O&M costs (buffer tank) 

Item no. Position Unit Description 
310101B Foreman h Inspections, cleaning, maintenance 
EC1 Electricity kWh  
n/a Annual repair and spare parts cost % percentage of inv. Cost: 0.5% of civil works 

cost; 2% of mechanical & electrical 
components cost 

 

Operation and maintenance cost function 

The O&M CF consists of two parts – the first one incorporates labour-, repair- and energy costs 
of the tank structure and the jet aerator. Two different linear functions, linked by an if-function 
are used to calculate these costs, depending on whether a jet aerator is included in the design 
or not. The second part of the CF calculates the O&M costs of the lifting pumps. It contains an 
estimation of annual energy costs (here using the Kenyan price of 0.14 € / kWh) and of repair 
costs (2% of the pumps’ investment cost).  

O&M CF: =IF(x=1;w*64.651 + 1744.2; w*2.547 + 269.9) + 
(z/y*(y*0.113+1.764)*365*0.14) + 0.02 * IF(y≤4; 6137.2; y*223.398 + 9448) 

( 14 ) 

Where w = buffer volume [m³];  x = jet aerator yes /no [1/0]; y = max. pump flow [L/s]; z=daily flow [m³/d]; 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. The pumps, aerators and all 
related mechanical parts and pipes are expected to last for 10 years. Thus two separate CF for 
reinvestment costs are required. Reinvestment CF 1 (cf. Eq. ( 15 )) contains a power function to 
calculate the costs of the jet aerators for units > 15 m³ (smaller units have a constant cost of 
3,760 €) and a function for the costs of lifting pumps (same formula as in Eq. ( 13 )). A second 
CF (reinvestment CF 2) for all civil works is calculated by subtracting the equipment costs from 
the total investment costs (cf. Eq.( 16 )).  
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Reinvestment 
1 CF: 

=IF(x=1; IF(w≤15; 3760; w^0.1149 * 2842);0) + IF(y≤4; 6137.2; y * 223.398 + 
9448) 

( 15 ) 

Reinvestment 
2 CF: 

= Investment costs – Reinvestment 1 costs ( 16 ) 

Where w = buffer volume [m³];  x = jet aerator yes /no [1/0]; y = max. pump flow [L/s] 

 

5.2.4.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
acceptable for BF, ETH and KEN. MOR did not provide any feedback, because the technology 
is not applied in the country so far. RSA provided a cost estimation for a buffer tank (cf. Table 
33). Because the dimensions of the example (2,500 m³ storage volume) are not comparable to 
the dimensions considered in the BOQs (max. 150 m³) the data is not comparable. However, 
the price range is similar (530 € / m³ as compared to 333 € / m³ in RSA), considering the scale 
effect, and that no pumps are included in the RSA-design. RSA suggest a mixing intensity of 4–
7 W/m³. 
Table 33: Country-specific technology assessment in comparison with design assumptions (buffer tank) 

 CLARA SPT RSA 
Equipment Jet aerator, 2 lifting pumps 2 speed electrical motors 
Investment costs 79,685 € (RSA prices) for a unit of 

150m³  -> 531 € / m³ 
834,000 € for a unit of 2,500 m³ 
-> 333 € / m³ 

 

5.2.5 Technology 6-5 Sequencing batch reactor (SBR) 

5.2.5.1 Technology description 

The treatment principle of sequencing batch reactors is the activated sludge process. All 
processes are incorporated in one single tank but at different times. This requires intermittent 
flow conditions. The sequence of steps is: filling, reacting, settling and drawing off the treated 
water. Sludge is removed periodically during the draw-off-phase. Depending on the operational 
stages included in the treatment process different treatment levels can be achieved with an 
SBR reactor: 

 C-removal and Nitrification 
 C-removal and N-removal 
 C-removal, N-removal and aerobic sludge stabilisation 

5.2.5.2 Input parameters 
(1) PE [No.] 
(2) Treatment level [drop down menu] (3 options: nitrification / denitrification / denitrification 

and extended aeration) 

5.2.5.3 Design assumptions 
 The design of the reactor size is based on standards ATV A131 (ATV-DVWK, 2000) and 

DWA-M210 (DWA, 2009).  
 A plant consists of 1–4 separate SBR reactor tanks, depending on the population size.  
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 A storage tank for the inflowing wastewater is necessary for small units with just one 
reactor tank and may be required for bigger plants too.  

 Volume of the storage tank = peak flow rate * cycle time / no. of SBR units. The storage 
tank needs to be selected as a separate technology -> see Buffer tank (6-4) 

5.2.5.4 Design 

The general design of the technology is presented in Figure 11. The design considered 
appropriate consists of the tank structure and for each tank an aeration system, a decanter, 
sludge withdrawal pumps as well as the electrical control devices to operate the system. A 
detailed list of equipment positions is given in Table 39. The tank will be constructed from 
reinforced concrete partly below ground, with the minimum water level at ground level. This 
allows for withdrawal of effluent water by a shallow effluent pipe without additional pumping. 
The tanks are constructed with a square bottom area, and a height of 4.25–6 m. Plants with 
multiple tanks have shared internal walls. Additionally a blower building—constructed from brick 
walls and with a corrugated iron roof—is included in the design. 

As already listed in section 5.2.5.1 different SBR types are considered by the SPT, depending 
on the treatment level required (cf. Table 34). Thus the planners can chose the option that best 
suits the local legal requirements. These options differ in terms of the reactor volume, process 
cycle (cf. Table 35) and sludge age, and consequently construction and O&M costs. Costs 
increase with better treatment performance. If Phosphorous-removal is required, the additional 
costs have to be calculated by adding technology 6-15 P-precipitation to the treatment stream.  

Table 34: Treatment levels theoretically achieved by different SBR options 

 C-removal [%] NH4-N removal 
[%] 

N-removal [%] Sludge 
stabilisation 

Nitrification 95  100 - no 
Denitrification 95  100 70 no 
Aerobic Sludge Stabilization 95  100 70 yes 

 
Table 35: Overview of assumptions for cycle time, reaction time and cycles per day depending on the 

treatment goal 

 cycle time [h] reaction time [h] Cycles per day 
Nitrification 6.0 4.2 4 
Denitrification 8.0 6.3 3 
Aerobic Sludge Stabilization 4.0 2.0 6 
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5.2.5.5 Dimensioning 

The required volumes, cycle times and process parameters for the different treatment levels 
were determined according to recommendations given by the design standards ATV A131 
(ATV-DVWK, 2000) and DWA-M 210 (DWA, 2009). The initial design calculations for this 

technology were done by Brenner and Steinbacher (2012), and have been adapted. No cost 
data of larger units were available, so it was not possible to calculate BOQs for units 

> 50,000 PE. 
Table 36: Design sizes for which BOQs have been put together and their number of separate tanks 

(Sequencing batch reactor) 

PE [No.] 100 250 600 1,000 3,000 6,000 15,000 25,000 50,000 
No. of tanks [No.] 1 1 2 2 2 2 2 3 4 

Depending on the unit size, the number of tanks is increased (cf. Table 36). SBR plants for 
< 500 PE, < 20,000 PE, < 40,000 PE and ≥ 40,000 PE are constructed with 1, 2, 3 and 4 
modules, respectively. 

 

5.2.5.6 Cost functions 

General 

The cost functions for SBR are calculated based on the costs of 9 different design sizes (cf. 
Table 36). The costs were calculated depending on the number of PE. 

Excavation and construction costs were estimated based on a BOQ with the local material 
prices. The equipment cost calculations are based on cost data from plants constructed in 
Austria in the years 2006–2011. Equipment cost data for units with reactor volumes between 
15 m³ and 1,000 m³ were provided by Schreiber – Awatec GmbH and Steinbacher + 
Steinbacher ZT GmbH. For plants larger than 1000 m³ the calculation is based on data provided 
by PVS GmbH. The costs are valorised (interest rate 0.03) to the year 2012 (Brenner and 
Steinbacher, 2012). The dataset used contains separate cost positions for different equipment 
components. This data was used to develop separate cost functions for all equipment positions, 
with the reactor volume as independent variable. These cost functions were used in the BOQs 
to express the costs of any specific equipment for each design size (cf. Figure 33). “Bringing 
into service” of the plant is a specific position in the investment costs, because it will be done by 
specialists from the suppliers of the plant technology. Because all electrical and mechanical 
equipment will be imported, additional transport costs of 10% of the costs of all components are 
added to the investment costs.  

 
Figure 33: Screenshot of the calculations of SBR-equipment costs as implemented in MSExcel®: The 

second column shows the functions for equipment cost dependent on reactor volume 

Mechanical equipment costs:
 - aeration system =WENN(UND(G104>50;G104<900);(-0,0405*G104 2̂+78,845*G104+7690,8);0)
 - clearwater draw-off =WENN(UND(G104>50;G104<900);G25*WENN(G83<100;3200;8956,9*LN(G83)-37286);0)
 - sludge pump =WENN(UND(G104>50;G104<900);(-0,00015*G125 2̂+2,833*G125+3770)*G25;0)
 - ladders, steel grating =G104*22,67
 - bringing into service =WENN(G104<50;450;WENN(UND(G104>=15;G104<=900);(550,82*LN(G104)-1302,3);(3971,1*LN(G104)-21852)))
 - minor laboratory devices =WENN((G104<=50);500;1000)
 - transport 10 % 0,1
 - total mechanical equipment costs =SUMME(G180:G183)+SUMME(G180:G183)*G184
Electrical equipment costs
 - control device =(WENN(G104<50;5000;(13415*LN(G104)-52425)))
 - telecontrol system 1502
 - plant cabling =161,9*G104 (̂0,5955)
 - potential equalization 1002
 - measurement technique =WENN(G104<50;250;(8833,5*LN(G104)-39160))
 - bringing into service 0,2
 - transport 10 % 0,1
 - total electrical equipment costs
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The investment costs consist of expenses for preparatory works and earthworks (Table 37), 
construction works (Table 38) and equipment (Table 39) listed in the BOQ. 

 
Table 37: Positions of preparatory works and earthworks (Sequencing batch reactor) 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A        Remove topsoil m³  
030206A        Replace Topsoil m³  
030211B        Recultivate topsoil m²  
030332A Pit excavation with sheeting m³  
030705A        Backfilling and covering of concrete walls m³  
030708B Blinding layer > 10 cm m³  

 
Table 38: Positions of construction works (Sequencing batch reactor) 

Item no. Position Unit Description 
110402B Wall 20-30cm C25/30 m³  
110302A Slab C20/25 <30cm m³ Concrete that is in contact with 

wastewater should be of class C25/30, 
but since the price for this concrete 
class is not available C20/25 used here. 

111611H Doublesided formwork class 1 for walls 0-
5,0m 

m²  

130201A Brick wall 12cm m²  
110402B Wall 20-30cm C20/25 m³ should be "110501A - Column C20/25 

<0.05m²", but not in standard BOQ 
111601A Formwork <15cm m²  
111902A Ribbed steel <10mm kg  
n/a Door, roller door type 2x2m pcs estimate: 300 € 
n/a Corrugated iron 28 gauge (0.32 mm) m² source from Kenya: 6.75 €/m² 
n/a Timber beams 0.15 x 0.1m m estimated based on a source from South 

Africa: 24 €/m 
n/a Timber beams 0.08 x 0.05m m estimated based on a source from South 

Africa: 4.8 €/m 
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Table 39: Positions of mechanical and electrical equipment (Sequencing batch reactor) 

Item no. Position Unit Description 
n/a Aeration system  costs based on data from Austrian plants 
n/a Clearwater draw-off  costs based on data from Austrian plants 
n/a Sludge pump  costs based on data from Austrian plants 
n/a Ladders, steel grating  costs based on data from Austrian plants 
n/a Minor laboratory devices  costs based on data from Austrian plants 
n/a Control device  costs based on data from Austrian plants 
n/a Telecontrol system  costs based on data from Austrian plants 
n/a Plant cabling  costs based on data from Austrian plants 
n/a Potential equalization  costs based on data from Austrian plants 
n/a Measurement technique  costs based on data from Austrian plants 
n/a Bringing into service  costs based on data from Austrian plants 
n/a Transport  10% of investment costs 

 

Investment cost function 

The Investment CF for SBR plants is dependent on the number of users, the functions are 
based on the BOQs. Three different power functions are included in the CF, one for each 
treatment option (cf. Eq. ( 17 )). Figure 34 shows a comparison of the investment costs for SBR 
with different treatment efficiencies and the respective cost functions. 

Investment CF: =IF(y=1; x^0.6028 * 1672.11; IF(y=2; x^0.615 * 1786.07; IF(y=3; 
x^0.6837 * 1817.05; "choose treatment level")))  

( 17 ) 

Where x = PE [No.] and y= treatment level: nitrification / denitrification / aerobic sludge stabilisation [1/2/3] 

 

 
Figure 34: Investment costs for Sequencing batch reactors with different treatment efficiencies, 

depending on the number of users and the derived investment CFs for Kenya 
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Operation and maintenance costs 

O&M costs include the labour costs for operation and analysis tasks, the electricity expenses 
and repair and spare parts costs. Time requirements for O&M tasks were calculated based on 
experiences from Austrian SBR plants. According to these data the time required is estimated 
by a linear function dependent on the reactor volume. Because the operation of an SBR plant 
requires expertise all work is conducted by a technician. The power demand function of the 
surplus sludge pump is adopted from technology 5-3 Sewage pumping station developed by 
Brettl (2013). Aeration requirements are determined according to actual oxygen consumption, 
assuming an oxygenation efficiency of 1.8 kg O2 produced per kWh. According to von Sperling 
and de Lemos Chernicharo (2005) typical values for diffused air systems are 1.2–2 kgO2/kWh. 

 

Table 40: Positions of O&M costs (Sequencing batch reactor) 

Item no. Position Unit Description 
310101A Technician h analysis and maintenance tasks 
EC1 Electricity kWh energy demand for aeration, sludge 

pumping, additional energy cost 
n/a Annual repair and spare parts cost % percentage of inv. Cost: 0.5% of civil 

works cost; 2% of mechanical & electrical 
components cost 

 

O&M cost function  

Because the main cost factor are the aeration costs, which increase linearly with wastewater 
volume treated, the O&M costs show a fairly linear behaviour. But because a linear function 
grossly overestimates the costs for small unit sizes, instead 2 different power functions were 
chosen (one for units < 3,000 PE, one for ≥ 3,000 PE) that represent the O&M costs better. For 
each treatment option one specific function is included in the combined O&M CF (cf. Eq. ( 18 )). 

O&M CF: =IF(y=1; IF(x<3000; x^0.8014 * 20.71; x^0.8981 * 9.9);  
IF(y=2; IF(x<3000; x^0.799 * 21.84; x^0.8767 * 12.23);  

IF(y=3; IF(x<3000; x^0.8066 * 29.43; x^0.8834 * 15.86);  
"choose treatment level"))) 

( 18 ) 

Where x = PE [No.] and y= treatment level: nitrification / denitrification / aerobic sludge stabilisation [1/2/3] 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. Mechanical and electrical 
components are expected to last for 10 years. Two separate CF for reinvestment costs are 
required. CF 1 includes all parts that last for 10 years, and a second CF is calculated by 
subtracting these costs from the total investment costs. In analogy to the investment CF, the 
reinvestment CF consists of 3 separate functions for each treatment option (cf. ( 19 )).   

Reinvestment 1 CF:  =IF(y=1; x^0.5951 * 1204.87; IF(y=2; x^0.6056 * 1321.99; 
IF(y=3; x^0.667 * 1406.24; "choose treatment level"))) 

( 19 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 20 ) 

Where x = PE [No.] and y= treatment level: nitrification / denitrification / aerobic sludge stabilisation [1/2/3] 
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5.2.5.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF and KEN. ETH gave some comments, concerning the O&M costs 
and a slightly different plant setup (cf. Table 41). The differences in design can easily be 
adapted by Ethiopian planners by adding a buffer tank to serve as equalisation basin. Having a 
fixed number of 2 tanks might be insufficient for large plants (cf. section 3.5.5) but may be 
oversized and too expensive for small units. In case of O&M costs the calculations already in 
use in the SPT seem more precise than those given by ETH. However, if desired, Ethiopian 
planners could easily calculate the O&M costs according to their method by taking the IC as a 
basis. MOR and RSA did not provide any feedback. 
Table 41: Country-specific technology assessment in comparison with design assumptions (Sequencing 

batch reactor) 

 CLARA SPT ETH 
 Plant setup size dependent: small plants only 1 basin + buffer 

tank serving as equalisation basin, for bigger plants 
no equalisation basin required, but more tanks 

SBR design consists of two 
basins and one equalization 
basins 

O&M Energy cost calculation based on actual demand; 
Estimation of time required for maintenance based 
on experiences from Austrian plants 

Electricity 8% of the IC; sludge 
removal of 5% of the IC   

Repair costs 0.5% of civil works IC, 2% of mechanical & electrical 
components IC 

repair of the structural part takes 
4% of the IC 

Life time Civil works: 25 y; equipment: 10 y 25 y 

 

Comparing the values of investment costs calculated based on the BOQ to the cost estimates 
provided by various literature sources shows that there is a good fit with the cost function for 
SBR developed by US-EPA (2006). Cost assumptions given by US-EPA (1999) are also similar 
to the costs calculated based on the BOQ for small unit sizes, but for large units they assume 
much lower costs. ECOWAS (2003) provide a linear cost function that results in similarly low 
costs for large units, whereas the costs of small units are overestimated. The values provided 
by von Sperling and de Lemos Chernicharo (2005) on the other hand (investment costs: 35–50 
US-$/PE) form a linear function starting at 0, that consequently underestimates the unit prices of 
small units. For large unit sizes this function still suggests lower costs than calculated by the 
BOQs, but clearly higher than those of ECOWAS and US-EPA (2002). 

The O&M costs (see Figure 36) based on the BOQs and those given by von Sperling and de 
Lemos Chernicharo (2005) both follow a linear trend. The O&M costs are influenced by the local 
wage level. Thus it is not surprising that the South African values are higher than those of the 
other African countries. A very good fit can be observed between the values for South Africa 
and those provided by von Sperling and de Lemos Chernicharo (2005), which are based on 
experiences from Brazil. The logarithmic function provided by US-EPA (2006) suggests 
significantly higher O&M costs than those calculated based on the BOQs. 
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Figure 35: Comparison of investment costs calculated in the BOQ (for extended aeration plants) with 

literature values (SBR) 

 

 
Figure 36: Comparison of annual O&M costs calculated in the BOQ (for extended aeration plants) with 

literature values (SBR) 

 

5.2.6 Technology 6-6 Anaerobic baffled reactor (ABR) 

5.2.6.1 Technology description 

An anaerobic baffled reactor (ABR) is a primary treatment unit usually applied for wastewater 
with BOD >150 mg/L. It consists of a settling chamber, similar to a septic tank, followed by up to 
6 up-flow chambers. This setup results in a better mixing of the wastewater with the active 
biomass and increased degradation compared to a septic tank. Removal efficiency for COD is 
65–90%. 

5.2.6.2 Input parameters 
(1) PE [No.] 

0

500.000

1.000.000

1.500.000

2.000.000

2.500.000

3.000.000

3.500.000

4.000.000

0 10.000 20.000 30.000 40.000 50.000

In
ve

st
m

e
n

t 
co

st
 [
€

] 

PE [No.] 

BOQ Burkina Faso

BOQ Ethiopia

BOQ Kenya

BOQ Morocco

BOQ South Africa

US-EPA (2002)

ECOWAS (2003)

US-EPA (2006)

von Sperling (2005)

0

50.000

100.000

150.000

200.000

250.000

300.000

350.000

0 10.000 20.000 30.000 40.000 50.000

O
&

M
 c

o
st

 [
€

] 

PE [No.] 

BOQ Burkina Faso

BOQ Ethiopia

BOQ Kenya

BOQ Morocco

BOQ South Africa

EPA (2006)

von Sperling (2005)



 Results 

Clemens GRIESAUER  Page 69 Page 69 

5.2.6.3 Design assumptions 
 Hydraulic retention time (HRT) = 35 h 
 Max. up-flow velocity (at average flow rate) = 1.5 m/h 
 Max. organic load = 3 kg BOD/m³/d 
 No. of up-flow chambers: 4–5 (depending on unit size) 
 Sludge removal interval: ≤ 50 PE: 12 months; > 50 PE: 6 months 

5.2.6.4 Design 

The general design of the technology is presented in Figure 12. All walls are constructed from 
concrete. For units < 100 PE no hanging baffle walls are constructed, instead multiple PVC 
downpipes are installed to connect the compartments. In analogy to the septic tank, different 
desludging intervals are chosen, depending on the unit size. For unit sizes of ≤ 50 PE, 12 
months are considered appropriate, for larger units 6 months.  

5.2.6.5 Dimensioning 

Even though according to literature ABRs can be used for flow rates up to 150 m³ (cf. section 
3.1.6), the design assumptions used here would result in very wide units for high flow rates. The 

design is therefore limited to units ≤ 80 m³/d (or 1,000 PE). 
Table 42: Design sizes for which BOQs have been developed and their number of up-flow compartments 

(anaerobic baffled reactor) 

PE [No.] 10 20 50 100 200 300 500 1,000 
No. of up-flow compartments [No.] 4 4 4 5 5 5 5 5 

 

5.2.6.6 Cost functions 

General 

The cost functions for SBR are calculated based on the costs of 8 different design sizes (cf. 
Table 42). The costs were calculated depending on the number of PE. 

The investment costs consist of expenses for preparatory works and earthworks (Table 43), 
construction works (Table 44) and equipment (Table 45) listed in the BOQ. 

 
Table 43: Positions of preparatory works and earthworks (anaerobic baffled reactor) 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A        Remove topsoil m³  
030206A        Replace Topsoil m³  
030211B        Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030705A        Backfilling and covering of concrete walls m³  
030708B Blinding layer > 10 cm m³  
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Table 44: Positions of construction works (anaerobic baffled reactor) 

Item no. Position Unit Description 
110402B Wall 20-30cm C25/30 m³ tank wall 
110302A Slab C20/25 <30cm m³ base slab 
110401B Wall 12-20cm C25/30 m³ baffle walls 
110605A Concrete slab ceilings C20/25 up to 20cm m³ concrete cover slab 
111601A Formwork <15cm m² for base slab 
111902A Ribbed steel <10mm kg  
111611G Doublesided formwork class 1 for walls 0-3,2m m² for all walls 
111640A Formwork for slabs 0-3,2m class 1 m² for cover slab 

 
Table 45: Positions of pipework and equipment (anaerobic baffled reactor) 

Item no. Position Unit Description 
n/a Manhole cover 60x60cm pcs iron sheet 3mm on frame (angle bars 

40/40/4) – price estimate: 90 € 

201001C UPVC sewer pipes DN/OD 160 
m inlet and outlet pipes; downflow pipes for 

units <= 100 PE 
n/a UPVC sewer pipe fittings DN/OD 160 pcs Price estimate: 20 € 

 

Investment cost function 

Two different polynomial functions are included in the CF, one function describing the cost 
development of units ≤ 100 PE, the 2nd one of larger units (cf. Eq.( 21 )). This approach was 
chosen, because a single function could not represent the investment costs for whole range of 
design sizes well. Figure 37 shows the investment costs for ABRs and the trendlines of the 2 
selected functions. 

Investment CF:  =IF(x≤100, x^2*(-0.073) + x*102.02 + 3528, x^2*(-0.0095 + 
x*54.78 + 8097)  

( 21 ) 

Where x = PE [No.] 

 

 
Figure 37: Investment costs for anaerobic baffled reactors, depending on the number of users and the 

derived investment CFs for Kenya 
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Operation and maintenance costs 

O&M costs include the labour costs for inspecting and cleaning the ABR on a regular basis, and 
repair costs for infrastructure maintenance (cf. Table 46). The inspection interval is fortnightly, 
and the work is conducted by a skilled labourer, who initially requires some training in order to 
perform the tasks independently. The wage category chosen is “craftsman”. The time per 
inspection is expected to increase gradually with increasing unit size of the septic tank, from 0.5 
hours for the smallest unit size to 0.9 hours for the largest units. 

The costs for sludge removal are not included in the O&M costs of this technology, and have to 
be considered separately. Within the SPT the technology “Collection of (faecal) sludge” is 
available in the Waste Transport functional group to consider the costs of sludge removal.  

Table 46: Positions of O&M costs (anaerobic baffled reactor) 

Item no. Position Unit Description 
310102C Craftsman h Man hours for inspection per year 
n/a Annual repair cost % percentage of inv. Cost: 0.5% of civil 

works cost 

 

O&M cost function  

O&M costs can be described as a power function of number of PE (cf. Eq. ( 22 )).  

O&M CF: =x^0.435 * 11.187 ( 22 ) 

Where x = PE [No.] 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. Pipes and the manhole cover are 
expected to last for 15 years. Two separate CF for reinvestment costs are required. CF 1 
includes all parts that last for 15 years, and a second CF is calculated by subtracting these 
costs from the total investment costs. In analogy to the investment CF, the reinvestment CF 
consists of 2 separate functions (cf. Eq. ( 23 )). The reinvestment costs of units < 100 PE, where 
downpipes are used instead of concrete baffle walls are higher than those of bigger units. They 
are described by a linear function. For units ≥ 100 PE the reinvestment costs remain constant at 
543 € (Kenyan prices).  

Reinvestment 1 CF:  =IF(x<100; x*-1.01 + 679.29; 543) ( 23 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 24 ) 

Where x = PE [No.] 

 

5.2.6.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF and KEN. ETH suggested more frequent inspections and expects 
them to be more time consuming. 3 hours per inspection, which take place every 3 days seems 
a very conservative estimate for a decentralised treatment option, and therefore these values 
were not adopted in the SPT. These differences can be taken account of by Ethiopian planners 
by adding a certain percentage to the O&M costs in the SPT. 
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Concerning the max. up-flow velocity MOR and RSA suggest deviant values of 2 m/h and 0.5 
m/h, respectively. The value of 1.5 m/h used in the SPT design which was based on literature, 
lies between these 2 values. And concerning the average flow velocity the SPT range (0.2–0.5 
m/h) is comparable to the value recommended by RSA (0.3 m/h). MOR’s suggestion to design 
the up-flow chamber with a length of max. 0.75 m may be applicable for small units. However, 
for larger units longer up-flow compartments will be necessary to ensure low flow velocities. 

RSA provided a design example of an ABR. Even though more conservative assumptions are 
applied concerning HRT and up-flow velocity, costs of the RSA estimate are much lower 
compared to the CLARA design. Various differences in design are: walls are made from bricks, 
wall thickness, freeboard and excavation are not considered; hanging baffles are not included 
(maybe downpipes are used) and the concrete cover is only 5 cm thick. RSA remark, that 
“ABRs constructed from blocks have not performed well in South Africa with respect to leakages 
and infiltration” (RSA, 2013). Thus construction from concrete seems a preferable option. A 
comparison between the investment costs of the example ABR unit (“example BOQ RSA”) and 
the values based on the CLARA design (“CLARA BOQs”) is presented in Figure 38. The data-
points of the series “CLARA BOQ adapted according to RSA values” in Figure 38 considered all 
the design differences pointed out above. Still the values calculated based on these 
assumptions are higher than the cost estimate provided by RSA. Since no reason for this 
divergence could be found, the information could not be incorporated in the SPT design 
assumptions.  

Table 47: Country-specific technology assessment in comparison with design assumptions (anaerobic 
baffled reactor) 

 CLARA SPT ETH MOR RSA 
HRT 35 h (=1.45 d) 2.5–3 d  few h up to 2–3 d 42,3 h 
upflow 
velocity 

1.5 m/h at peak flow 
(average 0.2–0.5 m/h) 

  < 2 m/h 0.5 m/h max. (average 
0.3 m/h) 

inspection 
costs 

14 d frequency, 0.5–
0.9 h per inspection 

3 d frequency, 
3 h per 
inspection 

    

upflow 
compartment 
length 

up to 1.3 m for big 
units, necessary for 
upflow velocity 

  < 0.75 m    

investment 
costs 

125 PE unit: 17,118 € 
(RSA prices) 

  Example BOQ for a 
unit of 125 PE: 1,782 € 

 

 
Figure 38: Comparison of ABR investment costs according to the CLARA design and the RSA example 

BOQ 

0

10000

20000

30000

40000

50000

60000

0 200 400 600 800 1.000 1.200

In
ve

st
m

e
n

t 
co

st
 [
€

] 

PE [No.] 

CLARA BOQs adapted
according to RSA values

example BOQ RSA

CLARA BOQs



 Results 

Clemens GRIESAUER  Page 73 Page 73 

5.2.7 Technology 6-7 Horizontal flow constructed wetland (HFCW) 

5.2.7.1 Technology description 

The horizontal subsurface flow constructed wetland is a planted filter bed for secondary or 
tertiary treatment. In order to operate the filter bed properly mechanical treatment of solids is 
necessary in advance. 

The filter medium is moderately aerated, with many anoxic zones good denitrification results 
can be achieved. 

5.2.7.2 Input parameters 
(1) PE [No.] 
(2) Required area per PE [m²/PE] 
(3) Loading with pump [drop down menu] (yes / no) 

5.2.7.3 Design assumptions 
 COD removal rate 80%  
 Filter material: d10=0.3 mm; Kf=9*10-4 m/s 
 Maximum size for one bed is 225 m² 
 Max. filter length 9 m; max. filter width 25 m  
  

5.2.7.4 Design 

The general design of the technology is presented in Figure 13. The design chosen is an 
excavated filter bed, sealed by a plastic liner. The liner is protected by a sand layer below and a 
geotextile above to prevent damages. A relatively wide maximal filter width of 25 m has been 
selected. This has been necessary in order to achieve a sufficient cross sectional area also for 
units with larger population sizes. Otherwise the number of required filter beds would have been 
very high and difficult to manage. 

Besides the actual filter beds in the HFCW technology also pump stations and connection pipes 
are considered to allow an equal distribution of the wastewater to multiple beds. One pump 
sump contains up to 5 pumps, with each pump supplying a separate filter bed through a 
separate pipe.   

Relatively cheap submersible pumps have been considered sufficient. Internet research 
provided the price estimates. The pumps need to be equipped with a control system and 
additional equipment and cabling. All related positions are listed in Table 51.  

5.2.7.5 Dimensioning 

Dimensioning a HFCW is based on the area required per PE and on the cross sectional area of 
the filter body at the inlet zone. The necessary cross sectional area is determined by Darcy’s 
law (cf. Eq. ( 25 )). Thus the minimal filter dimensions can be determined. Usually the actual 
dimensions of a filter bed are determined by the area required per person, which is chosen very 
often based on rule of thumb or based on legal requirements, providing some additional safety 
margin.  

Darcy’s law: A = Q / kf  * (dH/ds) ( 25 ) 

Where A = cross sectional area [m²]; Q = average flow [m³/s]; kf =hydraulic conductivity of the filter 
material [m/s]; and dH/ds = bottom slope of the filter bed [m/m] 
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According to literature sources HFCW can be used for treating the wastewater of populations up 
to 2,500 users (Gauss et al., 2008). However, the design assumptions used here would result in 
too many separate filter beds for high numbers of PE. The design is therefore limited to units of 
a maximal bed area of 3,375 m³, which is equal to 15 separate beds of each 225 m². This is 
equivalent to 2,000 PE with an area requirement of 1.5 m² / PE. 

Table 48: Design sizes for which BOQs have been developed (horizontal flow constructed wetland) 

Total required area [m²] 6 30 150 300 600 1,275 2,100 3,000 

 

5.2.7.6 Cost functions 

General 

The CLARA HFCW design is influenced by the total area required, which is calculated by 
multiplying the input parameters “No. of PE” by “Required area per PE”. The CFs are based on 
the costs of 8 different design sizes presented in Table 48. The cost functions are calculated 
dependent on the total bed area. 

The investment costs consist of expenses for the filter beds (Table 49), distribution and 
collection piping (Table 50) and the pump stations (Table 51) listed in the BOQ. 

Table 49: Positions related to the filter bed (horizontal flow constructed wetland) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030331A Pit excavation with sloping sides m³  
035101D Gravel (16/32 mm) m³ inlet and outlet zone; 

protection layer on top 
035101D Gravel (4/8 mm) m³ inlet and outlet zone 
035101A Sand 0-4mm washed m³ filter material and levelling 

layer underneath liner 
030710A Dam embankment m³  
030901A Filter and drainage geotextile m²  
110801A In situ manholes, small concrete structures C20/25 m³ outlet struture 
111902A Ribbed steel <10mm m³ for outlet structure 
111611G 
 

Doublesided formwork class 1 for walls 0-3,2m m² for outlet structure 
201001A UPVC sewer pipes DN/OD 110 m inlet and outlet pipes 
n/a UPVC sewer pipe fittings DN 110 pcs  
205101A Drain pipes PE, rigid DN 80 m Price estimate: 10 € 
Item3 EPDM layer m² price estimate: 12 € /m² 
Item35 plant with common reed (density 4 plants per m²) pcs price estimate: 1 € per 

plant 
n/a Manhole cover 80x80cm;  pcs iron sheet 3mm on frame 

(angle bars 40/40/4) 
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Table 50: Positions of distribution and collection piping between beds (horizontal flow constructed 
wetland) 

Item no. Position Unit Description 
201001A UPVC sewer pipes DN/OD 110 m     
201001C UPVC sewer pipes DN/OD 160 m     
n/a UPVC sewer pipe fittings DN/OD 110 pcs Price estimate: 10 € 
n/a UPVC sewer pipe fittings DN/OD 160 pcs Price estimate: 20 € 
030310A Trench excavation m³  
030701B Backfilling of trenches m³  
030703C Bedding of pipelines with gravel m³  
030703B Bedding of pipelines with sand m³  
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Table 51: Positions of pump stations (horizontal flow constructed wetland) 

Item no. Position Unit Description 
n/a Manhole cover 60x60cm pcs iron sheet 3mm on frame (angle bars 

40/40/4) – price estimate: 90 € 
201001C UPVC sewer pipes DN/OD 160 m inlet pipes 
n/a UPVC sewer pipe fittings DN/OD 160 pcs Price estimate: 20 € 
020201A Clearing area m²    
030201A Remove topsoil m³    
030206A Replace Topsoil m³    
030211B Recultivate topsoil m²    
030331A Pit excavation with sloping sides m³    
030705A Backfilling and covering of concrete walls m³    
030708B Blinding layer >10cm m³    
110302A Slab C25/30 up to 30cm m³   base slab 
111601A Formwork <15cm m² for base slab 
110401B Wall 12-20cm C25/30 m³   pump station walls 
111611G Doublesided formwork class 1 for walls 0-3,2m m² for pump station walls 
110605A Concrete slab ceilings C20/25 up to 20cm m³   cover slab 
111640A Formwork for slabs 0-3,2m class 1 m² for cover slab 
111902A Ribbed steel <10mm kg  
214002D Flanged valve, short, cast iron, PN 16, DN40 pcs  
n/a Manhole cover 100x80cm pcs iron sheet 3mm on frame (angle bars 

40/40/4) - price estimate: 150 € 
n/a Submersible pump Zehnder ZM 280 A; 7m³/h, 

280 W, h 6m, including level switch 
pcs price estimate: 136 € 

n/a Hookup auto-coupling DN40 pcs price estimate: 165 € 
n/a Guide rail (steel pipe) m price estimate: 27 €/m 
n/a Lifting chain m price estimate: 15 €/m 
n/a Check valve DN 40 pcs price estimate: 122 € 
n/a Steel pipe DN 40 m price estimate: 20 €/m 
n/a Steel bend DN 40 pcs price estimate: 10 
n/a Control system pcs one control system per pump; price 

estimate: 170 € 
n/a Control cabinet up to 5kW pcs price estimate: 800 € 
n/a Cabling up to 5kW pcs price estimate: 800 € 

 

Investment cost function 

The investment CF for HFCWs is dependent on the total bed area, the functions are based on 
the BOQs.  

Depending on the feeding mechanism—which can be chosen from the input parameters—two 
different linear functions are included in the CF. One function describes the cost development of 
units with feeding by pump, another one with feeding without pumps (cf Eq.( 26 )). Figure 39 
shows the investment costs for HFCWs and the trendlines of the 2 selected functions. 



 Results 

Clemens GRIESAUER  Page 77 Page 77 

Investment CF:  =IF(z=1, (x*y)*84.682 + 5636.1; (x*y)*81.98 + 3226.5) ( 26 ) 

Where x = PE [No.];  y = Required area per PE [m²/PE] and z = Feeding with pump [0=no;1=yes] 

 

 
Figure 39: Investment costs for horizontal flow constructed wetlands, depending on the total bed area and 

the derived investment CFs for Kenya.  

 

Operation and maintenance costs 

The O&M costs related to the filter beds include the labour costs for daily inspection of the water 
level, for removing settled solids from inlet and outlet structures—once per month, assuming 0.5 
h per bed (Gauss, 2008) and for cutting the vegetation every 10 months (assuming a time 
demand of 10 h per 50 m²). Additionally annual repair costs of 0.5% of the initial investment 
costs are considered. O&M costs of the pump station include annual energy consumption, 
labour costs for maintenance and spare parts and repair costs of 2% of the pump and related 
equipment costs. All work is conducted by a skilled labourer, who initially requires some training 
in order to perform the tasks independently. The wage category chosen is “craftsman”.  

Table 52: Positions of O&M costs (horizontal flow constructed wetland). 

Item no. Position Unit Description 
310102C Craftsman h Inspections, cleaning pipes and tanks, 

cutting vegetation 
n/a Annual repair cost % percentage of inv. Cost: 0.5% of civil 

works cost 
n/a Annual repair and spare parts cost % 2% of pump equipment cost (only 

considered if loading by pump is chosen) 
310102C Craftsman h maintaining pump station (only 

considered if loading by pump is chosen) 
EC1 Energy consumption kWh (only considered if loading by pump is 

chosen) 

 

O&M cost function  

O&M costs can be described as a function of the total bed area (cf. Eq. ( 27 )). In analogy to the 
investment costs, 2 separate functions are included, one for plants with pump loading and one 
for loading without pumps. Both functions are linear. 
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O&M CF: = IFz=1, (x*y)*1.225 + 92.2; (x*y)*0.929 + 20.5) ( 27 ) 

Where x = PE [No.]; y = Required area per PE [m²/PE] and z = Feeding with pump [0=no;1=yes] 

 

Reinvestment cost functions 

HFCWs consist of components that are allocated to groups of 2 different life expectancies, 
therefore 2 reinvestment cost functions are required. 

Life expectancy for the pumps and pump equipment is assumed to be 10 y. These costs are 
calculated by reinvestment 1 CF (cf. ( 28 )), a linear function. All other items such as filter 
material, plant cover, liner, drain pipes in the filter, manholes, piping between the beds and the 
pump station are expected to last for 25 years. These costs are calculated in reinvestment 2 CF 
by subtracting the results of the other reinvestment CF from the total investment costs. 

Reinvestment 1 CF:  =IF(z=1, (x*y)*2.702 + 2409.6, 0) ( 28 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 29 ) 

Where x = PE [No.]; y = Required area per PE [m²/PE] and z = Feeding with pump [0=no;1=yes] 

 

5.2.7.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF and RSA. BF made no additional comments, all other remarks are 
summarised in Table 53. ETH suggests an aspect ratio (length:width) of 3:1. In contrast, based 
on the CLARA SPT design bigger HFCWs have larger filter widths, whereas length is limited to 
9 m. The reasons are that the main design criterion is cross-sectional area of inlet zone, 
affecting filter width, while filters with a length of > 9 m are not considered as efficient. The 
values provided for filter depth are in line with the CLARA design assumptions.  

Concerning the type of filter material there are different suggestions from the local partners, but 
the type of sand is not relevant for costs, because in the BOQ a price estimate for “standard 
sand” is chosen. The actually used material will be determined by local availability, and prices 
will differ anyway greatly.  

MOR provided the investment costs of an implemented pilot HFCW plant. The HFCW serves a 
school and has a surface area of 50 m². The investment costs were approximately 2,240 € (see 
Figure 40). This is much lower than the investment costs for a plant of 50 m² calculated by the 
CLARA SPT using Moroccan prices (5,034 €). Since no details about the design are provided 
by MOR, a further analysis of the factors that might cause this difference was not possible.  
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Table 53: Country-specific technology assessment in comparison with design assumptions (horizontal 
flow constructed wetland) 

 CLARA SPT ETH KEN MOR RSA 
Bed 
dimensions 

Max. filter width: 25 m; max. 
filter length: 9 m; 0.7 m depth  

Length: width 3:1    depth: 
0.5–1m 

depth: 
0.65– 
0.7 m 

Bed area 
per PE 

In BOQ: 1.5 m², but a flexible 
parameter 

1.4 m²     

Filter 
material 

Sand: d10 = 0.3mm;  
Kf = 0.0009 

 d10= 0.3mm 
Uc=1.5–3 

Gravel: 
3−32 
mm 

 

O&M Various operational tasks 
considered; repair 0.5% / 2% 
of pump equipment cost & 
other infrastructure inv. cost 

Operation: daily 
0.4€ for inspector 
maintenance cost: 
2% of inv. cost. 

Approx.  
1.8–2.0% of 
inv. cost. 

Low 
O&M 
costs 

  

Investment 
costs 

50 m² : 5,034 € (MOR prices)     50m2: 
2,237 € 

  

Life time Pump equipment: 10 y; 
filter mat.: 25 y; 
whole infrastr.: 25 y 

20 y 20–25 y Filter 
material 
8-15 y 

 

 

Comparing the costs based on the BOQ with literature values shows that the BOQ values are 
higher than most of the literature values. Only the values of units up to 250 m² provided by 
Gauss (2008) follow the same pattern as the costs of the BOQs. These data are derived from 
HFCWs in Latin America. The rise in costs of the BOQs is due to the assumption that the 
maximum bed size is 225 m², and for areas bigger than that multiple filter beds are required. 
The related higher costs for piping and distribution by pumps may cause the difference. Maybe 
these positions are not considered in the prices provided by the other sources. However, still 
the values calculated by the BOQs might overestimate the actual construction costs.  

 

 
Figure 40: Comparison of investment costs calculated in the BOQ (HFCW without pump loading) with 

literature values and values provided by project partners (HFCW) 
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5.2.8 Technology 6-8 Vertical flow constructed wetland (VFCW) 

5.2.8.1 Technology description 

The vertical flow constructed wetland is a planted filter bed for secondary or tertiary treatment. 
In order to operate the filter bed properly mechanical pre-treatment of solids is necessary in 
advance. 

Due to intermittent flushing the filter medium is well aerated, allowing for nitrification to take 
place. Systems of 2 stages of VFCW, including an anaerobic zone also achieve good 
denitrification results (about 70%). 

5.2.8.2 Input parameters 
(1) PE [No.] 
(2) Required area per PE [m²/PE] (influencing the level of treatment) 
(3) Kind of intermittent loading [drop down menu] (options: pump station / siphon) 

5.2.8.3 Design assumptions 
 Maximum size for one bed is 400 m² 
 Bed length/width ratio 4:3 
 VFCWs are operating intermittently, thus requiring a siphon or pump system. For 

systems with more than one bed pumps are required. In this case every bed is supplied 
with a separate pump. This is necessary to ensure equal loading of beds. 

5.2.8.4 Design 

The general design of the technology is presented in Figure 14. The design chosen is an 
excavated filter bed, sealed by a plastic liner. The liner is protected by a sand layer below and a 
geotextile above to prevent damages. A sand filter thickness of 0.6 m was chosen for the 
standard design, with a protection layer of 0.1 m on top and an intermediate layer of 0.1 m and 
a drainage layer of 0.2 m below.  

Besides the actual filter beds in the VFCW technology also siphons or pump stations and 
connection pipes are considered to allow an equal distribution of the wastewater to multiple 
beds. One pump sump contains up to 5 pumps, with each pump supplying a separate filter bed 
through a separate pipe. The application of a siphon is only considered feasible for plants with a 
single filter bed (< 400 m² total surface area). For plants with multiple filter beds pumps are 
required to achieve an equal loading of all beds.  

Relatively cheap submersible pumps are considered sufficient. Internet research provided the 
price estimates. The pumps need to be equipped with a control system and additional 
equipment and cabling. All related positions are listed in Table 57.  

5.2.8.5 Dimensioning 

VFCWs are dimensioned according to the area requirements per user. The cost functions are 
developed based on BOQs for 8 different design sizes (cf. Table 54).  

For improved treatment, such as N removal, a special setup would be required, which is not 
considered in this standard design. However, it is possible to simulate a 2 stage CW by 
selecting the technology twice in the SPT, e.g. once with an area of 1.2 m²/PE, and a second 
time with 0.8 m²/PE (cf. section 3.5.8) for the selected number of users.   

According to literature sources VFCW can be used for treating the wastewater of populations up 
to several thousand users (Google Maps2012). The design used for the SPT is limited to a 
maximal bed area of 6,000 m³, which is equal to 15 separate beds of each 400 m². This is 
equivalent to 4,000 PE with an area requirement of 1.5 m²/PE. 
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Table 54: Design sizes for which BOQs have been developed (vertical flow constructed wetland) 

Total required area [m²] 6 15 75 300 750 1,500 3,000 6,000 

 

5.2.8.6 Cost functions 

General 

The CLARA HFCW design is mainly determined by the total area required, which is calculated 
by multiplying the input parameters “No. of PE” by “Required area per PE”. The CFs are based 
on the costs of 8 different design sizes presented in Table 54. The cost functions are calculated 
dependent on the total bed area. 

The investment costs consist of expenses for the filter beds (Table 55), distribution and 
collection piping (Table 56) and the pump stations (Table 57) or siphons listed in the BOQ. The 
positions for constructing the siphon station are the same as those for the pumping station, save 
the pump and pump equipment, which are replaced by the siphon equipment which is estimated 
to cost between 80 and 200 €, depending on the plant size. 
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Table 55: Positions related to the filter bed (vertical flow constructed wetland) 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A        Remove topsoil m³  
030331A Pit excavation with sloping sides m³  
035101D Gravel (8/16 mm) m³ for protection layer on top 
035101D Gravel (16/32 mm) m³ drainage layer 
035101D Gravel (4/8 mm) m³ intermediate layer to prevent 

washout of filter material 
035101A Sand 0-4mm washed m³ filter material, and 

underneath liner 
030710A Dam embankment m³  
030901A        Filter and drainage geotextile m² for protection of liner 
110801A In situ manholes, small concrete structures C20/25 m³ outlet structure 
111902A Ribbed steel <10mm m³  
111611G 
 

Double sided formwork class 1 for walls 0-3,2m m² for outlet structure 
201001A UPVC sewer pipes DN/OD 110 m distribution pipes on bed 

surface 
201001C UPVC sewer pipes DN/OD 160 m distribution pipes on bed 

surface 
201001I UPVC sewer pipes DN/OD 50 m distribution pipes on bed 

surface 
n/a UPVC sewer pipe fittings DN/OD 110 pcs assumed price: 10 € 
n/a UPVC sewer pipe fittings DN/OD 160 pcs assumed price: 20 € 
n/a UPVC sewer pipe fittings DN/OD 50 pcs assumed price: 8 € 
205101A Drain pipes PE, rigid DN 80 m drain pipes 
205101B Drain pipes PE, rigid DN 100 m drain pipes 
205110A Drain pipe fittings pcs assumed price: 7.5 € 
Item3 EPDM layer m² price estimate: 12 €/m² 
Item35 plant with common reed (density 4 plants per m²) pcs price estimate: 1 € per plant 
 n/a Manhole cover 80x80cm;  pcs iron sheet 3mm on frame 

(angle bars 40/40/4) 

 
Table 56: Positions of distribution and collection piping (vertical flow constructed wetland) 

Item no. Position Unit Description 
201001C UPVC sewer pipes DN/OD 160 m     
201001D UPVC sewer pipes DN/OD 200 m     
n/a UPVC sewer pipe fittings DN 160 pcs  
n/a UPVC sewer pipe fittings DN 200 pcs  
030310A Trench excavation m³  
030701B Backfilling of trenches m³  
030703C Bedding of pipelines with gravel m³  
030703B Bedding of pipelines with sand m³  
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Table 57: Positions of pump stations (vertical flow constructed wetland) 

Item no. Position Unit Description 
020201A Clearing area m²    
030201A Remove topsoil m³    
030206A Replace Topsoil m³    
030211B Recultivate topsoil m²    
030331A Pit excavation with sloping sides m³    
030705A Backfilling and covering of concrete walls m³    
030708B Blinding layer >10cm m³   underneath base slab 
110302A Slab C25/30 up to 30cm m³   base slab 
111601A Formwork <15cm m² for base slab 
110401B Wall 12-20cm C25/30 m³   pump station wall 
111611G Doublesided formwork class 1 for walls 0-3.2m m² for pump station wall 
110605A Concrete slab ceilings C20/25 up to 20cm m³   cover slab 
111640A Formwork for slabs 0-3.2m class 1 m² for cover slab 
111902A Ribbed steel <10mm kg  
214002D Flanged valve, short, cast iron, PN 16, DN40 pcs  
n/a Manhole cover 100x80cm 

pcs 
iron sheet 3mm on frame (angle bars 
40/40/4) - price estimate: 150 € 

n/a Submersible pump Zehnder ZM 280 A; 7m³/h, 
280 W, h 6m, including level switch pcs 

price estimate: 136 € 

n/a Hookup auto-coupling DN40 pcs price estimate: 165 € 
n/a Guide rail (steel pipe) m price estimate: 27 €/m 
n/a Lifting chain m price estimate: 15 €/m 
n/a Check valve DN 40 pcs price estimate: 122 € 
n/a Steel pipe DN 40 m price estimate: 20 €/m 
n/a Steel bend DN 40 pcs price estimate: 10 
n/a Control system 

pcs 
one control system per pump; price 
estimate: 170 € 

n/a Control cabinet up to 5kW pcs price estimate: 800 € 
n/a Cabling up to 5kW pcs price estimate: 800 € 

 

Investment cost function 

The investment CF of HFCWs is dependent on the total bed area, which is calculated by 
multiplying the input parameters “PE” by “Required area per PE”. An additional factor relevant 
for the investment costs of small plants < 400 m² surface area is whether a siphon or a pump 
station is used for the loading. This selection can be made by the SPT users by a third input 
parameter “kind of intermittent loading”. The functions are based on the BOQs.  

The investment costs are expressed by two different linear functions – one function for plants 
with pumps, another one for plants using a siphon for loading (cf. Eq.( 30 )). Figure 41 shows 
the investment costs for VFCWs and the trendlines of the 2 selected functions. 
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Investment CF:  =IF(z=1,(x*y)*81.546 + 5961.83, IF(z=2, IF((x*y)≤400, (x*y)*77.948 -+ 
1870, "ERROR");"ERROR")) 

( 30 ) 

Where x = PE [No.]; y = Required area per PE [m²/PE] and z = Kind of intermittent loading [pump station 
or siphon] 

 

 
Figure 41: Investment costs for vertical flow constructed wetlands, depending on the total bed area and 

the derived investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, 
the whole range of unit sizes in the figure below. 

 

Operation and maintenance costs 

The O&M costs related to the filter beds include the labour costs for daily inspection of the water 
level, for removing sedimented solids from inlet and outlet structures—once per month, 
assuming 0.5 h per bed (Gauss, 2008) and for cutting the vegetation every 10 months 
(assuming a time demand of 10 h per 50 m²). Additionally annual repair costs of 0.5% of the 
initial investment costs are considered. O&M costs of the pump station include annual energy 
consumption, labour costs for maintenance and spare parts and repair costs of 2% of the pump 
and related equipment costs. In case of a siphon monthly maintenance work of 0.5 h is 
expected, and annual repair and spare parts costs of 0.5% of the initial investment costs are 
assumed. All work is conducted by a skilled labourer, who initially requires some training in 
order to perform the tasks independently. The wage category chosen is “craftsman”.  
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Table 58: Positions of O&M costs (vertical flow constructed wetland) 

Item no. Position Unit Description 
310102C Craftsman h Inspections, cleaning pipes and tanks, 

cutting vegetation, maintaining pump 
station 

n/a Annual repair and spare parts  cost % percentage of inv. Cost: 0.5% of civil 
works cost; 2% of pump equipment cost 

EC1 Energy consumption kWh  

 

O&M cost function  

O&M costs can be described as a function of the total bed area (cf. Eq. ( 27 )). In analogy to the 
investment costs, 2 separate functions are included, one for plants with pump loading and one 
for plants with siphon loading. Both functions are linear. 

O&M CF: =IF(z=1;(x*y)*0.711 + 125, IF(z=2, IF ((x*y)≤400, (x*y)*0.52 + 42.8, 
"ERROR"))) 

( 31 ) 

Where x = PE [No.]; y = Required area per PE [m²/PE] and z = Kind of intermittent loading [pump station 
or siphon] 

 

Reinvestment cost functions 

VFCWs consist of components that are allocated to 2 different groups of life expectancies, 
therefore 2 reinvestment cost functions are required. 

Life expectancy for the pumps and pump equipment and for the siphon is assumed to be 10 y. 
These costs are calculated by reinvestment 1 CF (cf. Eq. ( 32 )). Pump reinvestment costs for a 
plant > 400 m² are expressed by a linear function. For plants consisting of just one filter bed a 
fixed price of 2,724 € is chosen, which is the average cost of pump stations for these small 
VFCWs. Siphon reinvestment costs are expressed by a power function. All other items such as 
filter material, plant cover, liner, drain pipes in the filter, manholes, piping between the beds and 
the pump station are expected to last for 25 years. These costs are calculated in reinvestment 2 
CF by subtracting the results of the other reinvestment CF from the total investment costs. (cf. 
Eq. ( 33 )). 

Reinvestment 1 CF:  =IF(z=1,IF(x*y>800, (x*y)*2.315 + 2374.5, 2723.7), IF(z=2, (x*y)^0.216 
* 106.97, "ERROR")) 

( 32 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs  ( 33 ) 

Where x = PE [No.]; y = Required area per PE [m²/PE] and z = Kind of intermittent loading [pump station 
or siphon] 

 

5.2.8.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF without any additional comments. The other partner’s comments 
are summarised in Table 59.  

ETH suggests an aspect ratio (length:width) of 3:2, compared to a ratio of 4:3 in the design 
used for the SPT. However this difference does not have a big influence on the construction 
costs. The cost effect of choosing different thicknesses of the sand layer (e.g. RSA and MOR) 
can be considered by the planners by adjusting the overall investment costs in the SPT by a 
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certain percentage. Different requirements regarding surface area per PE can be changed as 
an independent input parameter. 

Concerning the type of filter material there are different suggestions from the local partners, but 
the type of sand is not relevant for costs, because in the BOQ a price estimate for “standard 
sand” is chosen. The actually used material will be determined by local availability, and prices 
will differ anyway greatly.  

RSA provided cost estimates for investment costs of VFCW filter beds of different size. The 
scale of some of the design examples (up to 60,000 m² surface area and serving 50,000 PE) is 
much bigger than the maximum size assumed to be feasible based on the assumptions made 
for the SPT. The RSA cost estimates of the smaller plants (1,200 and 6,000 m² surface area) 
were compared with the cost estimates calculated by using the SPT assumptions. As displayed 
in Figure 42, the costs estimated by RSA were much lower than those by using the SPT 
assumptions. The reason is, that the prices assumed by RSA for costly positions such as filter 
san, liner and excavation costs are lower than those used in the SPT calculations. It may be 
necessary to double-check the item prices provided by the partner countries. 

KEN recommends the use of hybrid systems by combining the VFCW and HFCW technologies. 
Table 59: Country-specific technology assessment in comparison with design assumptions (vertical flow 

constructed wetland) 

 CLARA SPT ETH KEN MOR RSA 
Bed 
dimen-
sions 

L/W = 4/3 Aspect ratio 
of 3:2 is 
recommende
d. 

The system 
should be 
capable of 
handling shock 
loads, 
HRT: 48 h 

Sand layer 
thickness 0.4 
–0.8 m  

area of 24,000 
and 60,000 m² 
(up to 50,000 
PE), 
sand layer 
thickness: 1 m 

Area per 
PE 

Can be selected by 
user  

4.8 m²  4 m² cold 
climate 
1.2 m² warm 
climate 

1.2 m² 

O&M Various operational 
tasks considered; 
repair 0.5% / 2% of 
pump equipment cost 
& other infra-structure 
inv. cost 

Operation: 
daily 0.4€ for 
inspector 
maintenance 
cost: 2% of 
inv. cost. 

1% of initial 
investment 
costs 

  

Life time Pump equipment & 
siphon: 10 y; 
filter mat.: 25 y; 
whole infrastr.: 25 y 

20 y 20 y  Filter material 
8–15 y 
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Figure 42: Comparison of filter bed investment costs between CLARA BOQs and example BOQs RSA 

 

5.2.9 Technology 6-9 Sludge drying reed bed 

5.2.9.1 Technology description 

Sludge drying reed beds are sealed shallow ponds filled with several drainage layers. They are 
designed to separate solid from the liquid fraction of sludge from various sources. The liquid 
effluent has to be pumped back to the main treatment stage. 

5.2.9.2 Input parameters 

(1) Amount of sludge [m3/d] 

(2) Total solid content sludge [%] 

(3) Sludge loading frequency [times/year] 

(4) Surface loading rate per year [kgTS/m²/y] 

5.2.9.3 Design assumptions 
 Maximum size for one bed: 2,500 m² 
 Storage time of sludge in bed: 10 years (8 years application phase, 2 years resting 

phase) 
 Average sludge accumulation per year: 15 cm  
 Bed length/width ratio: 3:2 

5.2.9.4 Design 

The general design of the technology is presented in Figure 15. The sludge drying reed bed 
design chosen is similar to the HFCW, with an excavated filter bed, sealed by a plastic liner. 
The liner is protected by a sand layer below and a geotextile above to prevent damages. With 
20 cm the thickness of the sand layer is much lower compared to an HFCW. The dimensions of 
the drainage layers underneath the sand layer (0.1 m intermediate gravel and 0.15 m coarse 
gravel) are comparable. Above the sand layer a space of 1.2 m is provided for sludge 
accumulation. Assuming an annual accumulation of 0.15 m this means that a drying bed can be 
used for 8 years before the sludge has to be removed.  

Like in case of the CW-technologies, pipes connecting the drying beds are considered in the 
BOQs. The cost calculations of the sludge drying reed bed technology do not include a pumping 
station, but sludge loading has to be calculated separately, depending on the type of incoming 
sludge and its source. The transport costs of sludge from decentralised small treatment units 
such as septic tanks can be estimated by the SPT by including the technology “Collection of 
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(faecal) sludge”. This sludge can be directly applied to the drying bed by vacuum tankers. A 
maximum sludge height of 0.3 m per load has to be considered for such batch-wise loadings.   

When sludge is discharged at the treatment plant more frequently (as in case of the SBR) a 
buffer tank (Technology 6-4) has to be selected in the SPT for transport and temporary storage 
between a wastewater treatment unit and the drying beds. Based on the suggestions by Nielsen 
(2007) and Stefanakis et al. (2011) it is assumed that sludge is applied in 2 batches per day. 
Thus the buffer tank required as storage unit for sludge needs to have a volume of ½ the daily 
sludge production at the treatment plant. 

If effluent requires to be pumped back to the main treatment stage a pumping station has to be 
included in the treatment system following the sludge drying reed bed.  

5.2.9.5 Dimensioning 

The main design criterion of a sludge drying reed bed is the area required. This area is 
determined by annual TS load in kg and the surface loading rate in kgTS/m²/y. Additional space 
has to be accommodated for the resting period, when a certain part of the bed area cannot be 
used for loading. Thus, having chosen a pattern of alternately 8 y loading and 2 y resting, the 
area requirement has to be multiplied by the factor 1.25 ((8+2)/8=1.25). As can be seen in Table 
60, for small units, where less than 10 beds are being constructed, yet additional space has to 
be provided for the same reason. 

Table 60: Design sizes and corresponding bed configurations of sludge drying reed beds 

Design size [m²] Bed configuration 
5 2 x 5 m² 
20 5 x 5 m² 
50 5 x 10 m² 
100 10 x 10 m² 
250 10 x 25 m² 
500 10 x 50 m² 
1,000 10 x 100 m² 
2,500 10 x 250 m² 
5,000 10 x 500 m² 
10,000 10 x 1,000 m² 
25,000 10 x 2,500 m² 

 

Per bed a maximum area of 2,500 m² is possible, otherwise equal sludge distribution would 
become difficult. A maximum total area of 25,000 m² is assumed.  

5.2.9.6 Cost functions 

General 

The cost functions are developed based on BOQs for 11 different design sizes (cf. Table 60). In 
all CFs for sludge drying reed beds, bed area is the independent variable. The bed area 
required is calculated based on following assumptions:  

When regular loadings are applied (e.g. SBR sludge) the area requirement of sludge drying 
reed beds depends on the annual TS load per surface area. When loadings are less frequent 
(e.g. septic tank sludge), the required area is determined by the assumption that 0.3 m³ of 
sludge is applied per single loading and m². The number of loadings is dependent on the 
preceding technology and has to be estimated by the SPT-user by multiplying the No. of units 
that are being desludged by the desludging frequency per year. 
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In the CFs an IF function is used to test whether the total solids load (=“sludge loading 
frequency” * “TS content” * 0.3 (m³ per load) * 10 (conversion of % to kgTS per m³) ) supplied by 
multiple loads of each 0.3 m height is below the chosen “areal loading rate”. If this is the case, 
the area requirement is determined by the total sludge volume divided by the loading frequency 
divided by 0.3 (max. loading height). Otherwise the area requirement is determined by the areal 
loading rate times annual TS load (cf. Eq. ( 34 )). This differentiation is required due to the 
limitation of single loads to max. 0.3 m height. If sludge is being discharged onto the drying bed 
in few batches, more space will be required than if the same sludge volume is applied in 
multiple loads distributed over the course of a year.  

The investment costs consist of expenses for the filter beds (Table 61), distribution and 
collection piping (Table 62) listed in the BOQ. 

 
Table 61: Positions related to the filter bed (sludge drying reed bed) 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A        Remove topsoil m³  
030331A Pit excavation with sloping sides m³  
035101D Gravel (8/16 mm) m³ intermediate layer on top 
035101D Gravel (16/32 mm) m³ drainage layer 
035101A Sand 1-4mm washed m³ filter material and layer 

underneath the liner 
030710A Dam embankment m³  
030901A        Filter and drainage geotextile m² for protection of the liner 
110801A In situ manholes, small concrete structures C20/25 m³ outlet structure 
111902A Ribbed steel <10mm m³  
111611G 
 

Double-sided formwork class 1 for walls 0-3,2m m² for outlet structure 
201001A UPVC sewer pipes DN/OD 110 m distribution pipes 
201001C UPVC sewer pipes DN/OD 160 m inlet pipe 
n/a UPVC sewer pipe fittings DN/OD 110 pcs assumed price: 10 € 
n/a UPVC sewer pipe fittings DN/OD 160 pcs assumed price: 20 € 
205101A Drain pipes PE, rigid DN 80 m drainage pipes 
205101B Drain pipes PE, rigid DN 100 m drainage pipes 
205110A Drain pipe fittings pcs assumed price: 7.5 € 
214002J Flanged valve, short, cast iron, PN 16, DN150 pcs valve at inlet pipe 
Item3 EPDM layer m² price estimate: 12 €/m² 
Item35 plant with common reed (density 4 plants per m²) pcs price estimate: 1 € per plant 
 n/a Manhole cover 80x80cm;  pcs iron sheet 3mm on frame 

(angle bars 40/40/4) price 
estimate: 120 € 
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Table 62: Positions of distribution and collection piping (sludge drying reed bed) 

Item no. Position Unit Description 
201001A UPVC sewer pipes DN/OD 110 m     
201001C UPVC sewer pipes DN/OD 160 m     
n/a UPVC sewer pipe fittings DN 110 pcs  
n/a UPVC sewer pipe fittings DN 160 pcs  
030310A Trench excavation m³  
030701B Backfilling of trenches m³  
030703C Bedding of pipelines with gravel m³  
030703B Bedding of pipelines with sand m³  

 

Investment cost function 

The investment CF of sludge drying reed beds is dependent on the total drying bed area, which 
is calculated as described above. The cost development for units < 1,000 m² total bed area is 
best described by a power function, whereas larger unit costs increase linearly with the unit size 
(cf. Eq. ( 34 )). Figure 43 shows the investment costs for sludge drying reed beds and the 
trendlines of the 2 selected functions. 

Investment 
CF: 

=IF(IF(y * 0.3 * x *10 ≤z, w / y / 0.3, (w * x) * 10 / z) * 1.25 <1000,  
(IF(y * 0.3 * x * 10 ≤z , w / y / 0.3, (w * x) * 10 / z) * 1.25) ^0.51 * 2343.1, 

(IF(y * 0.3 * x * 10 ≤z, w / y / 0.3, (w * x) * 10 / z) * 1.25) * 52.679 + 40538) 

( 34 ) 

Where w = Amount of sludge [m³/d]; x = Total solid content sludge [%];  
y = Sludge loading frequency [times/year] and z = Surface loading rate per year [kgTS/m²/y] 
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Figure 43: Investment costs for sludge drying reed beds, depending on the total bed area and the derived 
investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, the whole 

range of unit sizes in the figure below. 

 

Operation and maintenance costs 

The O&M costs related to the sludge drying reed beds include the labour costs for inspection, 
cutting of plants and sludge removal as well as repair costs. A list of all positions considered for 
the O&M costs is provided in Table 63. 

Inspection is assumed to take from 0.5 h per week at small units up to 45 minutes daily at larger 
units. The vegetation is assumed to require cutting every 10 months with a time demand of 10 h 
per 50 m² (Gauss, 2008). This work is conducted by a skilled labourer, who initially requires 
some training in order to perform the tasks independently. The wage category chosen is 
“craftsman”. Sludge removal is assumed to take one working hour per m³ removed and can be 
done by unskilled labourers. 

Additionally annual repair costs of 0.5% of the initial investment costs are considered.  
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Table 63: Positions of O&M costs (sludge drying reed bed) 

Item no. Position Unit Description 
310102C Craftsman h Inspections, cleaning pipes and tanks, 

cutting vegetation, maintaining pump 
station 

310101F Unskilled labour h sludge removal 
n/a Annual repair and spare parts  cost % percentage of inv. Cost: 0.5% of civil 

works cost 

 

O&M cost function  

O&M costs can be described by a polynomial function of the total bed area (cf. Eq.( 35 )). 

O&M CF: =(IF(y * 0.3 * x * 10 ≤z , w / y / 0.3, (w * x) * 10 / z) * 1.25) ^2 * (-1.95 * 10^-6) + 
(IF(y * 0.3 * x * 10 ≤z, w / y / 0.3, (w * x) * 10 / z) * 1.25) * 0.329 + 165.5 

( 35 ) 

Where w = Amount of sludge [m³/d]; x = Total solid content sludge [%];  
y = Sludge loading frequency [times/year] and z = Surface loading rate per year [kgTS/m²/y] 

 

Reinvestment cost functions 

The whole sludge drying reed bed is expected to last for 30 years, therefore the reinvestment 
cost function is equal to the investment cost function (Eq. ( 34 )).  

5.2.9.7 Country specific assessment 

Like in the literature review (cf. chapter 3.5.9) there is some variation in the design 
recommendations for sludge drying reed beds provided by the different project partners.  

The design assumptions used in the SPT are acceptable for BF without any additional 
comments. The other partner’s comments are summarised in Table 64. 

The comments by KEN, MOR and ETH concerning the regular desludging indicate that there 
might be a misunderstanding of the technology and they might confuse sludge drying reed bed 
with an unplanted sludge drying bed. Similarly RSA mentions the necessity to “monthly top up 
the river-sand”, which also indicates that they have a different system in mind. Thus it is 
questionable whether the values provided are comparable and they should be treated with 
caution.  

RSA provides an estimate of investment costs for a drying bed with 50 m² surface area of 
2,921 € or 2,412 €, depending on the type of bottom lining used. This is about half the costs 
compared to the estimate for a single 50 m² bed based on the SPT-assumptions (5,660 €). The 
differences are: In the RSA example excavation costs are not included, and wall height is 0.8 m, 
whereas in the SPT design the total bed height (including drainage layers and freeboard) is 2 m. 
Another shortcoming of the RSA estimate is that it consists of only one filter bed and distribution 
and collection pipes between beds are not considered. This is not feasible for this kind of 
system, where loading has to be alternated between multiple beds. 

Additionally RSA stresses, that “dried sludge should be tested for compliance with the sludge 
disposal guidelines before a disposal program is determined”. 
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Table 64: Country-specific technology assessment in comparison with design assumptions (sludge drying 
reed bed) 

 CLARA SPT ETH KEN MOR RSA 
sludge 
appli-
cation 

0.15 m annual 
accumulation; 
loading: 2 x / d; max. 
0.3 m per load 

For larger areas 
sludge application 
is 0.3 m, but it is a 
common practice to 
use 0.2 m; sludge 
application: 3 x / d  

  batch mode 
about once 
per week; in 
layers of no 
more than 
20–30 cm 

  

loading 
rate 

can be selected by 
user 

BOD contribution of 
200 kg/m²/year 

100–200 
kgTS/m² 

    

bed 
dimen-
sions 

L/W = 3/2, utilizable 
depth 1.2 m  

aspect ratio of 2:1, 
utilizable depth 
from 1.5 to 2.5 m 

      

O&M Inspection (both time 
required per inspec-
tion and inspection 
interval increase with 
unit size; cutting of 
plants (cf. CW); 
sludge removal 
(labour requirement: 
1 h/m³ dried sludge 
removed); repair cost 
0.5 % of inv. cost 

   maintenance 
costs 1% of 
current replace-
ment costs; 
top up the river-
sand at a rate 
of 2mm / bed/ 
month  

deslud
ging 
interval 

10 y (8 y loading, 2 y 
resting) 

5 y     5–10 y 

life time 30 y drying bed 15 y; 
civil works 30 y 

30 y   

inv. 
costs 

1 bed 50 m² 5,660 € 
(RSA prices) 

      1 bed 50m²: 
2,921 € 
(concrete) or 
2,412 € (LDPE 
liner)  

 

Only one other price estimate for sludge drying reed beds could be found. Nassar et al. (2006) 
estimate the investment costs of a sludge drying reed bed of approximately 14,000 m² to be 
about 1,232,000 €. This value is slightly higher than the 4 of the 5 calculated CFs for the same 
area, but still lower than the cost estimate for Burkina Faso. 

 

5.2.10 Technology 6-10 Urine storage 

5.2.10.1 Technology description 

Storage of urine from UDDT’s is a buffer and disinfection process before further utilisation. 

5.2.10.2 Input parameters 

(1) Amount of urine from collection [m³/y] 

(2) Storage period [d] 
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5.2.10.3 Design assumptions 
 Storage in PE tanks with a max. capacity of 10 m³ 
 Foundation of the tanks from reinforced concrete 
 Movable access stairs 

5.2.10.4 Design 

The general design of the technology is presented in Figure 16. It consists of watertight tanks 
on a concrete base. Plastic tanks of different sizes are readily available in most areas and 
therefore considered the most appropriate solution. At the storage site these tanks are placed 
on reinforced concrete slabs. Per tank a square slab area is calculated based on the tank 
diameter plus additional 20 cm distance on all sides for each tank. Additional baseplate area for 
truck access and as a handling area is estimated to be in the range of 20–100% of the total 
surface area, depending on the unit size.  For large unit sizes stairs have to be constructed to 
access the opening of the tanks. The stairs have to be movable so that they can always be 
used for the tank which is being filled. It is assumed that these stairs can be locally produced 
from steel bars and steel gratings.  

Pumps are not included in the design because the tanks will be filled and emptied with vacuum 
trucks. Having in mind accessibility of the tanks is therefore important. Making additional space 
available for access is considered in the BOQs. 

5.2.10.5 Dimensioning 

The total storage volume is determined by the amount of collected urine per day [m³] and the 
desired storage time [d]. To provide an additional buffer volume, always one extra tank is 
included at each storage site. The maximum size of a storage site chosen is 1,000 m³. This 
would be sufficient for storing the urine produced by about 4,000 users for 180 days. It is 
assumed that for larger populations either more decentralised collection points are set up, or a 
shorter storage period is chosen. Reducing the storage period would possibly mean that the 
urine is not thoroughly sanitised and its application in agriculture is restricted. Alternative 
treatment methods would also be an option. 

It is assumed that a storage site can receive up to 90 m³ urine per day, which is equivalent to a 
population of about 66,000 people.  

Table 65: Design sizes for which BOQs have been developed (urine storage site) 

Storage 
volume [m³] 0.15 0.46 0.92 1.35 2.5 5 10 24 50 100 250 500 1,000 
daily amount of 
urine received [m³/d] 0.01 0.05 0.10 0.25 0.5 1 2 5 10 20 40 90 - 

 

5.2.10.6 Cost functions 

General 

The costs of a urine storage site are determined by the storage volume. Storage volume is 
calculated by multiplying the amount of collected urine per day [m³] by the storage time [d]. The 
CFs are based on the costs of 13 different design sizes presented in Table 65. The investment 
cost functions are calculated dependent on the total storage volume, the O&M CF is mainly 
determined by the daily received urine (see below). 

The investment costs consist of expenses for tanks, baseplates and access stairs. All positions 
considered in the BOQs are listed in Table 66. 
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Table 66: Positions of a urine storage site 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A Remove topsoil m²  
030331A Pit excavation with sloping sides m³ shallow excavation for base slab 
030708B Blinding layer >10cm m³ underneath base slab 
110302A Slab C20/25 up to 30cm m³ base slab 
111601A Formwork <15cm m² for base slab 
111902A Ribbed steel <10mm kg  
n/a Tank pcs details see Table below  

n/a access stairs pcs 
costs depending on height; estimates in 
the range of 205–540 € 

 
Table 67: Tank properties and prices used in BOQ (AquaSanTec, 2012) 

Diameter [m] Total volume [m³] Price [€] 
0.58 0.15 15  
0.94 0.46 45  
1.35 0.92 84  
1.21 1.35 107  
1.48 2.50 159  
2.03 5.00 334  
2.36 10.00 876  

 

Investment cost function 

The investment CF consists of two different functions. For small units (≤ 10 m³) the costs are 
expressed by a power function of the storage volume, whereas for large units (>10 m³) the costs 
follow a linear trend (cf. Figure 44). The CF also contains a limitation to 1,000 m³ storage 
volume (cf. Eq. ( 36 )).  

Investment CF: =IF(x / 365 * y>1000,"storage volume too big", IF(x / 365 * y)≤10, (x / 365 
* y)^0.593 * 504.4, (x * y) * 122.82 + 1784)) 

( 36 ) 

Where x = Daily amount of urine from collection [m³/y.] and y = Storage time [d] 
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Figure 44: Investment costs for urine storage sites, depending on the storage volume and the derived 

investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, the whole 
range of unit sizes in the figure below. 

 

Operation and maintenance costs 

The O&M costs are mainly dependent on the daily amount of urine which is received at a 
storage site. Storage volume and related investment costs only influence the repair costs. They 
are estimated to be 0.5% of the initial investment costs annually. The operation costs of a 
storage site are mainly determined by the opening times, during which a caretaker will be 
present on site and urine can be delivered. It is assumed that at smaller stations more users will 
come to empty their jerry cans, but at larger stations urine is mainly delivered by tank trucks. 
Therefore the time required per L is much higher at small stations than at big ones. It is 
assumed that all operational tasks, such as cleaning the site and periodical desludging of the 
tanks will be done during the working hours by the caretakers. Therefore no additional costs 
have to be calculated. The caretaker has to be a responsible person, who initially requires some 
training in order to perform the tasks independently. The wage category chosen is “craftsman”. 

Table 68: Positions of O&M costs (urine storage site) 

Item no. Position Unit Description 
310102C Craftsman h Presence of caretaker on site (includes 

time required for all O&M tasks) 
n/a Annual repair and spare parts  cost % 0.5% of investment costs 
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O&M cost function  

The O&M CF is based on the cost estimates for sites with 12 different daily throughputs, 
presented in Table 65, and additionally considering the repair costs, calculated as 0.5% of the 
initial investment costs (cf. ( 37 )). The O&M costs are described by a power function. 

 

O&M CF: =IF(x / 365 * y>1000, "storage volume too big", (x / 365) ^0.5115 * 
784.7 + 0.005 * investment cost) 

( 37 ) 

Where x = Annual amount of urine from collection [m³/y] 

 

Reinvestment cost functions 

Life time of the tanks and access stairs is assumed to be 10 y. These costs are calculated by 
reinvestment 1 CF (cf. Eq.( 38 ). In analogy to the initial investment CF the reinvestment 1 CF 
consists of 2 functions - one for storage volumes ≤ 10 m³ and one for bigger units. The 
baseplate is expected to last for 25 y, these reinvestment costs are considered by reinvestment 
2 CF. It is calculated by subtracting the result of reinvestment CF 1 from the total investment 
costs (cf. Eq.( 39 )). 

Reinvestment 1 CF: =IF(x / 365 * y>1000, "storage volume too big", IF(x / 365 * y ≤10, (x / 
365 * y)^0.9092 *149.3, (x / 365 * y) * 89.84 + 1169.5)) 

( 38 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 39 ) 

Where x = Annual amount of urine from collection [m³/y] and y = Storage time [d] 

 

5.2.10.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for KEN without any additional comments and MOR did not provide any 
information. The other partner’s comments are summarised in Table 69.  
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Table 69: Country-specific technology assessment in comparison with design assumptions (urine 
storage) 

 CLARA SPT BF ETH RSA 
design aboveground tanks 

resting on slab 
containers exposed 
to sunlight; tanks 
on concrete slab 

underground 
recommended, 
tanks on 
concrete slab 

 

storage time selected by SPT-
users 

30–45 d   

O&M caretaker on site 
during opening hours 
of storage site, O&M 
tasks will be done 
during working 
hours. repair costs of 
0.5% of inv. cost 

 maintenance 1% 
of inv. cost 

Semi-annual 
desludging of 
the storage 
tanks requires 
one labour day 
per 5 m³ tank. 

costs Kentank 1.45 m³ 107 
€; tank 5m³ 334€; 
baseplate 5m³ 200 € 

1 m³ tank 122€  5m³ tank 260 €; 
baseplate 5m³ 
tank 33 €  

lifetime tanks  10 y 3–5 y 20 y  
lifetime civil 
works 

25 y 5–10 y   

 

5.2.11 Technology 6-11 Struvite production 

5.2.11.1 Technology description 

Struvite production is a precipitation process to create a fertiliser out of urine in a safe and 
hygienic condition. The process recovers about 90% of the P, but the effluent still contains 
considerable amounts of N and K and can either be used for restricted irrigation or requires 
further treatment.  

5.2.11.2 Input parameters 

(1) Amount of urine from collection [m³/y] 

(2) Kind of precipitation agent [Magnesium Sulfate / Magnesium Oxide / Bittern] 

5.2.11.3 Design assumptions 
 Reactor parameters: 

Batch size: 0.582 m³ 
Batch duration: 2 h 
Daily operation hours: 8 h 
Working days per year: 220 days 

 For each set of 6 reactor units 2 pumps are required 
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5.2.11.4 Design 
The design of a struvite production plant used in the SPT consists of a struvite reactor, an access ladder, 
pumps, and a reinforced concrete baseplate. A schematic representation of a struvite reactor is given in 

 
Figure 17. Based on the data provided by RSA, a reactor with a volume of 582 L was chosen, 
which costs 2,426 € in South Africa. These values were used for all BOQs, also for the other 
countries.  

Assuming a batch duration of 2 h and a working day of 8 h 2.328 m³ of urine can be processed 
per day and reactor. Pumps and hoses are required to pump the urine from a storage tank into 
the reactor, and to pump the remaining liquid back to a storage tank after the struvite 
precipitation. The loading of the reactors will occur in a sequence of time. Thus in bigger plants 
not every single reactor has to be equipped with a set of pumps, but it is assumed, that a set of 
2 pumps will be shared by 6 reactors. 

The reactor has to be installed indoors, however the construction of a roof structure is not 
included in the cost estimate for this technology, it is assumed that a space can be made 
available located at a larger WWTP. 

Also no additional storage tanks are considered, because it is assumed, that struvite production 
will take place at a urine storage site, which is a separate technology (Technology 6-10) in the 
SPT. 

5.2.11.5 Dimensioning 

The unit size is determined by the amount of urine being processed per year [m³/y]. A maximum 
volume to be processed per year of 25,000 m³ is chosen. This would be sufficient for treating 
the urine produced by about 50,000 users.  

Table 70: Design sizes for which BOQs have been developed (struvite production) 

Urine volume per year [m³/y] 50 250 500 1,000 2,500 5,000 10,000 25,000 

 

5.2.11.6 Cost functions 

General 

The CFs are based on the costs of 8 different design sizes presented in Table 70. The 
investment costs consist of expenses for reactors, baseplates and pumps. All positions 
considered in the BOQs are listed in Table 71. 
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Table 71: Positions of a struvite production unit 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A Remove topsoil m²  
030331A Pit excavation with sloping sides m³ shallow excavation for base slab 
030708B Blinding layer >10cm m³ underneath base slab 
110302A Slab C20/25 up to 30cm m³ base slab 
111601A Formwork <15cm m² for base slab 
111902A Ribbed steel <10mm kg  

n/a Struvite reactor 0.582 m³ pcs 

price estimate: 2,426 € based on RSA; 
costs for access stairs, filter bags, etc. 
are already included.  

n/a 
Submersible pump (e.g. Einhell BG-
SP 2768 - 270 W - 6.8m³/h) pcs 

price estimate 45 € (UK price base) 

n/a Hose m 
price estimate: 2 €/m (UK price base; 
approx. 15 m per pump required 

 

Investment cost function 

The investment CF consists of two different functions. For small units (≤512 m³/y) where 1 
reactor is sufficient, the costs remain constant, expressed by a linear function of the processed 
volume. For struvite treatment plants with multiple reactors (>512 m³) the costs follow another 
linear trend (cf. Figure 44).  

Investment CF: =IF(x <512, (x * 365) * 0 + 2693, (x ) * 5.036 + 466) ( 40 ) 

Where x = Annual amount of urine from collection [m³/y] 
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Figure 45: Investment costs for struvite production, depending on the processed volume and the derived 
investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, the whole 

range of unit sizes in the figure below. 

 

Operation and maintenance costs 

O&M costs consist of input costs for the different Mg sources, labour costs, electricity costs and 
repair costs.  

The amounts of the various Mg sources that have to be added per m³ of urine (based on an 
average P content in urine of 0.2 g/L and the stochiometric composition of struvite) are listed in 
Table 72. The prices for these input materials influence the operation costs. Price levels will 
have to be determined separately for each country. For the moment the prices provided by RSA 
have been used for the calculation. 
Table 72:  Stochiometric mixing ratios, resulting struvite yields and prices for the Mg-sources used in the 

BOQ (sources: RSA, 2013; Etter, 2009) 

Substance Required input per m³ 
of urine 

Struvite yield per m³ of 
urine 

Price 

Magnesium Sulfate 1.67 kg 1.50 kg 
Specific price for each 
country provided by the 
local partners  

Magnesium Oxide 0.59 kg 1.43 kg 
Bittern 2.35 L 1.57 kg 

 

For the labour cost calculations in the SPT the experience of RSA was adopted, that a worker 
can only handle one reactor at a time. In an other literature source (Meyer et al., 2011) it is 
stated that up to 4 reactors can be handled by a worker at the same time. This would reduce 
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labour costs significantly. 1 out of 4 workers is a craftsman, for most tasks unskilled labourers 
are sufficient. The wage categories are chosen accordingly.  
Additional positions of the O&M costs are the electricity costs required for pumping, the costs of 
regular replacement of filter bags (assumed costs of 4 €/month and reactor) and repair costs of 
2% and 0.5% of initial civil works investment costs and pump and reactor investment costs, 
respectively. All positions of the O&M costs are listed in Table 73. 

Table 73: Positions of O&M costs (struvite production) 

Item no. Position Unit Description 
310102C Craftsman h Management and operational and 

maintenance tasks 
310102D Unskilled labour h Operational and maintenance tasks under 

supervision of Craftsmen 
EC1 Electricity kWh Energy demand for pumping 
n/a Filter bag replacement pcs monthly replacement of one filter bag per 

reactor; cost estimate: 4€ / bag 
n/a Mg source kg for details concerning different 

substances refer to Table 72 
n/a Annual repair and spare parts  cost % 2% of pump and reactor investment 

costs; 0.5% of civil works investment 
costs 

 

O&M cost function  

The O&M CF is based on the cost estimates for 8 different design sizes (cf. Table 70). The 
O&M CF consists of different functions for the various Mg sources. For treated volumes of > 512 
m³/y 3 separate linear functions are used, while for plants ≤ 512 m³/y one function based on the 
average costs of the 3 different precipitation agents is used (cf. Eq. ( 41 )). 

O&M CF: =IF(x≤512, IF(y=1, x * 5.59 +100, IF(y=2, x * 4.95 + 100, IF(y=3, x * 4.78 + 100, 
"ERROR"))), IF(y=1, x * 4.3 + 528, IF(y=2, x * 3.66 + 528, IF(y=3, x * 3.49 + 528, 

"ERROR")))) 

( 41 ) 

Where x = Annual amount of urine from collection [m³/y] and 
 y= Kind of precipitation agent [1=Magnesium Sulfate; 2=Magnesium Oxide; 3=Bittern] 

 

Reinvestment cost functions 

Life time of the reactor, its equipment and of the pumps is assumed to be 10 y. These costs are 
calculated by reinvestment 1 CF (cf. Eq. ( 42 )). In analogy to the initial investment CF the 
reinvestment 1 CF consists of 2 linear functions - one for plants with a treated volume  ≤ 512 
m³/y and one for bigger units. The baseplate is expected to last for 25 y, these reinvestment 
costs are considered by reinvestment 2 CF. It is calculated by subtracting the result of 
reinvestment CF 1 from the total investment costs (cf. Eq. ( 43 )). 

Reinvestment 1 CF: =IF(x≤512, x * 0 + 2576, x * 4.81 + 450) ( 42 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 43 ) 

Where x = Annual amount of urine from collection [m³/y] 
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5.2.11.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF without any additional comments. MOR and KEN did not provide 
any information. The other partner’s comments are summarised in Table 74. Most of the 
assumptions used in the SPT are adopted from the recommendations provided by RSA. 

Table 74: Country-specific technology assessment in comparison with design assumptions (struvite 
production) 

 CLARA SPT ETH RSA 
reactor size 582 L  10–200 L 229 L / 582 L 
time per 
batch 2 h 

15 min mixing time; 
filtration 2–3 h  2 h 

O&M 

same assumptions as RSA; 
additional cost for pumping and 
filter replacement; repair cost  2% 
of pump and reactor investment 
cost; 0.5% of civil works 
investment cost 

maintenance cost of 
2% of the investment 
cost 

 1 operator per batch; 
prices for precipitation 
agent see Table 72 

investment 
cost 

investment costs for reactor 
adopted from RSA, additional 
baseplate and pump costs; total: 
2,694 € (582 L)   

investment costs differ 
significantly due to cost of 
reactor: RSA 2,189 € 
(229 L) / 2,426 € (582 L) 

 

5.2.12 Technology 6-12 Composting 

5.2.12.1 Technology description 

The composting plant is designed to process municipal organic waste, faeces of dry toilets and 
sludge from wastewater treatment plants in order to produce marketable compost. 

The composting plant uses a windrow system and includes areas for active composting, curing, 
storage and required facilities dependent on the plant size. In addition a runoff pond is 
considered to collect rainfall.  

Depending on the capacity of the plant processing machinery and equipment is considered in 
the design.  

5.2.12.2 Input parameters 
(1) Faeces from single-vault UDDT [m³/d] 
(2) Dewatered sludge  [m³/d] 
(3) Other biosolids [m³/d] 
(4) Price of bulking material [€/m³] 

5.2.12.3 Design assumptions 
Input material 

 Addition of bulking material to faeces: 100% 
 TS content of dewatered sewage sludge: 20% 
 Addition of bulking material to dewatered sewage sludge: 66% 

Composting windrows 
 Active composting phase: 6 weeks 
 Windrow width: 2.5–4.5 m 
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 Windrow height: 1.2–2.1 m 
Curing piles: 

 Volume shrinkage after composting: 50% 
 Time required for curing: 4 weeks 
 Curing pile height: 1.5–3 m  
 Curing pile width: 3–6 m 

Compost storage area: 
 Storage time: 9 weeks 
 Pile height: 1.5–3 m 

Runoff collection pond 
 Six month rain in the worst 25 year: 300 mm 
 Runoff on hard surface: 85% 
 Runoff on windrows and other piles: 50% 
 Depth of runoff basin: 3 m 

Additional facilities  
 Size for additional facilities: 10–50% of total area (depending on size) 
 Shed for storage of bagged compost and for machinery 

5.2.12.4 Design 

Since labour and land costs are low to moderate in the areas considered by the CLARA project, 
open composting systems seem more appropriate than highly mechanised closed systems. 
Therefore windrow composting has been chosen. The plant design is depicted in Figure 18.  

The composting pad is constructed from asphalt, and has a slope towards the collection pond. 
The advantage of asphalt compared to concrete is the possibility to repair the surface without 
having to replace the entire structure.  

The waste material is composted in windrows for 6 weeks, during this period it is turned 5 times. 
Afterwards the compost is transferred to curing windrows. After curing it is screened and 
consecutively moved to be stored in one big pile from where it can be sold in bulk. The sale is 
considered in the SPT by a separate technology (Technology 7-2 “Compost use”). 

A shed is included for storage of bagged compost and to provide protection for the machinery 
and vehicles. It consists of a concrete base plate, brick walls and a corrugated iron roof.  

The runoff collection pond is designed based on the same assumptions as the waste 
stabilisation ponds (Technology 6-13), for details on the design please refer to chapter 5.2.13. 

5.2.12.5 Dimensioning 

The unit size is determined by the volume of compostable biosolids being processed per day 
[m³/d]. A maximum volume to be processed per day of 500 m³ is chosen (cf. Table 75). With 
increasing volumes of biowaste to be treated, the mechanisation is increased. While small units 
are processed manually, larger units use tractors and in the biggest plants self-propelled 
windrow turners are used (cf. Table 79). 

Table 75: Design sizes for which BOQs have been developed (composting) 

Compostable waste volume per day [m³/d] 1 5 15 25 100 200 500 

 

5.2.12.6 Cost functions 

General 



 Results 

Clemens GRIESAUER  Page 105 Page 105 

The CFs are dependent on the volume of compostable biowaste and are calculated based on 
BOQs of 7 different design sizes presented in Table 75. The investment costs consist of 
expenses for the composting pad, the runoff pond, the vehicle shed and machinery and 
equipment, which are listed in Table 76, Table 77, Table 78 and Table 79, respectively. 

Table 76: Positions of the composting pad 

Item no. Position Unit Description 
020201A        Clearing area m²  
030901A Filter and drainage geotextile  m² For covering the windrows 
180311B Subplane m²  
180318C Subbase 15cm m³  

180501B 
Bituminous base course 16 mm, 20 
cm, >2.5m width m²  

180611B Rolled asphalt AC4 >2,5m m² layer of 0.04 m thickness 

 
Table 77: Positions of the runoff collection pond 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A Remove topsoil m³  
030331A Pit excavation with sloping sides m³  
030710A Dam embankment m³  
Item3 EPDM liner m² pond lining 
035101A Sand 0-4mm washed m² underneath liner at pond bottom 
030901A Filter and drainage geotextile kg underneath liner on the slopes 
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Table 78: Positions of the vehicle shed 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A Remove topsoil m³  
030206A Replace topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030708B Blinding layer >10cm m³  
130201A Brick wall 12cm m²  
110302A Slab C20/25 <30cm m³  
110402B Wall 20-30cm C20/25 m³ columns 
111611H Doublesided formwork class 1 for 

walls 0-5,0m 
m² columns 

111601A Formwork <15cm  m²  
111902A Ribbed steel <10mm kg  
n/a Door, roller door type pcs price size dependent, assumed 50–1,200 € 
Item2 Iron roofing sheets 28 gauge (0.32 

mm) 
m²  

n/a Timber beams m assumption 24 €/m for beams 0.15 x 0.1m and 
5 €/m for beams 0.08 x 0.05 m 

 
Table 79: Positions of machinery and equipment 

Item no. Position Unit Description 

n/a Weigh bridge pcs 
price estimate 1,000 – 7,500 € (size 
dependent) 

n/a 
Processing machinery (such as rotary 
screens with conveyor belts) pcs 

used at plants ≥ 15m³/d; price estimate 
5,000 – 20,000 € (size dependent) 

n/a Tractor pcs used at plants ≥ 15m³/d 
n/a Front end loader for tractor pcs used at plants ≥ 15m³/d 

n/a 

Windrow turner small, tractor pulled (up to 
1.6 m height, capacity up to 600m³/h, 
chosen 500m³/h) pcs used at plants ≤ 100m³/d 

n/a 
Windrow turner self propelled (up to 2.1 m 
height, assumed 2500m³/h) pcs used at plants > 100m³/d 

n/a 
Manual processing equipment (shovels, 
wheelbarrows etc.) pcs  

n/a 

Submersible dirty water pump Draper 
SWP320ADW (19.2m³/h) - 170€ + 10% 
shipping pcs 

price estimate 187 € (incl. 10% shipping) 
(internet research) 

n/a Hose 38 mm pcs price estimate: 3 €/m (internet research) 

 

Investment cost function 

The investment costs are expressed by a power function dependent on the processed volume 
(cf. Eq. ( 44 )). This volume is calculated as a sum of the input parameters “Faeces from single-
vault UDDT”, “Dewatered sludge” and “Other biosolids” and by adding an estimated amount of 
bulking material required. It is assumed that UDDT material and dewatered sludge have to be 
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mixed with bulking material in the ratios 1 : 1 and 1 : 0.67, respectively, for “Other biosolids” no 
additional bulking material is considered.  

Investment CF: =(x*2+y*5/3+z)^0.803*17606 ( 44 ) 

Where x = Faeces from single-vault UDDT [m³/d], y = Dewatered sludge [m³/d] and  
z = Other biosolids [m³/d] 

 

 
Figure 46: Investment costs for composting, depending on the processed volume and the derived 

investment CF for Kenya 

 

Operation and maintenance costs 

O&M costs consist of labour costs, electricity and fuel costs of the machinery and processing 
equipment, repair costs and costs for purchasing bulking material. Repair costs are calculated 
as a percentage of initial investment costs (0.5% of civil works, 2% of processing machinery and 
10% of windrow turners (Governo et al., 2001). Annual electricity costs of the machinery are 
assumed to be 5% of the initial investment costs.  

Labour costs are dependent on the unit size. Depending on the tasks, different wage levels 
have to be considered. The person managing the site has a wage at the level of a technician, 
lab staff and drivers will be paid a wage at the level of a foreman, and the composting workers, 
who perform most of the manual labour tasks are unskilled labourers. At small plants (≤ 5 m³/d) 
all composting tasks will be done manually, therefore no vehicles and processing machinery is 
required. It is assumed that manual windrow turning and moving of material can be done at a 
rate of 2 m³/h, and manual screening at 0.65 m³/h (Dulac, 2001). The O&M costs for mechanical 
windrow turning and moving of material are based on the actual operation hours. The 
assumptions used for estimating the O&M costs are listed in Table 80. 

y = 17607x0,8031 
R² = 0,9967 

0

500.000

1.000.000

1.500.000

2.000.000

2.500.000

0 50 100 150 200 250 300 350 400 450 500

In
ve

st
m

en
t c

os
ts

 [€
] 

Plant capacity [m³/d] 



Results 

Page 108  Clemens GRIESAUER  Page 108 

Table 80:  Assumptions made for composting operations (Dulac, 2001; Lubbe et al., 2010) 

Process Processing rate Fuel consumption Additional information 
Manual turning 2 m³ /h  max. windrow height: 1.2 m  
Manual moving 2 m³ /h  max. pile height: 1.5 m 
Moving by tractor and front 
end loader 40 m³ /h 8.4 L/h max. pile height: 3 m 
Windrow turning (tractor 
pulled turning machine) 500 m³ /h 9.45 L/h max. windrow height: 1.6 m 
Windrow turning (self 
propelled windrow turner) 2500 m³ /h 50 L/h max. windrow height: 2.1 m 

 

Additional costs for the purchase of bulking material have to be considered. This value can be 
entered as an input parameter by the user of the SPT. If solid waste is available for free, but 
needs to be collected and separated, the costs of collection and processing per m³ of organic 
waste can instead be used as input value. All positions of the O&M costs are listed in Table 81. 

Table 81: Positions of O&M costs (composting) 

Item no. Position Unit Description 
310101A Technician h Site management 
310101B Foreman h Driver and Lab technician 
310101F Unskilled labour h  
EC1 Electricity kWh Energy demand for processing equipment 

(5% of investment cost) 
Tr1 Gasoline L Fuel consumed by tractors and windrow 

turners 
n/a Tractor maintenance costs - based on operational hours 
n/a Annual repair and spare parts cost % 2% of machinery investment costs; 0.5% 

of civil works investment costs; 10% of 
windrow turners investment cost 

n/a Bulking material m³ price can be provided by SPT user 

 

O&M cost function  

The O&M CF is based on the cost estimates for 7 different design sizes (cf. Table 75). It 
consists of 2 parts. One part calculates the costs for purchasing bulking material. All other O&M 
costs are expressed by a power function dependent on the amount of daily processed material 
(cf. Eq. ( 45 )). 

O&M CF: =((x*2 + y*5/3 + z)^0.634 * 2582.9) + (x + y*2/3) * 365 * “Price of bulking material” ( 45 ) 

Where x = Faeces from single-vault UDDT [m³/d], y = Dewatered sludge [m³/d] and  
z = Other biosolids [m³/d] 

 

Reinvestment cost functions 

Life time of the processing machinery and vehicles is assumed to be 12 y. These costs are 
calculated by reinvestment 1 CF (cf. Eq. ( 46 ))). The reinvestment 1 CF consists of 2 functions 
– one linear function for plants with a treated volume < 15 m³/d (manual processing) and one 
polynomial function for bigger, mechanised plants. The top layer of the asphalt pad is expected 
to be replaced every 15 y, these reinvestment costs are considered by reinvestment 2 CF. 
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Reinvestment 2 costs are best expressed as a power function of the daily processed volume (cf. 
Eq. ( 47 )). All other infrastructure (pond, the base of the asphalt pad and the building) is 
expected to have a life time of 30 years. The reinvestment costs for these items is considered 
by reinvestment CF 3, which is calculated by subtracting the other reinvestment costs from the 
initial investment costs (cf. Eq. ( 48 )). 

Reinvestment 1 CF: =IF((x*2 + y*5/3 + z)<15, (x*2 + y*5/3 + z) * 53.25 + 534,  
(x*2 + y*5/3 + z)^2 * (-0.568) + (x*2 + y*5/3 + z) * 525.26 + 18947) 

( 46 ) 

Reinvestment 2 CF: =(x*2 + y*5/3 + z)^0.845 * 5241.8 ( 47 ) 

Reinvestment 3 CF: = Investment costs – Reinvestment 1 costs – Reinvestment 2 costs ( 48 ) 

Where x = Faeces from single-vault UDDT [m³/d], y = Dewatered sludge [m³/d] and  
z = Other biosolids [m³/d] 

 

5.2.12.7 Country specific assessment 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for KEN without any additional comments. The other partner’s comments 
are summarised in Table 82. BF suggests pit composting, where the material is put in a pit for 
composting (pit dimensions: length 3 m, width 2 m and depth 1.20 m), and will be removed after 
a resting period of 6 months. This technology has not been further considered here, because it 
can only be applied on a small scale. MOR does not give any specific design recommendations, 
but only general remarks on composting, which are omitted in the table. The information 
provided by ETH are generally in line with the assumptions made for the SPT design.  

RSA provides some data of a composting site for processing 30 m³ compostable waste per day 
(cf. Table 82), but the values are not fully comprehensible. 

RSA also suggests an alternative process for treatment of wastewater sludges: mechanically 
assisted solar sludge drying and composting and curing of the dried sludge, without the need for 
a bulking agent.  

 

Compared to the values based on the function used in the FEASIBLE model (DANCEE, 2005), 
both investment and O&M costs based on the BOQs for composting are significantly lower. A 
reason for this difference might be that for the BOQs less mechanised options have been 
considered than are considered appropriate by COWI for Europe. This is feasible due to lower 
costs of land and manpower in most regions in Africa. As a result machinery costs can be 
considerably lower in the BOQs. Low labour costs and less electricity and fuel expenditures 
might cause lower O&M costs as compared to the FEASIBLE model. The values for both 
investment costs and O&M costs provided by Rothenberger (2006) for a composting plant in 
Bangladesh are lower than those estimated by the BOQs. Even though these values are 
derived from a relatively small plant with a throughput of only 9 m³/d, it stresses the influence of 
low wage levels on the costs of composting facilities. 



Results 

Page 110  Clemens GRIESAUER  Page 110 

Table 82: Country-specific technology assessment in comparison with design assumptions (composting) 

 CLARA SPT ETH RSA 
bulking 
material  

Price of bulking material 
[€/m³] can be entered by 
SPT user. Collection and 
sorting costs should be 
expressed by this price in 
case material is available 
for free 

bulk material used for 
composting can be 
found freely. Costs for 
sorting and lifting and 
disposing inorganic 
materials should be 
included 

  

windrow 
dimensions 

width: 2–4.5m height up to 
2.1 m; 

2-6m width, 1–1.5 m 
height 

 

area 
requirement 

for plant 30m³/d 2500m² 
composting area required 

  loading rate of 40 kg of dry 
matter /m², 1,000m² of 
composting area is required 
per 30 tons composted per 
day. This translates to 14 
000 m² per 30 ton/day 
loading 

lifetime mech. equipment: 12 y  Mechanical equipment if 
used can serve 10 years 

  

investment 
costs 

windrow turner: 62,150 €; 
tractor+ front end loader 
27,500 € 

  windrow turner: 466,102 €  
Front end loader: 46,600 € 

O&M fuel consumption is based 
on working hours. 
maintenance cost based on 
working hours for tractor, 
for windrow turner 10% of 
inv. Cost; for other 
equipment 2% of inv. Cost; 
electricity 5% of inv. Cost 
cost per t TS input: 39 € 

  for 30 m³/d plant: 
Operational costs incurred 
include diesel (100 L/d – R 
1,050) and direct salaries (R 
1,000/d) 
Maintenance costs at 7.5% 
of vehicle costs per annum 
is R1 250/ day 
costs per t TS: 48 € 

 

 
Figure 47: Comparison of investment costs calculated in the BOQ with literature values (composting) 
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Figure 48: Comparison of O&M costs calculated in the BOQ with literature values (composting) 

 

5.2.13 Technology 6-13 Waste stabilisation pond system (WSP) 

5.2.13.1 Technology description 

Waste stabilisation ponds (WSP) are constructed ponds for wastewater treatment. In a WSP 
system different types of ponds are combined. Anaerobic ponds are deep ponds, highly loaded 
and provide space for sludge storage. Facultative ponds are less deep and receive oxygen 
input from the surface and from algae photosynthesis. Maturation ponds are shallow and their 
main function is pathogen reduction (by 3–5 log). 

5.2.13.2 Input parameters 
(1) PE [No.] 
(2) Average temperature of coldest month [drop down menu] (3 options: ≥10°C / ≥15°C / 

≥20°C) 

5.2.13.3 Design assumptions 
 COD removal 80% 
 Sequence of anaerobic ponds, facultative ponds and always 2 maturation ponds 
 At a size < 9,000 PE a sequence of 1 anaerobic pond, 1 facultative pond is used;  

at a size > 9,000 PE 2 anaerobic and 2 facultative ponds are used in parallel; 
at a size > 90,000 PE 3 anaerobic ponds and 2 facultative ponds are used in parallel. 

 For the anaerobic pond the required volume is determined by the maximum organic 
loading rate (kgBOD5/m³/d), calculated according to von Sperling and de Lemos 
Chernicharo (2005).  

 For the facultative pond the surface loading rate (kgBOD/ha/d) is the determining factor. 
It is calculated according to Mara (1997). 

 For the maturation pond the maximum surface loading rate is assumed as 75% of the 
surface loading rate of the facultative pond as a design value (Mara, 1997).  

 HRT is min. 3, 15, and 3 days for anaerobic, facultative and maturation ponds, 
respectively. 

 Sludge production: 50 L/PE/y 
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5.2.13.4 Design 

A standard design for WSP systems consisting of a sequence of anaerobic, facultative and 
maturation ponds has been chosen. The number and combination of ponds in each system is 
size dependent, as pointed out in the design assumptions above. An overview of the system is 
presented in Figure 19.  

All ponds require lining, and in the SPT design a plastic liner is considered as most appropriate. 
It is protected from underneath by a sand layer at the pond bottom and a geotextile underneath 
the liner at the embankments. Only anaerobic ponds of small systems (up to 1,000 PE) are 
constructed from concrete, to allow steeper slopes. It is assumed that the water level in the 
ponds is at ground level, the embankment will be banked up above ground level to provide 
some freeboard.  

For desludging it is assumed that sludge treatment facilities (such as sludge drying weed beds) 
are available on site. Otherwise additional sludge transport costs have to be considered. 

5.2.13.5 Dimensioning 

The unit size is determined by the surface loading rates of the various pond types, which is 
dependent on the number of PE. The design assumptions were adopted from von Sperling and 
de Lemos Chernicharo (2005) and Mara (1997). BOQs were calculated for a maximum unit size 
of 100,000 PE (cf. Table 83).  

 
Figure 49: Comparison of the total pond volume of WSP systems dependent on the number of PE for 3 

different climatic conditions with 3 different average temperatures of the coldest month 

 

Degradation processes in WSP and the required pond dimensions are highly influenced by 
temperature (cf. Figure 49). Therefore within the SPT 3 different categories of WSP systems 
have been developed for the temperature ranges ≥ 10 °C; ≥ 15°C and ≥ 20 °C, and for each of 
them separate BOQs have been put together. For all of these BOQs the numbers of design 
population were used as presented in the table below.  

Table 83: Design sizes for which BOQs have been developed (waste stabilisation ponds) 

PE [No.] 200 500 1,000 3,000 4,000 10,000 20,000 50,000 100,000 

 

5.2.13.6 Cost functions 

General 

The CFs are dependent on the number of PE and are calculated based on BOQs of 9 different 
design sizes presented in Table 83. The investment costs consist of expenses for the ponds 
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and the piping on site connecting the ponds, as well as inlet and outlet structures. All positions 
are listed in Table 84. 

 
Table 84: Positions of waste stabilisation pond systems 

Item no. Position Unit Description 
020201A        Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030710A Dam embankment m³  
Item3 EPDM liner m² pond lining 
035101A Sand 0-4mm washed m² underneath liner at pond bottom 
030901A Filter and drainage geotextile kg underneath liner on the slopes 
010225A Chain link fence <1,5m m used for baffle wall in ponds 
110401B Wall 12-20cm C25/30 m³ used for anaerobic ponds of 

small units  
110302A Slab C20/25 up to 30cm m³ used for anaerobic ponds of 

small units 
111611G Double-sided formwork class 1 for walls 0-3,2m m² used for anaerobic ponds of 

small units 
111614A Formwork for in situ manholes and small 

structures <10m² class 1 
m² for outlet structures 

110801A Small concrete structures <10m² C20/25 m³ outlet structures 
030708A Blinding layer <10cm m³  
111902A Ribbed steel <10mm kg  
201001F UPVC sewer pipes DN/OD 315 m  
214002M Flanged valve, short, cast iron, PN 16, DN300 pcs  
n/a UPVC fittings DN315 pcs price estimate: 250 € 
201001E UPVC sewer pipes DN/OD 250 m  
214002L Flanged valve, short, cast iron, PN 16, DN250 pcs  
n/a UPVC fittings DN250 pcs price estimate: 140 € 
201001C UPVC sewer pipes DN/OD 160 m  
214002J Flanged valve, short, cast iron, PN 16, DN150 pcs  
n/a UPVC fittings DN160 pcs price estimate: 20 € 
n/a Manhole cover 70x70cm; iron sheet 3mm on 

frame (angle bars 40/40/4) 
pcs price estimate: 100 € 

n/a desludging pump pcs price estimate: 2,200 € 
n/a flexible suction pipe m price estimate: 4 €/m 
n/a raft for desludging pcs price estimate: 500 € 

 

Investment cost function 

The investment costs are expressed by power functions dependent on the number of PE (cf. 
Eq. ( 49 )). Depending on the average temperature of the coldest month 3 different functions are 
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available for regions of ≥ 10°C, ≥ 15°C and ≥ 20 °C. For each of these regions again 2 different 
functions are used for small (< 3000 PE) and big (≥ 3000 PE) plant sizes. This results in a rather 
complicated combined cost function presented in Eq. ( 49 ).  

Investment CF: =IF(y=1, IF(x<3000, x^0.613 * 3376.2, x^0.941 * 238.9), 
IF(y=2, IF(x<3000, x^0.538 * 3707.8, x^0.911 * 182.6) 

IF(x<3000, x^0.477 * 4340.5, x^0.880 * 166.6))) 

( 49 ) 

Where x = PE [No.], y = Average temperature of coldest month [1= ≥10°C / 2= ≥15°C / 3= ≥ 20°C] 

 

 
Figure 50: Investment costs for waste stabilisation ponds depending on the No. of PE and the derived 

investment CFs for Kenya. 6 different functions are used depending on temperature range and unit size. 
A detailed view of smaller unit sizes is presented in the top figure, the whole range of unit sizes in the 

figure below. 
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works, 2% of pump investment costs). Labour costs are dependent on the unit size. The 
operational tasks include daily inspection, regular maintenance such as removing floatables, 
cleaning pipes and weirs, cutting vegetation on the embankments and periodical desludging. It 
is assumed that all these tasks can be conducted by skilled personal, at the wage category of 
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craftsman. For desludging a vacuum pump will be used. The energy demand is estimated 
based on the working hours. Pipes and a raft for desludging are considered in the investment 
costs.   

 
Table 85: Positions of O&M costs (waste stabilisation ponds) 

Item no. Position Unit Description 
310101A Craftsman h Inspection, maintenance, desludging 
EC1 Electricity kWh Energy demand for desludging pump (5% 

of investment cost) 
n/a Annual repair and spare parts cost % 2% of pump investment costs; 0.5% of 

civil works investment costs 

 

O&M cost function  

The O&M CF is based on the cost estimates for 9 different design sizes (cf. Table 83). In 
analogy to the investment CF depending on temperature range and on design size different 
functions are combined in the O&M CF. The O&M costs for smaller plants (< 10,000 PE) are 
best expressed by linear functions, whereas the O&M costs of plants ≥ 10,000 PE are best 
described by a power function of the PE (cf. Eq. ( 50 )).  

O&M CF: =IF(y=1, IF(x<10000, x * 0.475 + 858, x^0.814 * 3.24), 
IF(y=2, IF(x<10000, x * 0.345 + 779, x^0.756 * 4.26), 

IF(x<10000, x * 0.286 + 747, x^0.713 * 5.45))) 

( 50 ) 

Where x = PE [No.], y = Average temperature of coldest month [1= ≥10°C / 2= ≥15°C / 3= ≥ 20°C] 

 

Reinvestment cost functions 

Life time of the pump, pipes and of baffle walls is assumed to be 10 y. These costs are 
calculated by reinvestment 1 CF (cf. Eq.( 51 ))). The reinvestment 1 CF consists of 3 different 
functions for the 3 different temperature ranges of ≥ 10 °C, ≥ 15 °C and ≥ 20 °C. The ponds are 
expected to have a life time of 25 years and their reinvestment costs is considered by 
reinvestment CF 2, which is calculated by subtracting reinvestment 1 costs from the initial 
investment costs (cf. Eq. ( 52 )). 

Reinvestment 1 CF: =IF(y=1, x^0.319 * 1673.38, IF(y=2, x^0.296 * 1654.91, x^0.274 * 
1697.87)) 

( 51 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 52 ) 

Where x = PE [No.], y = Average temperature of coldest month [1= ≥10°C / 2= ≥15°C / 3= ≥ 20°C] 

 

5.2.13.7 Country specific assessment and cost comparison 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF and KEN without any additional comments. MOR provides some 
design recommendations which are all in line with the SPT design. The other partner’s 
comments are summarised in Table 86.  

RSA suggests the use of advanced integrated ponds. The details can be found in Table 86, and 
a comparison of the investment costs of the 2 systems is displayed in Figure 51. The 
investment costs for 3 unit sizes of this system are comparable to the investment costs of WSP 
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(in South Africa at 15°C) according to the BOQ. The value provided by RSA for the unit of 
50,000 PE is significantly lower. Still it might be possible to use the investment cost calculation 
of the WSP for this pond system. The O&M costs on the other hand can be expected to be 
much higher in the advanced integrated pond system because of the additional aeration.  

A cost comparison to other investment costs of WSPs reported in various literature sources 
shows that there is a high variability (Figure 51). The costs provided by von Sperling and de 
Lemos Chernicharo (2005) from Brazil as well as those from India (Sato et al, 2007) and Egypt 
(IRG, 2005) are much lower than those estimated by the BOQs. The cost data from Greece 
(Gratziou et al, 2006) and Eastern Europe (COWI, 2004) on the other hand are about on the 
same level as the SPT estimate. This pattern stresses the important influence of climate on 
application of the WSP technology.  

Looking at the O&M costs (cf. Figure 52) the typical pattern can be observed, with the O&M cost 
estimate for South Africa being the highest of all countries considered by the SPT. The O&M 
costs given by von Sperling and de Lemos Chernicharo (2005) are similar to those of the South 
African BOQ values. While the values reported from India (Sato et al, 2007) and Egypt (IRG, 
2005) are lower compared to the ones calculated by the BOQs, the ones from Greece (Gratziou 
et al, 2006) and Eastern Europe (COWI, 2004) are higher. Thus the estimates by the SPT seem 
quite reasonable.  

Table 86: Country-specific technology assessment in comparison with design assumptions (waste 
stabilisation ponds) 

 CLARA SPT ETH RSA 
System type WSP consisting of 

anaerobic ponds, 
facultative ponds 
and maturation 
ponds 

WSP consisting of 
anaerobic ponds, 
facultative ponds 
and maturation 
ponds 

RSA suggests use of advanced integrated 
wastewater ponds - consisting of 
(1) An advanced facultative pond (AFP) 
containing a digester pit, which functions 
much like an anaerobic pond;  
(2) a high rate pond (HRP) cultivating 
which provide oxygen to aerobic bacteria 
for BOD oxidation and take up nutrients 
and further organics;  
(3) an algal settling pond (ASP); and finally 
(4) a maturation pond (MP) 

sludge 
accumu-
lation rate 

50 L/PE/y 0.012–0.036 
m³/person per year. 

 
lifetime 10 y for pipes and 

equipment, 25 for 
the structure 

20 years and civil 
works associated 
with the pond may 
also serve 40 years   

costs    see Figure 51 
O&M  

  

O&M is moderate and basically only the 
paddle wheel needs to be powered (10–60 
kW per 10,000 m²). (+recirculation pump) 
The wastewater needs to be screened and 
pre-treated. The algal settling pond needs 
to be desludged once to twice a year. 
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Figure 51: Comparison of investment costs for WSP calculated in the BOQ (for a temperature of 15°C) 
with literature values for WSP and with the investment costs of advanced integrated ponds provided by 

RSA. 

 
Figure 52: Comparison of O&M costs for WSP calculated in the BOQ (for a temperature of 15°C) with 

literature values for WSP 

 

5.2.14 Technology 6-14 Upflow anaerobic sludge blanket reactor (UASB) 

5.2.14.1 Technology description 

Upflow anaerobic sludge blanket reactors (UASB) are a treatment technology for wastewater 
with high organic load. The wastewater enters the reactor at the bottom and flows upwards 
through a sludge blanket. The flow rate must be regulated according to fluctuations of the 
organic loading. At the top of the reactor deflectors are installed to separate the rising biogas 
from solid and liquid phase. The biogas may be used. 

5.2.14.2 Input parameters 
(1) PE [No.] 
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5.2.14.3 Design assumptions 
 min. hydraulic retention time (HRT) = 5 h 
 min. sludge retention time (SRT) = 50 d 
 average upflow velocity = 0.5 m/h 
 max. upflow velocity = 1.2 m/h 
 max. organic load = 15 kgCOD/m³/d 
 construction above ground level (max. water level 6 m above ground level) 

5.2.14.4 Design 

The UASB design is based on recommendations from von Sperling and de Lemos Chernicharo 
(2005) and on the design drawing of an UASB unit constructed in Anza, Palestine, provided by 
Lechner (2013). A drawing of the design used for SPT is presented in Figure 20. The UASB 
reactors are up to 6 m high, and constructed from reinforced concrete. The structures are 
entirely above ground level, to allow accessibility for sludge withdrawal and sampling. The 
reactors are equipped with an inlet distribution system, 3-phase separators, gas and sludge 
collection pipes and a gas flaring unit.  
In case of multiple reactor units (> 3,000 PE) these are constructed with shared walls.  

5.2.14.5 Dimensioning 

The UASB reactor design used for the SPT is dimensioned based on the recommendations 
from von Sperling and de Lemos Chernicharo (2005) The unit size is determined by the 
wastewater volume [m³/d], which is calculated based on the number of PE, and assuming a 
daily wastewater production of 80 L/PE. BOQs were calculated for a maximum unit size of 
100,000 PE (cf. Table 87). Based on the recommendations from von Sperling and de Lemos 
Chernicharo (2005) for the bigger design sizes multiple reactor units are constructed to facilitate 
process control.  

Table 87: Design sizes for which BOQs have been developed (UASB) and the respective number of 
separate UASB reactor units 

PE [No.] 200 500 800 1,200 3,000 5,000 10,000 50,000 100,000 
Reactor units [No.] 1 1 1 1 2 2 3 5 10 

 

5.2.14.6 Cost functions 

General 

The CFs are dependent on the number of PE and are calculated based on BOQs of 9 different 
design sizes presented in Table 87. All positions are listed in Table 88. 

Estimated costs for a biogas flaring unit (< 15 m³CH4/d – 200 €; < 50 m³CH4/d - 2,000 €; ≥ 500 
m³CH4/d - 10,000 €) are included in investment costs and mechanical equipment costs. If 
alternative installations for biogas reuse are planned these costs have to be adjusted. 
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Table 88: Positions of preparatory works and earthworks (UASB reactor) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030705A Backfilling and covering of concrete walls m³  
030708B Blinding layer >10cm m³  

 
Table 89: Positions of construction works (UASB reactor) 

Item no. Position Unit Description 
110302A Slab C20/25 up to 30 cm m³  
110402B Wall 20-30cm C25/30 m³  
110605A Concrete slab ceilings C20/25 up to 20cm m³  
111611I Doublesided formwork class 1 for walls 0-8,0m m²  
111640A Formwork for slabs 0-3,2m class 1 m²  
111902A Ribbed steel <10mm kg  

 
Table 90: Positions for pipeworks and additional equipment (UASB reactor) 

Item no. Position Unit Description 
210505H PE Water supply pipes PN10 DN/OD 90 m inlet pipe 
210504E PE Water supply pipes PN6 DN/OD 50 m downpipes 
201001C UPVC sewer pipes DN/OD 200 m biogas piping 

201001E UPVC sewer pipes DN/OD 250 m 
pipe for scum removal from gas 
collectors; sludge removal pipe 

214002L Flanged valve, short, cast iron, PN 16, DN250 pcs valve sludge removal pipe 
n/a Surcharge UPVC fittings DN 250 pcs Price estimate: 140 € 
n/a Surcharge UPVC fittings DN 200 pcs Price estimate: 40 € 
n/a Surcharge UPVC fittings DN 80 pcs Price estimate: 10 € 
214002G Flanged valve, short, cast iron, PN 16, DN80 pcs valve inlet pipe 
n/a Steel grating m² Price estimate: 110 €/m² 
n/a Steel handrail m Price estimate: 100 €/m 
232005A Aluminium step plastic coated pcs access steps 

n/a 
stainless steel sheets min. 2mm 1.4301 (AISI 
304) m² 

Price estimate: 55 €/m² (based on 
prices of an Austrian supplier) 

n/a 

biogas flaring unit (including gas valve to 
control pressure in gas collectors for scum 
removal) pcs 

Price estimate size dependent: 
(<15 m³CH4/d – 200 €; <50 
m³CH4/d - 2,000 €; ≥ 500 m³CH4/d 
- 10,000 € 

n/a inlet distribution device pcs 
Can be locally welded. Price 
estimate: 300 € 
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Investment cost function 

For small units (<10,000 PE) the investment costs are expressed by a polynomial function 
dependent on the number of PE, for larger unit sizes, the costs are best described by a linear 
trend (cf. Eq. ( 53 ) and Figure 53).  

Investment CF: =IF(D5<10000, x^2 *(-0.00034) + x*12.87 + 11706, x*5.2 + 57691) ( 53 ) 

Where x = PE [No.] 

 

 
Figure 53: Investment costs for UASB reactors depending on the No. of PE and the derived investment 

CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, the whole range of unit 
sizes in the figure below. 

 

Operation and maintenance costs 

O&M costs consist of labour costs and repair costs (cf. Table 91). Repair costs are estimated to 
be 0.5% of initial investment costs of civil works. Labour costs are dependent on the unit size. 
The operational tasks include daily inspection, regular control of process parameters to maintain 
ideal conditions for digestion and periodical desludging. Maintenance tasks include cleaning 
inflow devices and collection pipes. It is assumed that for all these tasks experienced personal 
will be required, at the wage category of foreman. Desludging can be done by gravity and 
controlled by valves. Von Sperling and de Lemos Chernicharo (2005) suggest withdrawal of 
sludge from half-height of the digestion compartment and not from the bottom, because the 
sludge at this level is less active. To facilitate sludge management (=UASB process 
management), withdrawal pipes are installed at 3 different levels. The removed sludge is 
assumed to have an average TS content of 3.5%. 
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Table 91: Positions of O&M costs (UASB reactor) 

Item no. Position Unit Description 
310101B Foreman h Inspection, maintenance, desludging 
n/a Annual repair and spare parts cost % 0.5% of civil works investment costs 

 

O&M cost function  

The O&M CF is based on the cost estimates for 9 different design sizes (cf. Table 87). The 
O&M costs are best expressed a power function of the number of PE (cf. Eq. ( 54 )).  

O&M CF: =x^0.614 * 10.76 ( 54 ) 

Where x = PE [No.] 

 

Reinvestment cost functions 

Life time of pipes, the 3-phase separator, the inlet distribution system and the steel gratings and 
steps is assumed to be 10 y. These costs are calculated by reinvestment 1 CF (cf. Eq. ( 55 )). 
The reinvestment 1 CF consists of 2 different functions. The reinvestment 1 costs of units 
< 10,000 PE are best described by a polynomial function of the number of PE, the 
reinvestment 1 costs of bigger units follow a linear trend. The reactors are expected to have a 
life time of 25 years and their reinvestment costs is considered by reinvestment CF 2, which is 
calculated by subtracting reinvestment 1 costs from the initial investment costs (cf. Eq. ( 56 )). 

Reinvestment 1 CF: =IF(x<10000, x^2 * (-0.00016) + x * 4.08 + 4437, x * 1.09 + 20570) ( 55 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 56 ) 

Where x = PE [No.] 

 

5.2.14.7 Country specific assessment and cost comparison 

According to the country specific assessment, the design assumptions used in the SPT are 
generally acceptable for BF and KEN without any additional comments. ETH, MOR and RSA 
provide some design assumptions, which are summarised in Table 92.  

The recommendations given by ETH are in line with the assumptions made for the SPT design. 
Suggested HRT and max. organic loading rates are similar. The remarks concerning the O&M 
costs are too detailed to be considered in the SPT, where a total estimate of working hours was 
chosen to calculate the O&M costs. 

The organic loading rate of 1.12 kgCOD/m³/d provided by MOR is lower than the actual loading 
rate in the SPT design (1.7–2.2. kgCOD/m³/d), but the difference is not big. On the other hand 
the value of 0.45 m³ biogas produced per kg COD seems unrealistically high, as various 
literature sources (van Lier et al., 2010; Uemura and Harada, 2010; Von Sperling and de Lemos 
Chernicharo, 2005; Lettinga et al., 1993) suggest values in the range of 0.15–0.3 m³/kgCOD 
removed. The other values provided by MOR are in line with the SPT assumptions. 

RSA remarks, that a minimum temperature of 10 °C is required for UASB reactors to function; 
von Sperling and de Lemos Chernicharo (2005) and Alaerts et al. (1993) give a min. value of 
16 °C, and state that good digestion only occurs at temperatures of 20 °C or more.  



Results 

Page 122  Clemens GRIESAUER  Page 122 

Table 92: Country-specific technology assessment in comparison with design assumptions (UASB 
reactor) 

 CLARA SPT ETH MOR RSA 
Upflow 
velocity 

0.5 m/h  0.5–1 m/h  

HRT min. 5 h (avg. >16 h) min. 6 h  6–10 h  
Org. load 1.7–2.2 kgCOD/m³/d 

(max. 15 
kgCOD/m³/d) 

max. 16 kgCOD/m³/d 1.12 
kgCOD/m³/d 

 

COD 
removal 

75% (at a Temp. > 
20°C) 

 60–65% (in 
winter) 

 

Biogas 
production 

0.2 m³/kg COD 
removed 

 0.45 
m³/kgCOD 

 

O&M no separate costs 
allocated to various 
O&M tasks, but 
estimate of total 
working hours of 
plant manager; repair 
costs of 0.5% of 
investment costs of 
civil works assumed 

measurement of flow rate 
and pH of effluent and 
influent, daily record of 
quantity of biogas gener-
ated, measurement of 
effluent and influent COD, 
alkalinity, and P once a 
week, regular sludge 
removal. Maintenance 
includes repair of 
mechanical equipment. 

 The maintenance 
allocation is based on 
the capital value of 
the asset and the 
discipline costs are 
0.5% for civil works, 
3.5 - 4.5% for 
mechanical works, 
4.5% electrical and 
5% for control and 
instrumentation. 

Additional 
remarks 

 sludge removed from 
UASB may be used as 
fertiliser 

 min. temperature of 
10°C required 

 

Investment cost estimates for UASB units provided by von Sperling and de Lemos Chernicharo 
(2005) fit well with smaller unit sizes calculated based on the BOQs (see Figure 54). Due to the 
linear nature of the function (as compared to the power function used in the SPT) the values by 
von Sperling and de Lemos Chernicharo for larger units are higher than those of the SPT. GTZ 
(2001). A cost value provided by GTZ (2001) also lies well above the estimate based on the 
BOQs. Values provided by Peña et al. (2000) and Sato et al. (2007) on the other hand are only 
slightly above the SPT values for most countries, and lower than those calculated for Burkina 
Faso. Since most of the literature values are higher than those calculated by the BOQs, this is 
an indication that the investment costs of large UASB units might be underestimated by the cost 
function used in the SPT. 

The same is true for O&M costs (cf. Figure 55), although here the low wage level in most 
African countries may offer an explanation. This is indicated through the fact that the South 
African O&M costs are significantly above those of other countries, about at the same level as 
those values provided by Sato et al. (2007) for India, and for small unit sizes even higher than 
the costs reported by all other literature sources. 
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Figure 54: Comparison of investment costs calculated by the BOQs with literature values (UASB) 

 

 
Figure 55: Comparison of O&M costs calculated by the BOQs with literature values (UASB) 

 

5.2.15 Technology 6-15 Phosphorous-Precipitation 

5.2.15.1 Technology description 

For phosphorus removal a precipitation agent is mixed with the wastewater prior to the main 
treatment unit, causing a precipitation of phosphorus. The technology includes a storage tank 
for the agent, and a dosing station. Total sludge production is increased. 

5.2.15.2 Input parameters 
(1) PE [No.] 
(2) Effluent concentration [mg PO4-P /L] 
(3) Kind of precipitation agent (Fe or Al based) 
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5.2.15.3 Design assumptions 
 Beta-value [mol active agent/mol P]: 1.5 
 FeCl3: content of active substance - 13.7%; density: 1.42 kg/L 
 Al2(SO4)3: content of active substance – 4.3%; density: 1.335 kg/L 

5.2.15.4 Design 

The P-precipitation technology is applied in combination with other wastewater treatment 
technologies. It consists of a tank for storage of the precipitation agent placed on a reinforced 
concrete baseplate, a tank for mixing the agent and a dosing pump including all equipment.  

The baseplate is designed in rectangular shape with a length of 2 times the tank diameter plus 
additionally 0.5 m of space on each side to provide space for a 2nd tank (small units) or for a 
mixing tank. The tank dimensions and prices are based on the same assumptions as the urine 
storage tanks presented in Table 67. 

Mixing of the solution will be done batch-wise in a separate mixing tank. This is done by the 
operator using a manual mixer, then the solution is transferred into the storage tank. For 
transferring the liquid from the mixing tank a drum pump is included in the design. Drum pumps 
are only required for storage volume > 2.7 m³; below that volume 2 tanks are used in alternation 
for storage, and no separate mixing tank is required. 

Dosing pumps have to be selected according to the hourly flow rate. 4 different models of 
Grundfos pumps have been selected, they are equipped with a control panel allowing the user 
to select dosage at a desired rate. For installing the pumps 3 different installation sets (also 
dependent on the flow rate) are included in the design, containing pipes, a filter for protecting 
the pump, a float for measuring the liquid level in the tank, an aeration valve and a casing. 

The precipitation agents Aluminium sulphate (also called alum) (Al2(SO4)3) and Fe(III)Cl have 
been selected as the 2 options available as SPT input parameters, because they should be 
available in most regions. 

5.2.15.5 Dimensioning 

The main design criterion of a P-precipitation station is the daily amount of P to be removed, 
influencing the capacity of the dosing pump and the storage volume. This amount is determined 

by the difference of influent concentration and required effluent concentration, and the flow 
volume. 

Assuming that each PE is equivalent to 2.5 gP/d and 80 L/d, the influent concentration is 31.25 
mgP/L. It is further assumed that per L 7.5 mg of P will be removed by incorporation in active 
biomass (ATV-DVWK, 2000). Thus per L 23.75 mg of P would be in the effluent without any 

precipitation. 

The amount to be removed is therefore calculated by subtracting the desired effluent 
concentration (can be selected by the user as an input parameter) from 23.75 mg/L and 
multiplying this with the daily flow rate (cf. Eq. ( 57 )). 

P mass to be eliminated [kg/d]: =x *(23.75 – y) / 12500 ( 57 ) 

Where x = PE [No.]; y = effluent concentration [mg/L] and 1/12500 is a conversion factor of the units  

 

For putting together the BOQs, a desired effluent concentration of 1.6 mg/L was selected. The 
resulting design sizes which are the basis for the CF development are presented in Table 93. 
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Table 93: Design sizes for which BOQs have been developed, assuming a desired effluent concentration 
of 1.6 mg / L (P-precipitation) 

PE [No.] 100 250 600 1,000 3,000 6,000 15,000 25,000 50,000 
P to be 
removed 

[kg / 
d] 0.18 0.44 1.06 1.77 5.32 10.63 26.58 44.30 88.60 

 

5.2.15.6 Cost functions 

General 

The cost functions are developed based on BOQs of 9 different design sizes (cf. Table 93). The 
daily amount of P to be removed (cf. Eq. ( 57 )) is the independent variable for all CFs. The 
positions of the investment costs are presented in Table 94. 

Table 94: Positions of a P-precipitation station 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030331A Pit excavation with sloping sides m³ shallow excavation for base slab 
030708B Blinding layer >10cm m³ underneath base slab 
110302A Slab C20/25 up to 30cm m³ base slab 
111601A Formwork <15cm m² for base slab 
111902A Ribbed steel <10mm kg  
n/a Storage tank m³ tank price & properties see Table 67 
n/a Mixing tank m³ tank price & properties see Table 67 
n/a Grundfos DDE 6-10 P-PP/E/C-X-31U2U2FG pcs price estimate: 401 € (Grundfos 

pricelist Germany 2012) 
n/a Grundfos DDE 15-4 P-PP/E/C-X-31U2U2FG pcs price estimate: 530 € (Grundfos 

pricelist Germany 2012) 
n/a DDA 30-4 AR-PP/E/C-F-31U2U2FG pcs price estimate: 1,198 € (Grundfos 

pricelist Germany 2012) 
n/a DDI 60-10 AR-PP/E/C-S-3166F pcs price estimate: 2,101 € (Grundfos 

pricelist Germany 2012) 
n/a Installation set < 7.5 L/h (incl pipes, dirt filter, 

liquid level output, aeration valve, casing)  
pcs price estimate: 128 € (Grundfos 

pricelist Germany 2012) 
n/a Installation set < 30 L/h (incl pipes, dirt filter, 

liquid level output, aeration valve, casing)  
pcs price estimate: 138 € (Grundfos 

pricelist Germany 2012) 
n/a Installation set < 60 L/h (incl pipes, dirt filter, 

liquid level output, aeration valve, casing)  
pcs price estimate: 142 € (Grundfos 

pricelist Germany 2012) 
n/a Drum pump for transferring liquid (250 W, 70 

L/min) 
pcs price estimate: 170 € 

n/a Mixer pcs price estimate: 100–200 € (size 
dependent) 

n/a Aluminium ladder m price estimate: 20 €/m 
n/a Pump cabinet (locally manufactured) pcs price estimate: 150 € 
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Investment cost function 

The investment CF of P-precipitation stations is dependent on the daily amount of P removed, 
which is calculated based on the 2 input parameters “No. of PE” and “effluent concentration” (cf. 
Eq. ( 58 )).  

2 different cost functions have been developed for the precipitation agents Aluminium Sulfate 
(Al2SO4)3 and Fe(III)Cl. Again for each precipitation agent 2 different functions are necessary to 
describe the cost development over the whole range of design sizes. The costs of units for 
removal of < 10 kg P/d is best described by a linear function, whereas the unit costs of larger 
units follow a logarithmic function (cf. Eq. ( 58 )). Figure 56 shows the investment costs for P-
precipitation stations and the trendlines of the 4 selected functions. 

Investment 
CF: 

=IF(z=1, IF(x*(23,75 – y / 12500 <10, (x * (23,75 - y) / 12500) * 171.65 + 
987, LN(x* (23,75 - y) / 12500) * 2290.2 - 2498), 

IF(x*(23,75 – y / 12500 <10, (x * (23,75 - y) / 12500) * 139.36 + 951,  
LN(x* (23,75 - y) / 12500) * 1753.5 -1767)) 

( 58 ) 

Where x = PE [No.]; y = effluent concentration [mg/L] and z = kind of precipitation agent (1=Fe based / 2= 
Al based) 

 

Figure 56: Comparison of investment costs of P-precipitation stations using FeCl3 and Aluminium Sulfate 
as precipitation agent, depending on the daily amount of P removed and the derived investment CFs for 
Kenya. A detailed view of smaller unit sizes is presented in the top figure, the whole range of unit sizes in 

the figure below. 
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Operation and maintenance costs 

The O&M costs related to the P-precipitation station include the consumption of dosing agent, 
electricity costs of the dosing pump, the mixer and the drum pump as well as labour and repair 
costs.  

The dosing process is fully automated and requires only little operational measures. 1 hour per 
week is assumed sufficient for control and maintenance of the equipment, independent of the 
flow rate. Also regular measurement of the influent’s P content is necessary to adjust the 
dosage of chemicals. This is done by a lab-technician (wage category: technician), and at 
bigger plants more frequent measurements will be necessary than at small WWTPs. Costs of 
lab equipment are included in the O&M costs, and they increase with plant size. 

Mixing of the dosing agent is done manually. Mixing time, related energy consumption and 
mixing water consumption are dependent on the volume of agent required. This task as well as 
the regular control tasks will be performed by a worker of the wage category “craftsman”. 

Annual repair costs are 0.5% of the investment costs for civil works and the tank and 2% of the 
investment costs for mechanical and electrical components. 

What cannot be considered by this O&M cost function, but is still relevant for the overall costs of 
a WWTP is the increased sludge production due to P-precipitation. This has to be considered in 
sludge transport and sludge treatment technologies. It can be estimated, that per g of P that is 
removed additionally 4 and 5 g of sludge are produced when using (Al2SO4)3 and FeCl3, 
respectively.  

Table 95: Positions of O&M costs (P-precipitation) 

Item no. Position Unit Description 
310101D Craftsman h Inspections, cleaning pipes and tanks, 

cutting vegetation, maintaining pump 
station 

310102A Technician h  
EC1 Electricity kWh Energy demand of pump 
EC2 Mixing water m³  
n/a Al demand per y kg  
n/a Fe demand per  y kg  
n/a Annual repair and spare parts  cost % 2% of mechanical and electrical 

equipment investment costs; 0.5% of civil 
works and tank investment costs 

 

O&M cost function  

O&M costs can be described by linear functions of the daily amount of P removed, and are 
mainly influenced by the price of the precipitation agents used. Therefore 2 separate functions 
are required for Al2O3 and FeCl3 (cf. Eq. ( 59 )). 

O&M CF: =(IF z=1, (x * (23,75 - y) / 12500) * 1770.93 + 271, (x * (23,75 - y) / 12500) * 
992.41 + 269) 

( 59 ) 

Where x = PE [No.]; y = effluent concentration [mg/L] and z = kind of precipitation agent (1=Fe based / 2= 
Al based) 
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Reinvestment cost functions 

The baseplate of the P-precipitation station is expected to last for 25 y. All other items have an 
expected life time of 10 y. Thus 2 separate reinvestment CFs have been determined. 
Reinvestment CF 1 calculates costs of all items lasting for 10 y (cf. ( 60 )). This CF has the 
same characteristics as the investment CF described above (cf. Eq. ( 58 )). Reinvestment CF 2 
is calculated by subtracting reinvestment 1 costs from the initial investment costs (cf. Eq. ( 61 )). 

Reinvestment 1 CF: =IF(z=1, IF(x*(23,75 – y / 12500 <10, (x * (23,75 - y) / 12500) * 121.69 + 
801, LN(x* (23,75 - y) / 12500) * 1978.12 - 2506), 

IF(x*(23,75 – y / 12500 <10, (x * (23,75 - y) / 12500) * 101.51 + 794,  
LN(x* (23,75 - y) / 12500) * 1471.69 - 1684)) 

( 60 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 61 ) 

Where x = PE [No.]; y = effluent concentration [mg/L] and z = kind of precipitation agent (1=Fe based / 2= 
Al based) 

 

5.2.15.7 Country specific assessment 

The design assumptions used in the SPT are acceptable for BF, ETH and KEN without any 
additional comments. KEN remarks, that this technology is not available in Kenya. MOR did not 
give any comments.  

RSA provides a BOQ of a P-precipitation station at a WWTP with a flow rate of 15,000 m³/d. 
Based on the assumptions taken in the SPT this flow rate would be equivalent to 185,000 PE. 
For the SPT BOQs for P-precipitation stations have only been calculated up to 50,000 PE.  

The investment costs for the P-precipitation station provided by RSA are 71,268 €. This is much 
higher than the costs projected for a plant of similar size based on the SPT assumptions, which 
would be about 30,000 € for a plant of 200,000 PE.  

Of the 71,268 € about 25,000 € are spent on civil works. No details are provided, but most of 
this position is probably required for constructing a concrete storage tank. The rest (~46,300 €) 
is spent on electro-mechanical works, of which a main part of 39,400 € is spent on pumping 
equipment. These high costs are not fully comprehensible if compared to the prices of dosing 
pumps e.g. manufactured by Grundfos, which are available at prices of max. 7,000 € (incl. 
control panel), but most dosing pumps cost less than 2,000 €.  

Maybe the set up in the RSA example is a fully automated, highly mechanised one, whereas in 
the SPT design simplicity is preferred, and a higher labour demand accepted, because of 
generally low wage levels in the regions considered in the SPT.     

 

5.2.16 Technology 6-16 Mechanical sludge dewatering (Belt filter press) 

5.2.16.1 Technology description 

The belt filter press is a technology for continuous mechanical sludge dewatering. It is applied at 
medium to big treatment plants. The dewatering process can achieve a cake with total solids 
(TS) content of about 22%. If unstabilised sludge is used as input, the cake has to be further 
processed before disposal / reuse. 

5.2.16.2 Input parameters 
(1) Volume of sludge [m3/d] 
(2) Water content sludge [%] 
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(3) Sludge origin [drop down menu] (3 options: unstabilised sludge / aerobically stabilised 
sludge / anaerobically stabilised sludge) 

5.2.16.3 Design assumptions 
 The belt filter press setup consists of these components: polymer mixing unit, belt filter 

press, flush water pump, compressor, polymer dosing station, electronic control station 
and an effluent recirculation pump 

 8 h daily operation time 
 The dimensions of the machine are determined by the sludge flow only, not by TS 

content 
 TS content of the filter cake: 22%  

5.2.16.4 Design  

The belt filter press is installed on a baseplate and placed on 4 columns (cf. Figure 21). 
Underneath the machine a capture and a connected effluent pipe for the filtrate and washing 
water has to be constructed. This filtrate has to be returned to the main treatment stage, thus a 
pumping station (technology 5-3 within the SPT) will be required following the belt filter press. 
The belt filter press and all related equipment will be installed by the supplier company and the 
costs are already included in the overall machinery cost, therefore further design details are not 
relevant and have not been considered in the BOQs.  

The Belt filter press has to be installed indoors. Costs for a roof structure are not included. If no 
building is available on site additional costs have to be considered. Space required: 8 x 4.3 m – 
8 x 6.3 m (size dependent). Estimated costs for roof structure: 3,000 € (Morocco: 5,000 €). 

Assuming an output TS content of 22% the volume of cake produced can be estimated by the 
following calculation: cake volume [m³] =  sludge volume [m³] * TS content of sludge [%] / 22. 

5.2.16.5 Dimensioning 

The dimension of the belt filter press is determined according to the daily volume of sludge to be 
treated. The higher the daily sludge throughput, the wider the belt of the presses has to be. The 
prices of 5 different models for 5 different sludge throughput rates have been used to develop 
the cost functions (cf. Table 96). The daily throughput range of these belt filter presses is 
between 36 and 170 m³/d, thus the CF will be valid for about 30–175 m³/d. 

The TS content of the sludge can be up to 6%. As long as the TS is below this level it does not 
influence the size of the press, thus investment costs are not influenced by TS content or sludge 
type.  

Table 96: Design sizes for which BOQs were developed (belt filter press) 

Daily treated sludge volume [m³/d] 36 69 85 118 170 

 

5.2.16.6 Cost Functions 

General 

The cost functions for belt filter presses are calculated based on the costs of 5 different design 
sizes (cf. Table 96). The price data of 3 belt filters presses (69, 85 and 170 m³/d) are provided 
by Klein Technical Solutions (2013) from Germany and the data of 2 other models are adopted 
from US-EPA (2000). These positions of mechanical and electrical equipment and related 
installation and transport costs are listed in Table 99. 
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Based on the dimensions and requirements of these models the related civil works and pipe 
works were calculated in the BOQs. The positions are listed in Table 97 and Table 98, 
respectively.  

Table 97: Positions of civil works (belt filter press) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace Topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³ shallow exc. for base plate 
030708B Blinding layer >10cm m³ underneath base plate 
110402B Column C20/25 <0,05 m² m³ support pillars for machine 
110302A Slab C20/25 <30cm m³ base plate 
111902A Ribbed steel <10mm kg  
111611G Doublesided formwork class 1 for walls 0-3,2m m² for columns and base plate 

 
Table 98: Positions of pipe works (belt filter press) 

Item no. Position Unit Description 
201001C UPVC sewer pipes DN/OD 160 m³ filtrate removal pipe 
210401F UPVC water supply pipes PN10 DN/OD 160 m² sludge inflow pipe 
n/a Surcharge for fittings PVC DN 160 pcs price estimate: 20 € 
210504F PE Water supply pipes PN6 DN/OD 63 m water supply pipe 
210510A Surcharge for PE fittings DN 60 pcs price estimate: 20 € 
Item41 Sludge storage container pcs  

 
Table 99: Positions of mechanical and electrical equipment (belt filter press) 

Item no. Position Unit Description 
n/a Polymer mixing unit pcs Price estimation: 2,100 € 
n/a Belt filter press pcs Price estimation: 47,150–119,170 € (size dependent) 
n/a Flush water pump pcs Price estimation: 1,500 € 
n/a Compressor pcs Price estimation: 1,100 € 
n/a Polymer station pcs Price estimation: 10,200–11,900 € (size dependent) 
n/a Electrical control station pcs Price estimation: 16,800 € 
n/a Installation costs - Price estimation (including travel costs of installation 

team): 10,500 €  
n/a Transport costs % 10% of mechanical and electrical equipment 

investment cost 

 

Investment cost function 

The investment CF of the belt filter press is based on the costs calculated using BOQs for 5 
units of different daily sludge throughput. TS content of the sludge does not influence unit size 
and thus investment costs are only dependent on the daily sludge volume. The costs are best 
described by a power function (cf. Eq. ( 62 ) and Figure 57). 
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Investment CF: =x^0.378 * 28667 ( 62 ) 

Where x = daily sludge volume [m³ / d] 

 

 
Figure 57: Investment costs for a belt filter press and the derived investment CF for Kenya. 

 

Operation and maintenance costs 

The O&M costs of a belt filter press consist of labour costs, electricity costs, polymer 
consumption, water consumption and repair costs (cf. Table 100).  

Labour requirements for a belt filter press include inspection, cleaning and maintenance. The 
time required for these tasks is assumed to be 1 h/d for all design sizes, and it will be done by a 
skilled worker of the wage category “craftsman”. 

Electricity demand of the belt filter press and related pumps is estimated based on data 
provided by Klein Technologies (2013) and is a linear function of the daily sludge throughput. 
Water demand for belt washing is estimated based on values provided by Klein Technologies 
(2013) and based on the assumption that per m belt width 1.5 L/s are consumed during 
operation (Von Sperling and de Lemos Chernicharo, 2005).  

Annual repair and spare parts costs are assumed to be 1.5% of the initial mechanical and 
electrical equipment cost and 0.5% of the investment costs for civil works 

Conditioner consumption is determined by the sludge type. These assumptions are made:  

 3 kg of polymer / t TS of anaerobically digested  primary + activated sludge 
 4 kg of polymer / t TS of raw primary + activated sludge 
 5 kg of polymer / t TS of aerobically stabilised primary + activated sludge 

The water demand for polymer mixing is related to the conditioner consumption. A 0.1% 
concentration of the polymer solution is desired, thus per t of polymer 1,000 m³ of water are 
required. 
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Table 100: Positions of O&M costs (belt filter press) 

Item no. Position Unit Description 
310102C Craftsman h  
EC1 Electricity kWh  
EC2 Water demand m³ washing water for filter belt and mixing water 

for polymers 
n/a Polymer consumption t Price estimate: 1,500 €/t 
n/a Annual repair and spare parts cost % percentage of inv. Cost: 0.5% of civil works 

cost; 1.5% of mechanical & electrical 
components cost 

 

Operation and maintenance cost function 

The O&M CF consists of three parts. The first one incorporates all positions that are dependent 
on the sludge volume. These are labour-, repair-, washing water- and electricity costs of the belt 
filter press. These positions can be expressed by a power function dependent on the daily 
sludge volume.  

The second and third part of the O&M function contain the costs related to the polymer 
consumption, which are dependent on the sludge type and TS content. These are the positions 
polymer demand and water demand for polymer mixing. Both are expressed by linear functions 
of TS content. The input parameter “sludge type” allows the selection of 3 different sludge types 
with typical polymer consumption rates (values presented above). This is implemented in the 
O&M CF by using an IF-function. For these functions a polymer price of 1,500 €/t and a water 
price of 0.1 €/m³ are assumed.  

 O&M CF: =x^0.514 * 862.66  
+ (x * y * 10 / 1000 * 365 * IF(z=2, 3,  IF(z=1, 5, 4)) / 1000) *1500  

+ (x * y * 10 / 1000 * 365 * IF(z=2, 3, IF(z=1, 5, 4))) * 0.1 

( 63 ) 

Where x = daily volume of sludge [m³/d];  y = total solids content [%] and z = sludge type [0=unstabilised, 
1=aerobically stabilised, 2=anaerobically stabilised] 

 

Reinvestment cost functions 

For the civil works a life expectancy of 25 years is assumed. The mechanical and electrical 
equipment related to the belt filter press is expected to last for 20 years. Thus two separate CF 
for reinvestment costs are required. Reinvestment CF 1 calculates the costs of the mechanical 
and electrical components (cf. Eq. ( 64 )). It is expressed by a power function, and since 
reinvestment CF 1 includes the major cost components of the technology it has a similar shape 
as the investment CF. A second CF (reinvestment CF 2) for all civil works is calculated by 
subtracting the equipment costs from the total investment costs (cf. Eq. ( 65 )).  

Reinvestment 1 CF: =x^0.387 * 26462.23 ( 64 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 65 ) 

Where x = daily sludge volume [m³ / d] 

 

5.2.16.7 Country specific assessment and cost comparison 

According to the country specific assessment, the design assumptions used in the SPT are 
acceptable for BF, ETH and KEN. RSA did not provide any information. MOR provided literature 
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values of different dewatering technologies. These values are mainly in line with the 
assumptions made for the SPT calculation, only a value of achievable TS content in the filter 
cake of 14–17% given by MOR is lower than the value of 22% that is assumed in the SPT. 

Both investment and O&M costs (see Figure 58 and Figure 59, respectively) for belt filter 
presses estimated based on the BOQ are significantly higher than the values calculated using a 
cost function developed by ECOWAS (2003). But the values used in the BOQs are based on 
information directly provided by a supplier company, so they should be reliable.  

 
Figure 58: Comparison of investment costs calculated by the BOQs with literature values (belt filter press) 

 

 
Figure 59: Comparison of O&M costs calculated by the BOQs with literature values (belt filter press) 

 

5.2.17 Technology 6-17 Sludge thickener 

5.2.17.1 Technology description 

A sludge thickener is used for pre-dewatering of mainly secondary sludge coming from an 
activated sludge plant (SBR) by reducing water content of the sludge. Primary aim of reducing 
the water content is to operate further sludge dewatering (e.g. belt filter press, sludge drying 
reed bed) in a feasible and economical way. 

The supernatant water has to be treated in an appropriate treatment plant (i.e. usually recycled 
to the main treatment unit). 

The thickened sludge has to be further treated by a subsequent dewatering stage. 

5.2.17.2 Input parameters 
(1) Volume of sludge [m³/d] 
(2) Sludge type [drop down menu] (options planned: SBR - nitrification / SBR - denitrification 

/ SBR - extended aeration / SBR - ext. aeration + P removal) 
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5.2.17.3 Design assumptions 
 Design assumptions depending on sludge type - due to lack of data on thickening 

properties of SBR sludge the same values are chosen for all sludge types:  
- TS content [%]: 1.07 
- Surface load [kgTS/m²/d]: 50 
- Max. overflow rate [m/h]: 1.5 
- Achievable effluent TS content [%]: 4 

 Circular reinforced concrete tank equipped with agitator and sludge scraper 
 The sludge thickener is operated continuously 
• Sludge retention time in consolidation zone: 1.5 d 
 Maximum flow rate equivalent to a daily loading time of 3 h 

5.2.17.4 Design 

The gravity thickener design considered in the SPT consists of a circular settling tank with an 
agitator system including sludge scrapers at the bottom and vertical stirring bars (cf. Figure 22). 
A bridge constructed of steel beams spans across the tank and at its centre the agitator is 
mounted. For access steel gratings, an access ladder and handrails are installed. The tank is 
constructed partly above ground level, thus hydraulic pressure at the bottom of the tank is 
sufficient for sludge removal. 
The thickener is operated continuously, thus the inflow should be fairly stable. If operated in 
combination with an SBR plant a buffer tank is required upstream of the thickener with a storage 
capacity equal to the volume withdrawn per cycle and a related pump flow rate (cf. Eq. ( 66 ) 
and ( 67 )). 

Vbuffer [m³]  = sludge production [m³/d] / cycles per day / nr of reactors ( 66 ) 

Qpump [l/s]  = Vbuffer [m³] / (24 / cycles per day / nr of reactors) / 3.6 ( 67 ) 

 
No conditioner input is considered because the thickening properties of mixed sludge are 
favourable for achieving a sufficient TS content of up to 6%. Conditioning is usually applied for 
waste activated sludge, which has less favourable thickening properties.  

5.2.17.5 Dimensioning 

The gravity thickener design used for the SPT is dimensioned based on the German norm 
DWA-M 381 (DWA, 2007). The unit size is determined by the required surface area which has 
to be chosen according to the TS load and the hydraulic surface load. Permissible loads depend 
on the sludge type, thus for different sludge types different CF would have to be derived. Within 
the SPT a thickener will most likely be applied in combination with an SBR plant. The relevant 
sludge type when compared to Table 6 is mixed sludge of primary and waste activated sludge, 
because in an SBR plant no separate primary treatment unit exists. No information could be 
found on the thickening properties of SBR sludges. Therefore no specific values can be 
provided for the thickening properties of sludge depending on the treatment regimes in an SBR 
plant (like nitrification, denitrification, extended aeration and the influence of P-precipitation. 
Thus the same default values have been used for all options (see 5.2.17.3). 

For a specific sludge type – where loading rates stay the same – the cost development is a 
function of the daily sludge volume to be treated. 7 BOQs were calculated for different design 
sizes up to a maximum throughput of 1,000 m³/d (cf. Table 101).  

Table 101: Design sizes for which BOQs have been developed (sludge thickener) 

Sludge volume [m³/d] 20 30 60 140 250 550 1,000 
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5.2.17.6 Cost functions 

General 

The CFs are dependent on the daily sludge volume and are calculated based on BOQs of 7 
different design sizes presented in Table 101. The investment costs consist of expenses for 
preparatory works and earthworks (Table 102), construction works (Table 103) and pipeworks 
and specific equipment (Table 104) listed in the BOQ. 

If specific values for the thickening properties can be allocated to the different SBR-sludge 
types, this input parameter can be included in the CFs by using additional IF-functions. For now 
no detailed data are available, thus the CFs are rather simple and stay the same independent of 
the sludge type chosen. For the sludge properties general assumptions were made (cf. section 
5.2.17.3). 

Table 102: Positions of preparatory works and earthworks (sludge thickener) 

Item no. Position Unit Description 
020201A Clearing area m²  
030201A Remove topsoil m³  
030206A Replace topsoil m³  
030211B Recultivate topsoil m²  
030331A Pit excavation with sloping sides m³  
030705A Backfilling and covering of concrete walls m³  
030708B Blinding layer >10cm m³  

 
Table 103: Positions of construction works (sludge thickener) 

Item no. Position Unit Description 
110302A Slab C20/25 up to 30 cm m³ foundation for sludge hopper and wall 
110303D Slab C20/25 cone shaped m³ baseplate 
110402B Wall 20-30cm C20/25 m³ sidewall 
111611H Doublesided formwork class 1 for walls 0-

5,0m 
m²  

111613B Surcharge for arch-shaped formwork, 
radius 3-10m 

m²  

110401B Wall 12-20cm C25/30 m³  
111902A Ribbed steel <10mm kg  
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Table 104: Positions for pipeworks and additional equipment (sludge thickener) 

Item no. Position Unit Description 
201001D UPVC sewer pipes DN/OD 160 m inlet pipe, sludge withdrawal pipe 
214002J Flanged valve, short, cast iron, PN 16, DN150 m sludge withdrawal valve 
n/a UPVC fittings DN 160 pcs Price estimate: 20 € 
232101A Aluminium ladder m Price estimate: 20 €/m 
n/a Steel beams (20x10 cm) (23kg/m) m Price estimate: 230 € / m (10 €/kg)  
n/a Steel beams (16x8.2 cm) (16.2 kg/m) m Price estimate: 162 € / m (10 €/kg) 
n/a Steel grating m² Price estimate: 110 € / m² 
n/a Steel handrail m Price estimate: 100 € / m 
 n/a Stainless steel sheets min. 2mm 1.4301 (AISI 

304) 
m² Price estimate: 55 € / m² (based on 

prices of an Austrian supplier) 
 n/a Slow-acting agitator unit pcs Price estimate based on values 

provided by KD group (2013) (price 
range 13,000–28,000 €, size 
dependent) 

n/a Transport cost % Costs for importing agitator unit 
assumed  to be 10% of investment 
cost 

 

Investment cost function 

According to the unit size 2 different functions are used to describe the relation of investment 
costs dependent on the daily sludge volume. For both small units (< 140 m³/d) and bigger units 
(≥ 140 m³/d) each a different power function is used (cf. Eq. ( 68 ) and Figure 60).  

Investment CF: =IF(x<140, x^0.304 * 9841.39, x^0.469 * 4415.73) ( 68 ) 

Where x = daily sludge volume [m³/d] 

 

 
Figure 60: Investment costs for gravity thickeners depending on the daily sludge volume treated and the 

derived investment CFs for Kenya 
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Operation and maintenance costs 

O&M costs include labour cost, electricity demand and repair- and spare parts costs (cf. Table 
105).  

The time requirement for operation and maintenance was estimated based on values provided 
by US-EPA (2003), which were expressed as a function of the surface area. 

For estimating the electricity cost of the agitator, 2 different empirical calculation methods are 
presented by Leschber and Loll (1996). To estimate the installed power they provide values of 
0.6–1.4 W per m³ of tank volume and 50–100 W per m agitator length. The actual power 
demand is in the range of 50–80% of the installed power. For the estimation of the electricity 
demand in the SPT an average of the 2 methods was chosen. The installed power is calculated 
as an average of 1 W/m³ reactor volume and 75 W/m agitator length. Then the actual energy 
consumption is assumed to be 65% of the estimated installed power.  

Repair and spare parts costs are assumed to be 2% of investment cost in case of the 
mechanical and electrical equipment and 0.5% of investment costs for civil works. 

Table 105: Positions of O&M costs (sludge thickener) 

Item no. Position Unit Description 
310101B Foreman h  
EC1 Electricity kWh Power demand agitator 
n/a Annual repair and spare parts cost % 0.5% of civil works investment costs 

and 2% of mechanical and electrical 
equipment 

 

O&M cost function  

The O&M CF is based on the cost estimates for 7 different design sizes (cf. Table 101). The 
O&M costs are calculated by a linear function dependent on the daily sludge volume (cf. Eq. ( 
69 )).  

O&M CF: =x * 1.83 + 1502 ( 69 ) 

Where x = daily sludge volume [m³/d] 

 

Reinvestment cost functions 

Life time of pipes, the agitator, the steel bridge and the steel gratings and steps is assumed to 
be 15 y. These costs are calculated by reinvestment 1 CF (cf. Eq. ( 70 )). The reinvestment 1 
CF can be expressed by a power function dependent on the daily sludge volume. The civil 
works are expected to have a life time of 25 years and their reinvestment costs are considered 
by reinvestment CF 2, which is calculated by subtracting reinvestment 1 costs from the initial 
investment costs (cf. Eq. ( 71 )). 

Reinvestment 1 CF: = x^0.231 * 8634.65 ( 70 ) 

Reinvestment 2 CF: = Investment costs – Reinvestment 1 costs ( 71 ) 

Where x = daily sludge volume [m³/d] 

5.2.17.7 Country specific assessment 

Since this technology was only included in the list of technologies at a later point of time, the 
partners could not provide any feedback on the design assumptions. Figure 61 shows a 
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comparison of the investment costs for sludge thickeners calculated based on the BOQs and 
cost data given by US-EPA (2003). The values given by US-EPA are much higher than those 
calculated using the SPT assumptions. It is, however, difficult to assess the reliability of the 
assumptions by comparison with only one dataset.  

 
Figure 61: Comparison of investment costs calculated by the BOQs with values given by US-EPA (2003) 

for sludge thickeners 
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6. Discussion 

6.1 Cost functions 

The intended application of the SPT is at the very beginning of a planning process, at a stage 
where little data is available for the planner. The SPT thus has to be able to operate with few 
and very general input variables. Under these preconditions it is obvious that the cost 
calculations are no more than a rough estimate of the real costs at a specific location. The cost 
functions of the various technologies that are used by the SPT have their own limitations. The 
limitations of the cost functions which have been developed within this thesis are being 
discussed in the following section. 

 

6.1.1 Standard design 
All BOQs and consequently all cost functions presented in this thesis except the one for P-
precipitation are based on a standard design. This is a unit design, which is then scaled 
according to the unit size to generate multiple BOQs for a technology. The advantage of this 
method is, that is allows to generate a detailed list of all items required for construction. Thus 
changes of certain unit prices can easily be adjusted in the SPT, by just changing the values in 
a database. Also—due to the related design drawing—this makes the cost calculations more 
transparent, as every single cost position can be traced back.  

The standard designs have been developed based on design- and dimensioning 
recommendations which are collated from design standards, books and few real life projects. 
Often conflicting values are provided by different sources, and sometimes it is not clear where 
these differences come from. In some cases this left a lot of space to come up with own 
interpretations and decisions. If possible it was attempted to back such decisions by using 
multiple literature sources, or by consulting more experienced planners. In other cases average 
values were taken.  

A further inaccuracy is that when scaling the standard design to multiple unit sizes no static 
dimensioning was conducted, but the required wall and slab thicknesses were roughly 
estimated. But such errors can be tolerated, because the task cannot be compared to that of a 
planner who has to design a building on a specific place in a way that it does not collapse. 
Rather the “standard design” shall give a rough estimation of dimensions and costs and there is 
always a margin of error included, because there are deviations to the real conditions.  

 

6.1.2 Input parameters 
To make the SPT as user friendly as possible one aspect is the choice of simple input 
parameters that are already known or easily determined by a planner in a very early planning 
stage.  

In case of wastewater treatment the most commonly used input parameter, which also fulfils the 
criterion of being fairly easy to determine is the number of users a plant shall be designed for. 
Here the number of users is set equal to “person equivalent” - PE, and this unit can be used as 
an input parameter for the software. A PE unit defines a certain amount of water with specific 
loads of nutrients. It can be expected that the nutrient amount stays fairly stable per person as 
long as only domestic wastewater is considered. But the volume of wastewater produced per 
user varies a lot between different regions, or sometimes even different neighbourhoods. These 
variations could not be considered by the cost functions developed in the BOQ, because this 
would make the CF too complicated. For most wastewater treatment technologies the organic 
loading rate and nutrient load is the design parameter, thus a change of the flow rate only has a 
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minor influence on the treatment dynamics. But pre-treatment stages such as settlers and 
screens are dimensioned according to the flow rate. For these technologies an adjustment 
should be made if the average wastewater volume per user is significantly different than the 80 
L/d that are assumed by the SPT. Thus it is up to the users of the software to adjust their input 
values of PE accordingly—e.g. if the flow is only 40 L/PE they may reduce the entry value of 
“number of PE” to half of the actual users. If whole regions differ from the standard PE values, it 
could also be considered, to create a specific set of cost functions using these regional values 
in their design assumptions. 

 

6.1.3 Unit prices 
Concerning unit prices that are used in the SPT calculations two different problems have 
occurred.  

One problem encountered when developing the cost functions is the lack of data of more 
sophisticated technologies where equipment is supplied by specialised companies. It was 
difficult to obtain reliable cost data from existing plants or prices of components. Hardly any 
construction companies or suppliers of equipment were willing to share their price- and cost 
data. This results in some technologies (belt filter press, sludge thickener, P-precipitation) being 
based on very few data-points only.  

Another issue is that prices provided by the local partners vary widely. For some factors, such 
as labour costs this is obvious, but other prices may require further verification. Figure 62 
serves as an example to visualise the differences of price levels between 2 regions. Both 
figures show the share of different cost items as percentage of the total investment costs of 
septic tanks. Using the Kenyan prices the construction costs are the main cost driver of septic 
tank investment. But if the same BOQ is linked with South African unit prices earthworks costs 
are almost equally as high as construction costs for big unit sizes, and even exceed the 
construction costs at small size plants.  

Figure 62: Composition of total investment costs of septic tanks by cost groups in %, depending on the 
design size in South Africa (left) Kenya (right). 

 

6.1.4 Life span and reinvestment costs 
Differences in the assumed lifetime can have a very strong effect on the life cycle costs of a 
project. Currently the life span of various technologies and technology components is based on 
literature sources only. No practical experiences have been considered yet. For example for 
civil works generally a lifetime of 25 y has been chosen. In literature a variety of values ranging 
from 20 up to 50 y can be found. The actual life time of a building is highly dependent on the 
quality of the initial construction, which again depends on the experience of the planners and 
construction companies in building certain technologies. Therefore differences will exist 
between different countries, but it was beyond the scope of this thesis to evaluate them in detail. 
Thus life-time values as they are now should be considered as a first general suggestion, but 
should be reviewed again by someone with a better knowledge of the local situation in the 
various countries.  
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6.1.5 Cost of land 
The costs of buying or renting land should be somehow included in the CF. It is so far not being 
considered. This is especially relevant for technologies in the waste treatment sector, because 
some technologies such as WSP or CWs have a high space requirement. Often the cost of land 
is an important criterion when a choice has to be made between extensive technologies, which 
are usually low in O&M costs and compact technical solutions that are more expensive to 
construct and operate. These differences can be considered by planners by manually 
increasing the investment costs of certain technologies in the SPT. 

 

6.1.6 Cost function validation 
In the sub-chapters on “Country specific assessment and cost comparison” a first attempt was 
made to assess the assumptions made and the resulting CFs in terms of their applicability to 
the real world. By comparing the initial design assumptions with the comments made by the 
local partners it was possible to further refine the standard designs. In some cases—such as 
technology 6-11 “Struvite production”, where the RSA design assumptions for the struvite 
reactor have been adopted—the design assumptions for crucial components were derived from 
this feedback.  

Additionally the cost estimates provided by the local partners have been used—as well as other 
literature sources—for a first critical review of the CFs. Due to lack of data this was not possible 
for all technologies, but for most of them. The results of this comparison show a similar picture 
in almost all of the cases—that there is a very high variation among the existing cost estimates, 
concerning both investment and O&M costs. Some typical patterns such as influences of wage 
levels and climate conditions on the costs could be determined. But generally the database 
used for this cost comparison was too small to derive any cogent conclusions. Only in two 
cases the cost comparison gave some indication that the CF may not provide realistic cost 
estimates—the CFs of the CW technologies seem to overestimate the real investment costs, 
whereas the CF of the UASB technology seems to underestimate the actual investment costs.  

 

6.2 CLARA simplified planning tool 

A comparison of existing planning tools for cost estimation reveals that there is currently no 
planning tool available that allows for straightforward unbiased cost estimation of integrated 
water supply and wastewater systems. The CLARA simplified planning tool (SPT) aims to fill 
this gap. It is currently being developed, and it remains to be seen whether it can live up to the 
high expectations. In the ongoing development process following issues may be vital relevant.    

 

6.2.1 Combination of technologies 
Many technologies in the waste treatment sector have to deal with input values, which are 
outputs of earlier subsystems. Currently the user of the SPT has to calculate these treatment 
streams on his/her own in order to obtain input data (such as sludge volumes) for the 
subsequent technology. This reduces the user-friendliness of the software significantly. Thus it 
would be desirable to combine certain technologies to a “treatment stream”, where certain 
features can be activated by a tick box only, because the output values of one technology are 
automatically used as inputs for another technology by the software. E.g. the technology 
“sludge thickener” could be linked with technologies such as “sludge drying reed bed” or “belt 
filter press”, and only activated by a tick box, because they both have the same input value (m³ 
sludge/d). Similar features are available in the FEASIBLE software (cf. chapter 3.1). With these 
simplifications and the gains in usability there will always be some loss of flexibility and 



Discussion 

Page 142  Clemens GRIESAUER  Page 142 

precision. For example less conventional technology combinations will not be available. But 
having in mind that the CLARA tool shall be used for comparing alternatives on the scale of a 
whole water supply, sanitation and possibly also reuse system, the influence of one treatment 
step will probably be quite small. Thus it might be sufficient to determine technology 
combinations based on the desired treatment level, rather than on the specific technologies to 
be implemented, and estimate the costs for such combinations of technologies.  

A first step of simplification could be achieved by removing redundant technologies. This will 
require further testing and comparing technologies with similar outputs in different scenarios. 
One example is a comparison of the investment costs of VFCWs and HFCWs, as calculated 
based on the BOQs (see Figure 63). This comparison shows that the investment costs per m² 
for large units are lower for VFCWs compared to HFCWs with pumps and at about the same 
level as HFCWs without pump loading. Only for units up to 1,000 m² HFCWs without pump are 
the slightly cheaper option, whereas HFCW with pump are more expensive for most unit sizes. 
The reason for this surprising result is, that for VFCWs a higher area per bed of max. 400 m² 
has been assumed, while for HFCWs it is only 225 m². Thus in case of VFCWs fewer beds are 
required for a given area and the related piping and pump costs are lower. Given that a better 
treatment performance can be expected from VFCWs with the same surface area in terms of C 
and N removal, VFCWs seem to be the preferable option for most situations. However, this 
result may also indicate that the cost calculations of HFCW overestimate the actual prices, as 
already mentioned in 5.2.7.7. But if the HFCW costs are verified and they do not differ 
significantly from VFCWs it may be worth considering a removal of the technology with the 
lower treatment efficiency from the SPT. For a final decisions concerning removal of certain 
technologies more practical experience from using the SPT will be helpful. Using the software 
technologies can be compared over a longer period of time, thus also considering O&M costs, 
investment costs and inflation rates.  

 
Figure 63: Comparison of investment costs per m² bed area between VFCWs and HFCWs (Kenyan 

prices) 

 

6.2.2 Additional technologies 
The intention for the initial version of the SPT was to allow a comparison of different system 
types. In the area of waste treatment the aim was to create treatment streams for these different 
options. For the current SPT version it was therefore a priority to have all technologies included 
that are required for certain systems. These systems are dry sanitation, nature oriented sewer-
based treatment systems and high-tech sewer-based treatment systems. Within these systems 
a broad range of different technologies is available, but for now only for a selection cost 
functions have been developed, so that a treatment stream can function. Planners may want to 

50,00

70,00

90,00

110,00

130,00

150,00

170,00

190,00

0 500 1.000 1.500 2.000 2.500 3.000

In
ve

st
m

e
n

t 
co

st
s 

p
e

r 
m

² 
to

ta
l a

re
a 

[€
/m

²]
 

Total bed area [m²] 

VFCW

HFCW -
without
pumps

HFCW -
with
pumps



 Discussion 

Clemens GRIESAUER  Page 143 Page 143 

include other technologies. Thus a broader range of technologies could be included in the long 
term.  

For now the project partners have already voiced their desire for following waste treatment 
technologies to be considered:   

Rotating biological contactor (RBC): This technology had initially been considered for the 
SPT, as a technical treatment step for carbon removal. But then the development of a cost 
function has been left aside due to difficulties obtaining data. RBC is a modular system, which is 
usually supplied by specialised companies. Without the willingness of any supplier to provide 
cost data, the development of a realistic cost function was not possible. 

Advanced integrated ponds (AIP): These pond systems are suggested by RSA as an 
alternative to waste stabilisation ponds. A brief description is provided in Table 86.  

Mechanically assisted solar sludge drying: Also suggested by RSA this process treats 
mechanically dewatered sludge in order to be composted without additional bulking material. 

 

Additionally following disposal technologies should be included: 

Landfilling: For now agricultural reuse is the only technology available within the SPT for 
disposal of biosolids. Of course this is the most desirable scenario, however there may be 
situations where this is not possible and disposal at a landfill is the only available option. 

Infiltration pits: In the context of decentralised septic tanks the construction of soak pits was 
mentioned by both ETH and KEN. Depending on the local regulations this could be an 
additional disposal technology for effluent of decentralised WWTPs.   

 

Further technologies could be: 

Trickling filter: Trickling filters can be a considered for technical carbon removal. 

Sludge digester: For treatment of activated sludge a digester may be used. At large scale 
plants this technology furthermore has a potential for biogas production. 

Mechanically cleaned screen: In analogy to the RBC no price information could be obtained 
for mechanical cleaning units for screens. This technology would be relevant for large scale 
treatment plants in areas with high labour costs or especially in case combined sewerage is 
included in the SPT. 

Grit removal: Would be required as a pretreatment unit following the screen if combined 
sewerage would be included in the SPT. 

 

Adding further technologies might increase the flexibility of the user. At the same time this 
increased complexity might reduce usability. And considering a long planning horizon the 
inaccuracy increases naturally, thus the differences between very similar technologies might not 
be significant anyway. Thus a balance will have to be found between spending more work on 
the development of new technologies, improving existing technologies and combining 
technologies to more user-friendly combinations of technologies. First experiences of applying 
the SPT in the field will help to guide this decision.  

 

6.2.3 Creating a database 
Because the reliability of the assumptions made is a key factor, future success of the SPT will 
depend on ongoing updates of the software. Ideally this would be based on a growing database 
comprising cost data, BOQs and technical drawings. Without the whole set of data being 
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available for those updating and using the software, it is not possible to assess reliability of the 
data or determine differences between designs.  
The difficulties of obtaining reliable data of project costs are partly to be blamed on an economic 
environment that is based on competition, where secrecy and restricted access to knowledge is 
a competitive advantage. Requiring publicly funded projects to openly publish their data could 
counteract this tendency and contribute to cost transparency, which in turn would improve the 
basis for decision making. First steps in this direction have already been made by the 
International Aid Transparency Initiative, by publishing a standard form to facilitate the sharing 
of financial project data (Fonseca et al., 2011). While this remains without the realm of the 
CLARA project, the creation of a project related database, where project partners and SPT 
users can contribute their data in a standardised form, could be an option. Cooperation with the 
WASHCost initiative may also be fruitful to this effect. 
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7. Summary and conclusions 

The main task of this thesis was to develop cost functions for waste treatment technologies that 
can be incorporated in the CLARA Simplified Planning Tool.  

Therefore following steps had to be taken for each technology considered: 

1. Create a standard design based on a design drawing and provide a short technology 
description. 

2. Determine different design sizes and dimension the units accordingly. 
3. Provide a bill of quantities (BOQ) for each design size and multiply the quantities with 

the country specific unit price of each position in order to get the O&M costs for a 
specific country. 

4. Determine O&M costs for each design size and multiply the quantities with the country 
specific unit price of each position in order to get the investment costs for a specific 
county. 

5. Determine reinvestment intervals for technology components and the related costs for 
each design size. 

6. Define input parameters for the cost function. 
7. Develop investment, O&M and reinvestment CFs based on the input parameters. 

Following this methodology cost functions for the following technologies have been realized: 

6-1 Septic tank  
6-2 Imhoff tank 
6-3 Screen  
6-4 Buffer tank 
6-5 Sequencing batch reactor (SBR) 
6-6 Anaerobic baffled reactor (ABR) 
6-7 Horizontal flow constructed wetland (HFCW) 
6-8 Vertical flow constructed wetland (VFCW) 
6-9 Sludge drying reed bed 
6-10 Urine storage 
6-11 Struvite production 
6-12 Composting 
6-13 Waste stabilisation pond system (WSP) 
6-14 Upflow anaerobic sludge blanket reactor (UASB) 
6-15 Phosphorous-Precipitation 
6-16 Mechanical sludge dewatering (belt filter press) 
6-17 Sludge thickener 

Finally the costs calculated by these cost functions have been compared with cost data that 
were provided by project partners and found in literature, to assess their applicability to the real 
world.   

From the work conducted in this thesis following conclusions can be drawn: 

 The BOQs based on literature values should be supplemented with data from real 
projects in order to obtain more realistic CFs 

 Therefore a project related database could be created, where project partners and SPT 
users can contribute their data in a standardised form 

 Ongoing updating of both the database containing the local unit prices as well as the CF 
will be required 

 Addition of more technologies may be helpful to improve user acceptance, but may not 
improve accuracy, considering a long planning horizon where differences between very 
similar technologies might not be significant 

 Combining technologies can be an step towards improving usability of the software 
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 Further validation against a broader database will be required to assess the validity of 
the CFs 

 Cost of land should be included in the CFs 
 Assumptions of life time for certain materials and technology components should be 

critically reviewed, giving special attention to possible regional differences 
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9. Appendices 

The design drawings and spreadsheets with the detailed BOQs can be found on an enclosed 
compact disc. For each technology presented in the thesis, one .dwg file and one .xls file is 
available.  

 

9.1 List of figures 

Figure 1: Proportion of the population using improved sanitation in 2011, according to the 
definition of the Joint Monitoring Program for Water Supply and Sanitation (WHO and UNICEF, 
2013) .......................................................................................................................................... 1 

Figure 2: Global water supply (left) and sanitation (right) trends in urban areas by population, 
1990-2011 (WHO and UNICEF, 2013) ....................................................................................... 2 

Figure 3: Screenshot of the SPT - technology input field .......................................................... 10 

Figure 4: Screenshot of the SPT - Technology specific results ................................................. 10 

Figure 5: Screenshot of the SPT - results sheet comparing 3 different system alternatives ...... 11 

Figure 6: Cross sections of a septic tank .................................................................................. 15 

Figure 7: Cross sections of an Imhoff tank................................................................................ 16 

Figure 8: Plan view (on the left) and 2 sections of a screen ...................................................... 17 

Figure 9: Volume of screenings in m³/1000 m³ of wastewater depending on the opening size in 
mm. Data source: WEF and ASCE (1992)................................................................................ 18 

Figure 10: Plan view and a section of a buffer tank .................................................................. 19 

Figure 11: Plan view and section of a Sequencing batch reactor .............................................. 20 

Figure 12: Plan view and 2 cross sections of an anaerobic baffled reactor ............................... 20 

Figure 13: Plan view and cross section of a horizontal flow constructed wetland ...................... 21 

Figure 14: Plan view and cross sections of a vertical flow constructed wetland ........................ 23 

Figure 15: Plan view and cross section of a sludge drying reed bed ......................................... 25 

Figure 16: Plan view and cross sections of a urine storage site (40 m³ storage capacity) ......... 26 

Figure 17: Schematic diagram of a struvite reactor (Zandee and Etter, 2010; cited by Brettl, 
2013) ........................................................................................................................................ 27 

Figure 18: Plan view and 3 sections of a composting plant for 25 m³ compostable waste per d 28 

Figure 19: Plan view of a waste stabilisation pond system for 10,000 PE, with anaerobic ponds, 
facultative ponds and maturation ponds, from left to right. ........................................................ 29 

Figure 20: Plan view and cross sections of an upflow anaerobic sludge blanket reactor for 1,200 
PE ............................................................................................................................................ 30 

Figure 21: Three cross sections of a belt filter press (including a roof structure and pumping 
station) ..................................................................................................................................... 32 

Figure 22: Plan view and 2 cross sections of a sludge thickener .............................................. 33 

Figure 23: Example cost function ............................................................................................. 35 

Figure 24: Cost function development (Brettl, 2013) ................................................................. 36 

Figure 25: General design assumptions ................................................................................... 41 



Appendices 

Page 158  Clemens GRIESAUER  Page 158 

Figure 26: Comparison of septic tank construction costs for tanks with different storage time 
(price base: Kenya) .................................................................................................................. 43 

Figure 27: Investment costs for a septic tank, depending on the number of users and the 
derived investment CFs for Kenya. The function for smaller unit sizes is presented in the top 
figure, the function for bigger unit sizes in the figure below. ...................................................... 45 

Figure 28: Comparison of investment costs calculated in the BOQ with literature values and 
values provided by project partners (septic tank) ...................................................................... 47 

Figure 29: Investment costs for an Imhoff tank without cover slab, depending on the number of 
users and the derived investment CFs for Kenya ..................................................................... 50 

Figure 30: Investment costs for screens with different bar spacing, depending on the number of 
users and the derived investment CFs for Kenya. The functions for smaller unit sizes is 
presented in the top figure, the functions for bigger unit sizes in the figure below. .................... 54 

Figure 31: Jet aerator mixing selection chart in rectangular tanks, 50 Hz (Xylem, 2012) .......... 57 

Figure 32: Investment costs for a buffer tank with and without jet aerator, depending on the 
number of users and the derived investment CFs for Kenya..................................................... 59 

Figure 33: Screenshot of the calculations of SBR-equipment costs as implemented in 
MSExcel®: The second column shows the functions for equipment cost dependent on reactor 
volume ..................................................................................................................................... 63 

Figure 34: Investment costs for Sequencing batch reactors with different treatment efficiencies, 
depending on the number of users and the derived investment CFs for Kenya ........................ 65 

Figure 35: Comparison of investment costs calculated in the BOQ (for extended aeration plants) 
with literature values (SBR) ...................................................................................................... 68 

Figure 36: Comparison of annual O&M costs calculated in the BOQ (for extended aeration 
plants) with literature values (SBR)........................................................................................... 68 

Figure 37: Investment costs for anaerobic baffled reactors, depending on the number of users 
and the derived investment CFs for Kenya ............................................................................... 70 

Figure 38: Comparison of ABR investment costs according to the CLARA design and the RSA 
example BOQ ........................................................................................................................... 72 

Figure 39: Investment costs for horizontal flow constructed wetlands, depending on the total bed 
area and the derived investment CFs for Kenya. ...................................................................... 77 

Figure 40: Comparison of investment costs calculated in the BOQ (HFCW without pump 
loading) with literature values and values provided by project partners (HFCW)....................... 79 

Figure 41: Investment costs for vertical flow constructed wetlands, depending on the total bed 
area and the derived investment CFs for Kenya. A detailed view of smaller unit sizes is 
presented in the top figure, the whole range of unit sizes in the figure below. ........................... 84 

Figure 42: Comparison of filter bed investment costs between CLARA BOQs and example 
BOQs RSA ............................................................................................................................... 87 

Figure 43: Investment costs for sludge drying reed beds, depending on the total bed area and 
the derived investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the 
top figure, the whole range of unit sizes in the figure below. ..................................................... 91 

Figure 44: Investment costs for urine storage sites, depending on the storage volume and the 
derived investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top 
figure, the whole range of unit sizes in the figure below. ........................................................... 96 

Figure 45: Investment costs for struvite production, depending on the processed volume and the 
derived investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top 
figure, the whole range of unit sizes in the figure below. ......................................................... 100 



 Appendices 

Clemens GRIESAUER  Page 159 Page 159 

Figure 46: Investment costs for composting, depending on the processed volume and the 
derived investment CF for Kenya ........................................................................................... 106 

Figure 47: Comparison of investment costs calculated in the BOQ with literature values 
(composting) .......................................................................................................................... 109 

Figure 48: Comparison of O&M costs calculated in the BOQ with literature values (composting)
 ............................................................................................................................................... 110 

Figure 49: Comparison of the total pond volume of WSP systems dependent on the number of 
PE for 3 different climatic conditions with 3 different average temperatures of the coldest month
 ............................................................................................................................................... 111 

Figure 50: Investment costs for waste stabilisation ponds depending on the No. of PE and the 
derived investment CFs for Kenya. 6 different functions are used depending on temperature 
range and unit size. A detailed view of smaller unit sizes is presented in the top figure, the 
whole range of unit sizes in the figure below. ......................................................................... 113 

Figure 51: Comparison of investment costs for WSP calculated in the BOQ (for a temperature of 
15°C) with literature values for WSP and with the investment costs of advanced integrated 
ponds provided by RSA. ......................................................................................................... 116 

Figure 52: Comparison of O&M costs for WSP calculated in the BOQ (for a temperature of 
15°C) with literature values for WSP ...................................................................................... 116 

Figure 53: Investment costs for UASB reactors depending on the No. of PE and the derived 
investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top figure, 
the whole range of unit sizes in the figure below..................................................................... 119 

Figure 54: Comparison of investment costs calculated by the BOQs with literature values 
(UASB) ................................................................................................................................... 122 

Figure 55: Comparison of O&M costs calculated by the BOQs with literature values (UASB) . 122 

Figure 56: Comparison of investment costs of P-precipitation stations using FeCl3 and 
Aluminium Sulfate as precipitation agent, depending on the daily amount of P removed and the 
derived investment CFs for Kenya. A detailed view of smaller unit sizes is presented in the top 
figure, the whole range of unit sizes in the figure below. ......................................................... 125 

Figure 57: Investment costs for a belt filter press and the derived investment CF for Kenya... 130 

Figure 58: Comparison of investment costs calculated by the BOQs with literature values (belt 
filter press) ............................................................................................................................. 132 

Figure 59: Comparison of O&M costs calculated by the BOQs with literature values (belt filter 
press) ..................................................................................................................................... 132 

Figure 60: Investment costs for gravity thickeners depending on the daily sludge volume treated 
and the derived investment CFs for Kenya ............................................................................. 135 

Figure 61: Comparison of investment costs calculated by the BOQs with values given by US-
EPA (2003) for sludge thickeners ........................................................................................... 137 

Figure 62: Composition of total investment costs of septic tanks by cost groups in %, depending 
on the design size in South Africa (left) Kenya (right). ............................................................ 139 

Figure 63: Comparison of investment costs per m² bed area between VFCWs and HFCWs 
(Kenyan prices) ...................................................................................................................... 141 

  



Appendices 

Page 160  Clemens GRIESAUER  Page 160 

9.2 List of tables 

Table 1: Functional groups (bold letters) and technologies used in the draft SPT (version from 
December 2013)......................................................................................................................... 9 

Table 2: Legal requirements for wastewater discharge into watercourses (data provided by 
CLARA partners in the respective countries) ............................................................................ 12 

Table 3: Effluent concentrations and removal efficiencies of horizontal flow constructed 
wetlands with pretreatment units according to various literature sources. ................................. 13 

Table 4: Effluent concentrations and removal efficiencies of waste stabilisation pond systems 
according to various literature sources. .................................................................................... 14 

Table 5: Relationship between storage conditions, pathogen content of stored urine and 
recommendations for reuse (adapted from Johansson et al. (2001)) ........................................ 25 

Table 6: Design parameters of gravity thickeners according to different literature sources. ...... 34 

Table 7: Design sizes for which BOQs have been developed (Septic tank) .............................. 43 

Table 8: Positions of preparatory works and earthworks (Septic tank) ...................................... 43 

Table 9: Positions of construction works (Septic tank) .............................................................. 44 

Table 10: Positions of pipes and equipment (Septic tank) ........................................................ 44 

Table 11: Positions of O&M costs (Septic tank) ........................................................................ 45 

Table 12: Country-specific technology assessment in comparison with design assumptions 
(septic tank) .............................................................................................................................. 46 

Table 13: Reduction of investment costs in % for “50% below ground” and “above ground” 
construction of Imhoff tanks, compared to completely below ground construction .................... 48 

Table 14: Design sizes for which BOQs were developed (Imhoff tank) ..................................... 48 

Table 15: Positions of preparatory works and earthworks (Imhoff tank) .................................... 49 

Table 16: Positions of construction works (Imhoff tank) ............................................................ 49 

Table 17: Positions for pipeworks and additional equipment (Imhoff tank) ................................ 49 

Table 18: Positions of O&M costs (Imhoff tank) ........................................................................ 50 

Table 19: Country-specific technology assessment in comparison with design assumptions 
(Imhoff tank) ............................................................................................................................. 51 

Table 20: Design sizes for which BOQs were developed (screen) ............................................ 52 

Table 21: Positions of preparatory works and earthworks (screen) ........................................... 53 

Table 22: Positions of construction works (screen) ................................................................... 53 

Table 23: Positions for pipeworks and additional equipment (screen) ....................................... 53 

Table 24: Positions of O&M costs (screen) ............................................................................... 55 

Table 25: Country-specific technology assessment in comparison with design assumptions 
(screen) .................................................................................................................................... 56 

Table 26: Design sizes for which BOQs were developed (buffer tank) ...................................... 57 

Table 27: Pumping head and flow rates of pumps used for calculating the lifting pump cost 
functions (buffer tank) ............................................................................................................... 57 

Table 28: Positions of preparatory works and earthworks (buffer tank) ..................................... 58 

Table 29: Positions of construction works (buffer tank) ............................................................. 58 



 Appendices 

Clemens GRIESAUER  Page 161 Page 161 

Table 30: Positions for pipeworks and additional equipment (buffer tank) ................................ 58 

Table 31: Positions for lifting pumps (buffer tank) ..................................................................... 59 

Table 32: Positions of O&M costs (buffer tank) ......................................................................... 60 

Table 33: Country-specific technology assessment in comparison with design assumptions 
(buffer tank) .............................................................................................................................. 61 

Table 34: Treatment levels theoretically achieved by different SBR options ............................. 62 

Table 35: Overview of assumptions for cycle time, reaction time and cycles per day depending 
on the treatment goal ............................................................................................................... 62 

Table 36: Design sizes for which BOQs have been put together and their number of separate 
tanks (Sequencing batch reactor) ............................................................................................. 63 

Table 37: Positions of preparatory works and earthworks (Sequencing batch reactor) ............. 64 

Table 38: Positions of construction works (Sequencing batch reactor) ..................................... 64 

Table 39: Positions of mechanical and electrical equipment (Sequencing batch reactor) ......... 65 

Table 40: Positions of O&M costs (Sequencing batch reactor) ................................................. 66 

Table 41: Country-specific technology assessment in comparison with design assumptions 
(Sequencing batch reactor) ...................................................................................................... 67 

Table 42: Design sizes for which BOQs have been developed and their number of up-flow 
compartments (anaerobic baffled reactor) ................................................................................ 69 

Table 43: Positions of preparatory works and earthworks (anaerobic baffled reactor) .............. 69 

Table 44: Positions of construction works (anaerobic baffled reactor) ...................................... 70 

Table 45: Positions of pipework and equipment (anaerobic baffled reactor) ............................. 70 

Table 46: Positions of O&M costs (anaerobic baffled reactor) .................................................. 71 

Table 47: Country-specific technology assessment in comparison with design assumptions 
(anaerobic baffled reactor) ....................................................................................................... 72 

Table 48: Design sizes for which BOQs have been developed (horizontal flow constructed 
wetland) ................................................................................................................................... 74 

Table 49: Positions related to the filter bed (horizontal flow constructed wetland) ..................... 74 

Table 50: Positions of distribution and collection piping between beds (horizontal flow 
constructed wetland) ................................................................................................................ 75 

Table 51: Positions of pump stations (horizontal flow constructed wetland) .............................. 76 

Table 52: Positions of O&M costs (horizontal flow constructed wetland). ................................. 77 

Table 53: Country-specific technology assessment in comparison with design assumptions 
(horizontal flow constructed wetland) ........................................................................................ 79 

Table 54: Design sizes for which BOQs have been developed (vertical flow constructed 
wetland) ................................................................................................................................... 81 

Table 55: Positions related to the filter bed (vertical flow constructed wetland) ......................... 82 

Table 56: Positions of distribution and collection piping (vertical flow constructed wetland) ...... 82 

Table 57: Positions of pump stations (vertical flow constructed wetland) .................................. 83 

Table 58: Positions of O&M costs (vertical flow constructed wetland) ....................................... 85 

Table 59: Country-specific technology assessment in comparison with design assumptions 
(vertical flow constructed wetland) ............................................................................................ 86 



Appendices 

Page 162  Clemens GRIESAUER  Page 162 

Table 60: Design sizes and corresponding bed configurations of sludge drying reed beds ....... 88 

Table 61: Positions related to the filter bed (sludge drying reed bed) ........................................ 89 

Table 62: Positions of distribution and collection piping (sludge drying reed bed) ..................... 90 

Table 63: Positions of O&M costs (sludge drying reed bed) ..................................................... 92 

Table 64: Country-specific technology assessment in comparison with design assumptions 
(sludge drying reed bed) ........................................................................................................... 93 

Table 65: Design sizes for which BOQs have been developed (urine storage site) .................. 94 

Table 66: Positions of a urine storage site ................................................................................ 95 

Table 67: Tank properties and prices used in BOQ (AquaSanTec, 2012) ................................. 95 

Table 68: Positions of O&M costs (urine storage site) .............................................................. 96 

Table 69: Country-specific technology assessment in comparison with design assumptions 
(urine storage) .......................................................................................................................... 98 

Table 70: Design sizes for which BOQs have been developed (struvite production) ................. 98 

Table 71: Positions of a struvite production unit ....................................................................... 98 

Table 72:  Stochiometric mixing ratios, resulting struvite yields and prices for the Mg-sources 
used in the BOQ (sources: RSA, 2013; Etter, 2009) ............................................................... 101 

Table 73: Positions of O&M costs (struvite production) ........................................................... 101 

Table 74: Country-specific technology assessment in comparison with design assumptions 
(struvite production) ................................................................................................................ 102 

Table 75: Design sizes for which BOQs have been developed (composting) ......................... 104 

Table 76: Positions of the composting pad ............................................................................. 104 

Table 77: Positions of the runoff collection pond .................................................................... 104 

Table 78: Positions of the vehicle shed .................................................................................. 105 

Table 79: Positions of machinery and equipment ................................................................... 105 

Table 80:  Assumptions made for composting operations (Dulac, 2001; Lubbe et al., 2010) .. 107 

Table 81: Positions of O&M costs (composting) ..................................................................... 107 

Table 82: Country-specific technology assessment in comparison with design assumptions 
(composting) .......................................................................................................................... 109 

Table 83: Design sizes for which BOQs have been developed (waste stabilisation ponds) .... 111 

Table 84: Positions of waste stabilisation pond systems ......................................................... 112 

Table 85: Positions of O&M costs (waste stabilisation ponds) ................................................ 114 

Table 86: Country-specific technology assessment in comparison with design assumptions 
(waste stabilisation ponds) ..................................................................................................... 115 

Table 87: Design sizes for which BOQs have been developed (UASB) and the respective 
number of separate UASB reactor units ................................................................................. 117 

Table 88: Positions of preparatory works and earthworks (UASB reactor) .............................. 118 

Table 89: Positions of construction works (UASB reactor) ...................................................... 118 

Table 90: Positions for pipeworks and additional equipment (UASB reactor) .......................... 118 

Table 91: Positions of O&M costs (UASB reactor) .................................................................. 120 



 Appendices 

Clemens GRIESAUER  Page 163 Page 163 

Table 92: Country-specific technology assessment in comparison with design assumptions 
(UASB reactor) ....................................................................................................................... 121 

Table 93: Design sizes for which BOQs have been developed, assuming a desired effluent 
concentration of 1.6 mg / L (P-precipitation) ........................................................................... 124 

Table 94: Positions of a P-precipitation station ....................................................................... 124 

Table 95: Positions of O&M costs (P-precipitation) ................................................................. 126 

Table 96: Design sizes for which BOQs were developed (belt filter press) ............................. 128 

Table 97: Positions of civil works (belt filter press) .................................................................. 129 

Table 98: Positions of pipe works (belt filter press) ................................................................. 129 

Table 99: Positions of mechanical and electrical equipment (belt filter press) ......................... 129 

Table 100: Positions of O&M costs (belt filter press) .............................................................. 131 

Table 101: Design sizes for which BOQs have been developed (sludge thickener) ................ 133 

Table 102: Positions of preparatory works and earthworks (sludge thickener) ........................ 134 

Table 103: Positions of construction works (sludge thickener) ................................................ 134 

Table 104: Positions for pipeworks and additional equipment (sludge thickener) ................... 135 

Table 105: Positions of O&M costs (sludge thickener) ............................................................ 136   



Curriculum Vitae 

Page 164  Clemens GRIESAUER  Page 164 

10. Curriculum Vitae 

 
Personal data 
Name   Clemens Griesauer 

Date of birth   10-01-1985 

Place of birth  Vienna, Austria 

 

Contact details 
Email   griesgram@gmx.at 

 

Education 
2008–present Master Programme “Water Management“ at the University of Natural 

Resources and Applied Life Sciences (BOKU), Vienna 

2010–2011 Master Programme “Water Management” - Option “Community Water 
Supply and Sanitation” at Cranfield University; Thesis on portable toilets 
for the urban poor in Kumasi, Ghana 

2004–2008 Bachelor Programme “Environment and Bio-Resources Management” at 
the University of Natural Resources and Applied Life Sciences, Vienna; 
Bachelor theses on the social impacts of renaturalisation of the river Wien 
in Vienna, Austria and on the application of constructed wetlands for 
wastewater treatment in La Gamba, Costa Rica 

2003 Graduation from a secondary school with focus on mathematics and 
science, Vienna 

 

Internship 
2012 WASH project manager for the UK-based charity Water4Ethiopia in 

Ethiopia (duration: 5 months)  

 

Skills 
Languages: German (first language), English (fluent), Spanish (intermediate), French (basic) 

Other: Competent with Microsoft Office and Autodesk AutoCAD; Driving license (<3.5t) 

 

 

 

 

 

 

 

 



 Eidesstattliche Erklärung 

Clemens GRIESAUER  Page 165 Page 165 

11. Eidesstattliche Erklärung 

 

Ich versichere, dass ich die Masterarbeit selbständig verfasst, andere als die angegebenen 
Quellen und Hilfsmittel nicht benutzt und mich auch sonst keiner unerlaubten Hilfe bedient 
habe. 

Weiters versichere ich, dass ich diese Masterarbeit weder im Inland noch im Ausland in 
irgendeiner Form als Prüfungsarbeit vorgelegt habe. 

 

 

 

Ort, Datum,     Vorname Nachname,        Unterschrift 

 

 

 

 

 

 

 

 


